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Optical computed tomography in a turbid medium
using early arriving photons
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1 Introduction oped to deal with this problem. Significant research has been
carried out using frequency-domain imagftime-resolved
imaging®® continuous wavecw) imaging’ diffraction to-
mographic imaging§, and imaging based on microscopic
Beer—Lambert law.Each of these approaches has advantages
disadvantages. The contrast is low for certain kinds of tumors, and disadvantages. Imaging techniques utilizing ballistic pho-
such as early stage breast cancer, the misdiagnosis rate fof°ns, Which are very good for imaging up to 1 mm inside the
x-ray mammography is high, and x rays are mutagenic. In tissue, do not work in the case of deep tissue imaging. Several

recent years, imaging techniques based on optical photons™Mage reconstruction schemes have been devised to decon-
have attracted significant interest. In the spectral region pe- Volve turbidity and improve spatial resolution. Finite element
tween 700 and 900 nm, called the therapeutic window, pho- methods and finite difference methods have been developed in
tons do not give rise to mutagenic effects, and they can pen-the time domaﬂ‘P. and the frequency dor.na?ﬁ,respec.twely..
etrate deep into tissues due to the weak absorption of light atFiltered backprojection has been applied to cw imading.
these wavelengths. Sensitivity to optical contrast is high. Weighting factors for the contribution of individual voxels to
Spectroscopic information can be obtained. Further, contrastth® measurement, first proposed in x-ray Ehave also been

can be enhanced by injecting exogenous dyes which targetcalculated using Mo”ltf Carlo simulations and are employed
tumor cells! Thus, the information provided by optical pho- N the inverse modef:*In this article we demonstrate a way
tons could complement that of x-ray CT, and perhaps provide to extend the series expansion methods of x-ray CT to the

an alternative diagnostic tool for detecting tumors and other OPtical regime. Using an early time detection approach, we
abnormalities hidden deep inside the body. are able to create a sharp three-dimensi¢8B) image of a
The major obstacle to optical imaging is the high turbidity tissue-like turbid medium and correct for the effects of turbid-

of human tissues. Photons injected into tissue undergo mul- Y-

tiple scattering events before they are detected. To extract Mportant insight into this problem can be obtained by

spatial information, one has to disentangle the effects of scat-comparing the propagation of optical and x-ray photons in
tering. Various optical imaging approaches have been devel-human tissue. The photon path concept plays a key role here.
As is well known, x rays traversing the bodfigure 1a)]

X-ray computed tomographCT) has been very successful in

imaging internal structures of the human body. It has provided
an accurate, micron-resolution, real-time medical imaging
tool for clinical use. However, the use of x rays has several
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travel along straight lines. In contrast, due to scattering, the  (a) (b)
propagation of optical photons has a 3D spread. The distribu- Source—>
tion of optical photon paths can be visualized as a tube con- BERaSSR:
necting the source and the detecfBigure Xb)]. The width i '
of the cross section of the tube varies according to the time at
which arriving photons are collected.

Several features of the photon path distribution are noted
below.

1. In the time-of-flight limit this tube reduces to a straight
line, and the problem is reduced to that of conventional
x-ray CT. However the signal produced by these so-
called ballistic photons is extremely weak and essen-
tially nondetectable for thick tissues. Fig. 1 Schematic diagram extending the ART for x-ray CT to optical

2. For early detection time& few hundred ps after the CT. The sample under study is divided into NXNXN voxels. The
time of flight), the tube is still very narrow and the algso'rption distribution is represented by the average absorption
photon paths are well defined. The transmitted signals within each voxel.
are significant, and spatial information is still highly
preserved.

3. At late detection timegseveral ny the tube can com- Generally, the presence of tumors creates optical anisot-
pletely fill the organ of interest, and spatial resolution is ropy which appears as a local variation of the scattering and
significantly reduced. We refer to this regime as the the absorption properties of the tissue. For early stage tumors,
diffusive limit. these changes can be considered as small perturbations.

The propagation of near infrared photons in human tissue
Physical intuition suggests that, if we replace the straight line js described well by the transport equat?Bﬁ.l For a medium
paths of x rays with the narrow tubes of the early time photon with scattering distributionus(r) and absorption distribution
path distribution, we can construct an optical CT algorithm ,,_(r), the radiance.(r,3,t) satisfies
which is only a slight modification of that used in x-ray CT.
In fact, as we demonstrate in this article, the mathematical 1 g1 (r,3,¢)
formulation of optical CT has strong similarities to that of ET+§~VL(r,s,t)
x-ray CT.

Detector Detector

= [ (1) + ps(r)]L(1,8,t)

2 Mathematical Basis: Theoretical Models +Ms(r)f fL(r,§’,t)fr(§-§’)dﬂ’+Q(r,§,t). )
The mathematical description of the attenuation of the x-ray
intensity through the human body is well established. Assume
the human tissue under study has an absorption distributionand the normalized differential scattering cross section
,u;((r’) for a monochromatic x ray. Then the transmitted in- f,(5-8"), often referred to as the phase function, satisfies
tensity of the x-ray beam across the body is

4

, 1)

fffr(§~s")d9’=l. 4)
I(r)=Iyexp e

- [Caneen
I

In Eq. (3), cis the speed of light in the medium, a@(r,5,t)

is the source term. For a perturbative system, the distribution
of absorption, scattering, and phase function have small varia-

where the integral is along the straight line connecting the
source ary and the detector at Equation(1) can be rewrit-

t
enas tions of the form
—[lnI(r)—lnIO]=J dluX(r"). (2) Ma(T) = pg+ Spg(x),
1) Ms(1) = pg+ Op(1), 5)
The above line integral is often referred to as the Radon Ms(D)f(8-8")=u f(8-8")+ 6 (x,8-8"),
transform®? with

Unlike x rays, near infrared light in human tissue under-
goes strong scattering and does not follow straight line paths. o~ /. 4 a1y _ s ar 2.8l _fla.al
Optical photons undergo multiple scattering events before Ofts(1,5-8") = Ous(Of($-87) F msl fo(8-8T) = f(5-87)].
they are detected or absorbed by the tissue. The distribution ofin Eg. (5), x5 and ug are the average absorption and scatter-
photon paths in a uniform scattering medium has been studieding coefficients, respectivelypu,(r) (<up,) and Sug(r)
using various approaché¥.*°It has been established that the (<pus) are the perturbations caused by the tumors. Generally,
distribution of the photon paths is narrow at early detection the local variation of the phase functidn(s-8’) from the

times, but spreads out as the time increases. global phase functiorf(5-5') may not be small for some
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angles, but Eq(4) requires that such variations cancel each

other after integrating over all solid angles. So we can treat

ous(r,5-8") as a small perturbation.
Under variations given by Eq5), Eq. (3) can be solved
using perturbation theory. For the case of a point source,

Q(r,é,t)=5(r—r0)5(t—t0), (6)

Eq. (3) is the equation for the Green’s functi@y(r,t|rq,ty),
which has an expansion

Gé(r/ter/tO) = GEO)(r/t|r0/t0) + Ggl)(r/t|r/t0)+ (RRy
@)

with Ggo)(r,t|ro,t0) the normal Green’s function in the ab-
sence of perturbation ar@ﬁsl)(r,t|r0,t0) the first order cor-

rection due to the perturbation. Substituting EG8—(7) into
Eq. (3) and keeping terms only up to the first order, we have

1 z?G(AO)(r,t|r0,t0)
=+ 8- VG (1 trg, to) + (g )
c ot
X G (1,t|1,t0) — s f f G (1,t|xy,t0)f(8-8")dQ
4qr
=0(r—ry) o(t—tg), ®)
and

1 9GL (1,t1,t0)

A 1
; — +8- VG (r,t[rg, 0) + (gt )

ngl)(r,ﬂro,to)—MsJJGg})(r,ﬂro/to)f(g‘§,)dQ’

4

—[Bpa(r)+ Spas(1)1G (1t 1y, £o)

# [ [ 6wt omes-s0a0 ©)
4

Equation(9) can be solved through the adjoint equation of Eq.
(8), which is

1 aGéO)(I‘,”ro,to)
Cc ato

0
+ (ot 1) G (1t 1y, tg)

-3 V()Ggo)(r,tll'o,to)

‘“sf f G (xt|ry, to)f(8-8")dQ
4

=8(r—r1y) 8(t—ty). (10)
It can be showff that the solution to Eq(9) satisfies
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f f dQGY (x,t[xy, )

4
s
[

xffdQGgO)(r,ﬂr',t')Gg°>(r',t'|ro,to)

41
+ft dt’fd%’f fdnf fdn’cgm(r,ﬂr',t’)
41 4

t+
><Gg‘P(r',t’|r0,t0)5ﬂs(r',§.é')—f dt'fﬁ dA’

Vv

f B[ Spg(t') + Sa(r')]

-ffdmcgm(r,ﬂr',t')
47

XGM ('t |1y, to). (11)

Under the assumption of uniqueness of the solution to the
transport equation, Eq11) can be reduced to

t+
Gg”(r,t|r0,t0):—J dt’f A%t Su, ()G (x bt 1)

t+
><G§°>(r',t'|r0,t0)—f dt'f A Suy(r')

XGO(rtr' )G (x',t |1y, to)

t+
+f dt/fd?*r'f fdQ'Ggm(r,ﬂr',t')
4

XG(r'#' |1y, t0) Bias(x' ,88")

t+
—J dt’ﬁEdA'-f fdmcg”)(r,qr',t')
- Vv 4

XGO (', 1y o). (12)
The first term on the right-hand sidens) of Eq. (12) is the
correction due to absorption variations, the second and the
third terms contain the correction due to scattering variations;
the third term also includes an extra correction due to phase
function variations. The last term in E@L2) is the surface
integral and is related to the boundary condition. For bound-
ary conditions commonly used, such as the zero-boundary
conditiorf® in our model described below, the surface integral
contributes at higher order and can be ignored. Since in this
article we will only focus on absorption-based imaging, we
shall discuss the first term only. Discussion of the other terms,
which are relevant to scattering and phase function variations,
will be treated elsewhere. In order to simplify the formulation,
we define the point spread function as
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(a) (b)

1
GEO)(r/ter/tO)EG(O)(r/t|rO/t0) - M 5- VC';(O)(r/ﬂrO/tO)
tr

1
Gél)(r/t|r0 /tO)EG(l)(r/HrO/tO) - ,Uv_ﬁ : VG(l)(r/t|r0/t0)/
tr

where uy, is the transport scattering property definedias
=patps, andul=(1-g)us with g the mean cosine of the
forward scattering angle. It can be shown from ELL) that
the first order correction to the Green'’s function is

t+
Fig. 2 Each voxel is assigned a weighting factor. For the x ray, the G (x,t]xy,to) = _J d3y 5Ma(r')f dt’
voxel on the trajectory contributes 100%, while off the trajectory con- —»
tributes 0%. For optical photons, the weighting factor is determined

by the photon path distribution.

X| GO(r |t GOt |1y, to)

1
+32 VGO (rt|r',t")-V' GO
tr

t+
PSFE (r,t;r’;ro,to)zf dt’GéO)(r,t|r’,t’)
X(r,,t,|r0,t0):|

0
XGE ('t |1, t0). (13)
t+
| _ A3t Su! (v j dt’
Therefore, Egs(7) and(12) can be rewritten as 3#ter P
XVGO(r,tr ,t')-V'GO(r' 1|1y, ty).
o ) ion is identi '

[Ga(x,t|rg,tg)— Gy (x,t|xg,t0)] The above equation is identical to the correction calculated

directly from the diffusion equation with perturbation
=f d3t’ Su,(r') PSFE (r,t;1';10,t0). (14) theory?

We note the remarkable similarity between E@.and(14). 3
Physically, PSKr,t;r’";rq,to) is the probability that a photon ) ) . )
is injected at the source poirg at timety, passes through the We now briefly d|scu_ss the Serles expansion methodlzazgd the
field pointr’ before timet, and is collected by the detector at lgebraic reconstruction techniquéRT) for x-ray CT.~

pointr at timet. It represents the photon path distribution at "€ volume to be imaged is split inddx NX N cubic voxels.
time t between the light source and the detector. In the ballis- Each voxel is assigned a value that represents the local aver-
tic limit, the photon path distribution in the transverse direc- 29€ Of the absorption distribution. The imaging problem is
tion (i.e., the direction perpendicular to-r) shrinks to as two dimensional2D) in the case of x rays. The linear attenu-
function: ation in Eq.(2) is then simplified to a summation of the voxel

values along the source—detector line. The ray sum can be
exactly expressed as

Inverse Procedure

t—|r—rg|/c
PSF (r,t;1r';1),0) —— & (r—r1p). N2
Thus, the volume integral on the rhs of E@4) reduces to a y]:; bijwijps; (15)
line integral along —r, and Eqs(2) and(14) are essentially
identical. In Eq. (15), y; is the data of thgth measurementy;; is a
It is important to note that the derivation of Ed.4) does geometric factor related to the oblique angle of jite mea-
not use assumptions of the diffusion approximation. The surement, and it equals the segment length of jtieray
Green's functiorGﬁso)(r,tlr’,t’) in Eq. (13) can be calculated ~ Within voxeli; u; is the local average of the absorption within

using various theoretical models. Three examples are the path/Oxeli. The Eummation on the right-hand side of Etf) is
integral solutiong® the random walk solutio®f and the that of theN“ voxels on the detection plane because of the

conventional diffusion approximation solutiéh® In fact, linear transm_itter_ assumption for x rays. In the case of x rays,
our reconstruction results below show that the conventional the factorbj; is given as
diffusion solution is inadequate for imaging with early arriv-
ing photons. It predicts a point spread function that is too 1, the jth ray crosses pixel i;
wide and renders images that are too small. A solution satis- b,-]: 0. other. (16)
fying causality is required. ’

For the purpose of comparison, we introduce the diffusion As illustrated in Figure @), through the introduction of the
approximatiof’ weighting factorbj; , the plane summation in Eq15) is ac-
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tually a line summation. Those voxels that fall on the line
contribute 100% to the x-ray function, while those that fall
away from the line contribute 0%.

Our extension to optical CT is through the weighting factor
bj; . Because of scattering, photons have different probabili-
ties to follow different paths. Therefore, the contribution of

each voxel to a source—detector measurement is weighted by

the density of photon paths across it. The natural choidg;of
for the optical case is the value of the photon path probability
[Figure 2b)]; Eq. (15 can then be directly applied. Recalling
that the photon path is a 3D tube, summation over three di-
mensions is required. The generalized equation is

N3

yj:lzl bijw;i(Spg)i - (17)
This is exactly the discrete form of E(L4) at a fixed timet
if we set

y;=—[Gs(x;,tlrg, to) = G (1), txy 1)1,

(Opa)i= Opa(ri), (18)

bl‘jwi]‘: PSF(I'] ,t;ri ,'I'O,O)AV,

with Av the volume element of each voxel. Equatid®) can
be rewritten in compact matrix form as

(19)

wherey is the measurement vect@imensionM), x is the

image vectordimensionN?), R is the projection matrix con-
taining geometric and photon path informatiédimension

M x N3), andn denotes the error vector.

In our image reconstructions, we apply the additive ART
of x-ray CT directly to optical CT. Since the imaging problem
can be either overdetermined or underdetermined, it is inap-
propriate to solve the equatigr+ Rx directly since it may not
have any solution at all, or it may have many solutions but
none is appropriate. Estimation of the image vector is usually
performed using optimization criteria based on the error be-
tween forward model predictions and experimental data, as
well asa priori information about the imaging region. One
example is the so-called regularized least-squares criterion,
which is a special case of the Bayesian estimate. Reconstruc

y=Rx+n,

tion of the sought-after image is performed through minimiz- .

ing the function,

72y =R+ [x = Spaol|*. (20)

In Eq. (20), r is a parameter often called the signal-to-noise
ratio'?2® in the literature,Su, is the pre-knowledge of the

RN
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Fig. 3 Schematic diagram of the experiment setup.

xFFD = x (k) 4 rc(“Rjk

ut D=u® 4 cWe, 21
where
N3
r( yik_;] Rik/jx](k)) _ufif)
CATRE @

with i, =k(modN?3) + 1, R; the transpose of thi¢h row of the
matrix R, e; the M dimensional column vector with 1 in the
ith row and O elsewhere, andis a real number called the
relaxation parametér. It has been proven that as long @s
<A\ <2 the sequencg ¥} converges in the limit to the mini-
mizer of Eq.(20).

4 Experimental Setup

In order to demonstrate this new optical CT technique, we
conducted experiments in a cubic glass container 6.35 cm on
each side, filled with a tissue-like scattering medium. Cubic
geometry was selected to simplify theoretical modeling be-
cause of its regular boundaries. The scattering medium was a
stock solution prepared with 1.072m diam polystyrene
beadgPolyScience, Ing.at 0.27% concentration. The scatter-
ing and absorption properties of the medium were determined
in real time by fitting the transmitted diffuse light A sche-
matic diagram of the setup is presented in Figure 3. The light
source was a Coherent Mira 900 mode-locked Ti:sapphire la-
ser operated in femtosecond mode and pumped by a Coherent
Innova 400 multiline argon ion laser. The wavelength was

image vecto(N3x 1) and also used as the initial estimate of 800 nm, and the repetition rate was 76 MHz. The pulse width
the image, and---|? denotes the module square for the vec- was~150 fs. The detection system was a Hamamatsu C5680
tor. Keeping the second term small ensures that the picture isstreak camera with a M5675 synchroscan unit. A small por-
not too far from the pre-knowledge, and keeping the first term tion of the laser beam was deflected by a quartz plate to a fast
small ensures that the picture is consistent with the measure-photodiode(Hamamatsu C1808-02which generates the trig-
ments. gering signal for the streak camera. The cubic glass container

One iterative proceduf&to minimize Eq.(20) is to intro-
duce two sequences of vectors¥) andu, of dimensions
N2 andM, respectively. Initiallyx(¥) is set equal taSu, and
u(® to a zero vector. The iterative step is given by
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was mounted on a translation stage. A Pentium-II computer
served as a central control and data acquisition unit. In order
to monitor the laser power drift during the scan, a DT2801-A
card (Data Translation, In¢.was installed on the computer
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Fig. 4 Dimension of the scattering medium and the scanning geom-
etry.

and programmed to record the laser power voltage from the
control box of the Mira 900, and it also served to drive the

stepper motor of the translation stage. Total automation of
data acquisition for a full line scan was achieved by program-
ming the user interface of the streak camera software. The

temporal evolution of light signals into vertical streak images.
The transmitted light was collected with four coherent fiber
bundles(Sumitomo, Ltd). Each fiber bundle had a 50@m
core diameter and consisted of 10000 single mode silica fi-
bers. The proximal ends of the four fibers were bundled to-
gether to increase the collection area. The overall time reso-
lution of the detection system was set to 30 ps.

The container was placed in the sample holder on the
translation stage. Multiple objects were embedded inside the
turbid medium at fixed positions. The sample holder was de-
signed so that the top, bottom, and left and right boundaries of
the container were totally black. The laser pulses were deliv-
ered into the medium at the front side, and the transmitted
signals were collected at the opposite side. The incoming laser
beam and the collection fibers were aligned in a coaxial ge-
ometry. Surface scans were conducted onXEeand YZ di-
rections(see Figure % so that a 3D image of the absorption
distribution could be reconstructed. The scan area was a
4 cmx4 cm square along each direction. The scans were 2
mm per step in the horizontal and vertical directions, resulting
in 2 projections, 882 total scan measurements. The data ac
quisition time for each point was 8 s. Either one or two
opaque objects were embedded into the medium. In each cas
the scans were first carried out for tK& plane, and then the
container was rotated 90° and the scans were continued for,
the YZ plane.

5 Experimental Results and Reconstructed
Images

Calculation of the point spread function requires knowledge

d

e
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we collected the coaxial transmission signal of a 2.2 ns time
window, with the absorbers removed from the scattering me-
dium and the source detector aligned at the center ofXthe
surface. We then fitted this time-dependent curve using the
diffusion approximation solution with zero-boundary
condition?® The best fit was given by,=7.38cm* and
1a=0.03cm L. These values are similar to those of human
breast tissue.

In our experiments, we collected data for two configura-
tions. In the first case, an 8 mm diam black sphere was placed
at the center of the containéa one object configuratigonin
the second case, a black sphere 8 mm in diameter was placed
(0.56, 0.56,—0.56) cm from the center, and a second black
sphere 6 mm in diameter was plaged0.56,—0.56, 0.56 cm
from the centerla two object configuration For each case,
scanning was performed on the surfaces in 2 mm steps, and
882 time evolution curves of the transmission signals were
measured, one for each scanning point. Because the source—
detector distance remained the same for all 882 measure-
ments, the time scale was the same and the intensities can be
compared at the same time point. When the source—detector
line crosses the absorber, we should see a drop in signal level,
and vice versa. Projection intensity diagrams can be easily
created by plotting the contour map of the intensities of all
882 time evolution curves at the same time point. To achieve
higher counts and reduce noise, these intensities can be sum-
mations of counts over a time window comparable to the time
esolution of the detecting system. The selection of the time
point is based on a trade-off between spatial resolution and
the signal-to-noise level. The early time portion has better
spatial resolution, but the low signal level suffers from rela-
tively higher noise and will distort the image. The later time
portion has a higher signal level, but the spatial resolution
goes down. The time windows for summation selected are the
following: for the one object configuration, we choose 534—
600 ps as the time window; for the two object configuration,
we choose 607-657 ps as the time window. Here time zero is
the time of flight. The projection intensity diagrams are pre-
sented in Figure 5. As expected, the projection lines crossing
the absorbers have weaker intensity. The absorbers appear as
shadows on the projection intensity diagrams. The projections
of one embedded absorbéfigures %a) and 5b)] are differ-
ent from those of two embedded absorhéfgures %c) and
5(d)]. Figures %a)—5(d) are referred to as the zeroth order
images. They already show features such as the central posi-
tions of the embedded objects, although the images are
scrambled due to scattering.

Before processing the data in Figure 5, artifacts at the
edges due to tiny air bubbles and asymmetry of the surface
were removed manually, and a grid was created. In our analy-
sis we chos a 2 mmscanning step as the size of each grid,
fesulting in 213=9261 voxels. The inverse is underdeter-
mined since we want to reconstruct 9261 voxel values from
882 measurements.

The image reconstruction algorithm was then applied in
two steps. First, the straight line PSF of x-ray CT was applied
to the data using ARTEgs. (21) and (22)] with an initial
guess oféuy=0 [see EQq.(20)] and signal-to-noise ratio
=60. Second, the resulting image, obtained with the straight

about the average scattering and absorption properties of thdine PSF, was then used as an initial guess and applied to the

scattering mediunfux: and u,). To determinew; and u,,

data using a particular photon migration PSF. The signal-to-
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Fig. 5 Contour map of the intensities for (a), (b) one object and (c), (d)
two objects. The time windows are at At=534 ps, width 50 ps for (a),
(b) and At=607 ps, width 50 ps for (c), (d).

noise ratio in Eq(20) was again set to=60, and the relax-
ation parameter in Eq22) was set to\ = 1. The reconstruc-
tions were computed with point spread functions calculated
from both the diffusion approximatiéhand the causality cor-
rected solution’$ (see beloyw. The number of iteration steps
was set to2x 10°. On a Pentium-Il 450 MHz PC, each re-
construction took~40 s. We increased the number of itera-
tion steps ta2x 10° without observing much improvement.
The second step involves the calculation of the PSF from
solutions to the transport equation. The diffusion approxima-
tion solution is widely used in the literature. However, it is

2
1
§ o
~
El
2
3 i i
3 2 1 0 2 3
x (cm)
(0
3 -
2
10 i
) : ' :
N L\ 4
% H &
1 L-Tqr' ol
2 :
1.5 £ !
2 ; i -3 .
2151050 05 1 15 2 8 02 4 0.1 2 3

x {cm)

(b)

Fig. 6 Point spread functions. The source and detector are at (0, -3.2,
0) and (0, 3.2, 0) cm, respectively. Four combinations are given. (a)
Side view of the z=0 plane, calculated with the diffusion approxima-
tion; (b) side view of the z=0 plane, calculated with the causality
correction; (c) top view of the y=0 plane, calculated with the diffu-
sion approximation; (d) top view of the y=0 plane, calculated with
the causality correction. Note that the point spread function calcu-
lated using the diffusion approximation solution is wider than that
using the causality corrected solution.

in Figures 7 and 8, the images reconstructed with the straight
line path(x-ray CT) do not have high resolution, while the

images reconstructed with the diffusion approximation are too
small compared with the actual size of the spheres, especially

well known that this solution violates causality and breaks for the two object case, in which the smaller object is invis-
down in the early time regime. Solutions incorporating cau- ible. Due to the noise in the experimental data, the recon-
sality have been worked out for models based on random structed images for the one object configuration exhibit some

walk'® and path integraf'’ theories. We used a Green'’s func-
tion which incorporates causality and is valid for early arriv-
ing photons(Refs. 18 and 1P This Green’s function is con-
structed from the diffusion approximation Green’s function
G(r,t|rg,ty) by replacing the timety at which the pulse is
injected into the medium withy+t,, with t, the time of

distortions. Remarkably, for the two object configuration the

image reconstructed with the causality correction gives cor-
rect sizes for the embedded objects. As shown in Figure 9, the
voxel values off the objects are nearly zero, which naturally

results from the inverse procedure. In Figufe)8the size and

the position of the 8 mm object and the size of the 6 mm

flight for unscattered photons to propagate from the source toobject are correct, while the position of the 6 mm object is off
the detector. Physically, this procedure takes into account thefrom its actual position by 2 mm. This may indicate that
fact that diffusion starts only after the light pulse traverses the crosstalk exists in the inverse when two objects are embed-

medium.

Figure 6 shows the point spread functions calculated with
the diffusion approximation solution and with the causality
corrected solution. Note that all contour maps in Figure 6
correspond to the time window of the experimental data for
the two object case.

The image reconstruction results for the x fatraight line
PSH, diffusion approximation, causality correction, and the

ded.

One of our findings is that the point spread function cal-
culated with the conventional diffusion approximation solu-
tion is too wide for the early time window of our data. The
reconstructed images in this case are too small compared with
the actual size of the objects. This is especially true for the
two object configuration where the smaller absorber is basi-
cally invisible in the reconstructed image. On the other hand,

actual configuration are presented in Figures 7 and 8. Figuresthe same calculations done with the causality correction give
7 and 8 are 3D contour plots. Figure 9 presents characteristicmuch better results. This is clear evidence that correct image

slices of Figure &) in 2D contour maps. The slices are
picked at planeg=—10, —6, 2, and 10 mm. As clearly seen
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reconstruction with early time detection requires a theory be-
yond the diffusion approximation.
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Fig. 7 Reconstructed images for one embedded object. (a) Reconstruction with the direct x-ray algorithm; (b) reconstruction with the diffusion
approximation; (c) reconstruction with the causality correction; (d) the exact configuration. Due to noise in the data, the reconstructed images have
some distortions.

6 Discussion and Conclusion account causality produces much better results. The correct

In the optical regime, the early arriving photons are analogous form of the point spread function for early time plays an es-

to x-ray photons. They undergo a smaller number of scatter- sential role in image reconstruction.

ing events compared with highly diffusive photons, and thus  The image reconstruction method presented in this article
preserve a significant amount of spatial information. Yet sig- is based on extension of the x-ray CT series expansion
nal levels for early arriving photons can be relatively high. method to the optical regime, where scattering is dominant
The experimental data taken using early time detection haveang the distribution of photon paths between the source and
higher resolution compared to those obtained with cw and getector must be taken into account. To accomplish this, we
frequency-domain techniques. An algorithm can be built by ;50 the pSF to generate a weighting function matrix. In past

extending the x-ray algorithms to the regime of garly amving ok, weighting functions have been discussed and calculated
photons. Sharp images can be reconstructed using the concept .

of photon path density. The choice of model used to calculate using the diffusion apprommz_:tﬂcﬁ?, _mlcr?fcoplc Beer—

the photon paths is very important. As is well known, the -ambert law’ and Monte Carlo S'mUI_""t'?H& “However, the
diffusion approximation solution does not describe the early US€ of the PSF provides valuable insight into the choice of
arriving photons well. Our results show that predictions of the Weighting functions. The physical interpretation is clearer in
diffusion approximation for the point spread function up to terms of the PSF, and different theories of photon migration
thet—t,~ 600 pstime window are inadequate for correct im- can be tested because they predict different PSFs. Further-
age reconstruction. A point spread function that takes into more, as shown in Eq12), there are actually two sets of

Journal of Biomedical Optics ¢ April 2000 * Vol. 5 No. 2 151
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Fig. 8 Reconstructed images for two embedded objects. (a) Reconstruction with the direct x-ray algorithm; (b) reconstruction with the diffusion
approximation; (c) reconstruction with the causality correction; (d) the exact configuration. Reconstruction with the direct x-ray algorithm does not
resolve the two embedded objects. On the other hand, the reconstructions with the diffusion approximation overdo the deconvolution and result
in smaller images. The smaller object is invisible in the 3D view.

weighting functions, one for scattering contrast and one for CT, with emphasis on early time detection and correct choice
absorption contrast. In this article we only considered of the PSF. Although we successfully reconstructed 9261
absorption-based contrast. However, tumors in breast tissuevoxel values from a total of 882 measurements of 2 projec-
can exhibit both absorption and scattering contrast. The earlytions, further technical improvements can be made after the
portion of the photon migration curve is more sensitive to the fundamentals of optical CT are clear. For example, the total
scattering contrast than the absorption contrast. The extensiomumber of projections and measurements can be increased,
of our algorithm to scattering contraldeq. (12)] is straight- and a fan-beam geometfy¥’ can be used to improve data
forward. collection efficiency. Refined time-domain photon migration

The resolution of optical CT is restricted by several fac- instruments, implemented with correct reconstruction algo-
tors, such as the effects of scattering and the underdeterminedithms, have the potential to provide optical CT images of
nature of the reconstruction procedures. In this article we have high quality in the breast, the brain, and perhaps elsewhere in
concentrated on establishing fundamental concepts of opticalthe body.
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Fig. 9 Contour map diagram of four slices of the reconstructed image in Fig. 8(c). The slices are z= (a) -10, (b) -6, (c) 2, and (d) 10 mm.
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