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We propose a computational calibration method for optical tomography. The model of the calibration
scheme is based on the rotation symmetry of source and detector positions in the measurement setup. The
relative amplitude losses and phase shifts at the optic fibers are modeled by complex-valued coupling
coefficients. The coupling coefficients can be estimated when optical tomography data from a homoge-
neous and isotropic object are given. Once these coupling coefficients have been estimated, any data
measured with the same measurement setup can be corrected for the relative variation in the data due
to source and detector losses. The final calibration of the data for the source and detector losses and the
source calibration between the data and the forward model are obtained as part of the initial estimation
for reconstruction. The calibration method was tested with simulations and measurements. The results
show that the coupling coefficients of the sources and detectors can be estimated with good accuracy.
Furthermore, the results show that the method can significantly improve the quality of reconstructed

images. © 2005 Optical Society of America
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1. Introduction

Diffuse optical tomography (DOT) is an imaging
method that has potential applications in medical
imaging, such as in detection of tumors from breast
tissue and in monitoring of infant brain tissue oxy-
genation level and functional brain activation
studies.’-7 In addition, there has been growing inter-
est toward the use of optical methods in industrial
process tomography.® In DOT measurement, near-
infrared laser light is guided into the object via source
fibers and the intensity of transmitted light is mea-
sured with optic fibers and light-sensitive detectors
on the boundary of the object. Based on the measure-
ments, absorption and scattering coefficients within
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the object are reconstructed. The image reconstruc-
tion in DOT is an ill-posed inverse problem, and thus
the solution is very sensitive to measurement and
modeling errors.

Among the key difficulties in DOT are the un-
known amplitude losses and phase delays that are
caused by the optic fibers and the coupling effects
between the object and the optic fibers. Unless these
losses are efficiently calibrated or modeled, they can
result in severe artifacts in the reconstructed images.
Typically, the errors in optode modeling appear as
absorption and scattering perturbations adjoint to
the optodes.

One way to compensate for the optode losses is to
use difference imaging. Difference imaging is known
to produce images with few artifacts. However, it
cannot be used when absolute baseline optical prop-
erties are required or when a reference measurement
is not available.® Therefore, to obtain absolute im-
ages, an efficient calibration protocol is needed.

Methods for calibration of source and detector op-
tode losses by use of calibration tools or other
instrumentation-based methods have been described
(for example, in Refs. 10-12). However, the accurate
calibration of source and detector losses is difficult to
implement on the instrumentation level. Therefore
other model-based methods have been developed. A
method in which the amplitude losses were solved as
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part of the reconstruction problem was introduced in
Ref. 13. The method was further extended to correct
small errors in optode positions!4 and phase delays.15
The simultaneous image reconstruction and optode
calibration is an efficient way to compensate for op-
tode losses, but the method does not ensure absolute
calibration and is computationally demanding. Fur-
thermore, the method may partially explain informa-
tion in the data by the optode losses, leading to
blurring of reconstructed targets that locate in the
proximity of the optodes. Another approach described
in Ref. 16 uses homogeneous phantom measurements
for calibration. The estimation of the optode losses is
based on minimization of the least-squares error be-
tween the homogeneous phantom data and the diffu-
sion approximation (DA) model. The method is
practical, and the same algorithm can be used to
estimate the initial optical properties for reconstruc-
tions. However, owing to the nature of the problem,
the calibration procedure is sensitive to the initial
guess of the phantom optical properties.

In this paper we propose a novel computational
method for calibration of diffuse optical tomography
measurements. The model of the calibration scheme
is based on the rotation symmetry of source and de-
tector positions in the measurement setup. Rotation
symmetric measurement setups are typically used in
many applications of DOT, such as when a cylindrical
measurement cell is used. In the calibration model,
the relative amplitude losses and phase shifts in the
optic fibers are modeled by complex-valued coupling
coefficients. A similar type of model for the calibra-
tion of continuous-wave measurements was pre-
sented previously in Ref. 17. Here a model for
frequency-domain data is given, and the calibration
procedure is somewhat different from the method
used in Ref. 17. In the proposed approach, the source
and detector coupling coefficients are estimated by
use of the data of homogeneous and isotropic mate-
rial. Because of the simple calibration model, the es-
timation of the coupling coefficients is well posed.
Furthermore, prior information about the optical
properties of the calibration material and the
strength of the light source is not needed in the esti-
mation of the coupling coefficients. These facts make
the estimation procedure simple, fast, and accurate.

Once these coupling coefficients have been esti-
mated from the calibration data, any data measured
with the same measurement setup can be corrected
for the relative variations in the data that are due to
the amplitude losses and phase shifts in the optic
fibers. That is, the coupling coefficients do not need to
be redefined as long as the measurement setup re-
mains unchanged. Finally, the final calibration of the
data for the source and detector losses and the source
calibration between the data and the forward model
are obtained as part of the initial estimation for re-
construction.

The paper is organized as follows. In Section 2 the
calibration model is formulated and the estimation of
the coupling coefficients is defined as a minimization
problem. Then the calibration of the data by the es-
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timated coefficients and the initial estimation for re-
construction are discussed. In Section 3 a finite-
element model (FEM) for the DA that includes the
source and detector coupling coefficients is intro-
duced. In Section 4 the results of the simulations and
measurements are shown. In Section 5 conclusions
are given.

2. Methods

A. Calibration Model

Let Q CR", n = 2 or 3 be a circular, cylindrical, or
spherical domain with boundary 9(). The medium ()
is assumed to be homogeneous and isotropic, i.e., the
absorption and scattering coefficients are assumed to
be constant within the medium, and the scattering
phase is assumed to depend only on the angle be-
tween incoming and outgoing directions. Further-
more, let m sources and m detectors be placed in
circular symmetrical positions on the boundary of the
domain. We note that the number of the sources and
the number of detectors do not need to be identical.
However, we use that assumption here to simplify the
notations. Furthermore, in most applications of DOT
the number of the sources and detectors is the same.
In the sequel, the locations of the sources are denoted
by e, i =1,... m,and the locations of the detectors
are denoted by ;,, 1 = 1,..., m.

Let us first assume that all sources and detectors
are ideal in the sense that no amplitude losses or
phase delays occur in the source and detector fibers.
If light is guided into the object via sources at
£y, ..., &,andis measured by detectorsat{y,..., {,
each time in that order, the measured frequency-
domain data can be written in the form

21,1 22,1 “ e Zm,l
212 222 Zm,2
Z=\| . .
Zl.,m Z2,m . Zm,m
y1exp(jny) Ym€Xp(jn,,) . y2exp(jn,)
B ¥2exp(jms) y1exp(jmy) ¥sexp(jms)
Ym€XPUMNm) Ym-1€XPUMpm-1) - .. Y1€Xp(My)
(1)

where z;;, denotes the measurement for source ¢ and
detector k. Thus, in the rotation symmetric setup, the
measured amplitudes and phases are, in the ideal
case, equal when the angle between the source and
the detector is equal. In the sequel we denote this
ideal rotation symmetric measurement vector by

5’ = (YlexP(i”fll), R ymeXP(fT]m))T, (2)
where j is the imaginary unit, y, is the amplitude, and
7, is the phase shift of the transmitted light with a
source—detector angle index i.

In real measurements, an unknown amount of am-



plitude loss and phase delay is caused by the source
and the detector fibers and by the coupling effects
between the object and the optic fibers. Next we
model these unknown losses by using complex-valued
coupling coefficients. We write the model as

Xip = §i&kzi,k = s,exp(jo i)dkeXp(jSk)Zi,k, (3)

where x;,, is the measured intensity for the source—
detector pair (i, k), §;is the coupling coefficient of the
source (s; is the source aAmplitude loss coefficient; o, is
the source phase shift), d,, is the coupling coefficient of
the detector (d,, is the detector amplitude loss coeffi-
cient; §, is the detector phase shift), and z;, is the
ideal measured intensity as in Eq. (1).

Consider next the implementation of the model
for the calibration data. In typical DOT, measure-
ment light is guided into the object via one of the
source fibers at ¢4, ..., g,, and the intensity of the
transmitted light is measured by the detectors at
&, ... L, Let us concatenate the source coupling
coefficients to a vector § = [siexp(joy),...,
snexp(jo,)]’, where s = (sy,...,s,)" is the source
amplitude loss coefficient and o = (o4, ..., 0,)" is
the source phase shift. Similarly, let us concatenate
the detector coupling coefficients to a vector d
= [dexp(dy), . . ., d,exp(jd,)]", where d =
dy, . . ., d,)" is the detector amplitude loss coefficient
and d = (3, .. .,9,)" is the detector phase shift. Ex-
ploiting the rotation symmetry of the ideal measure-
ment §, in Eq. (2), the model for the calibration data
can be written in the form

xl,l “ e xm’l
x=| : :
_xl,m - Xmm
[ dqexp(jd,)
| d,,exp(jd,,)
[ y.exp(jm;) . y2exp(jm,)
| yexp(m,) ... yiexp(ing)
[ s,exp(jo,)
| $m€Xp(jo,,)
=DYS, (4)

where D and S are diagonal matrices that contain the
detector and source coupling coefficients and Y is a
matrix that contains the ideal measurements.

B. Estimation of the Optode Coupling Coefficients

Given the model [Eq. (4)], the calibration problem is
to estimate the unknown amplitude loss coefficients
(51, .. 8,7 and (dy, ... d," and phase shifts
(04, ...,0,) and (3, . . ., 3,,)" that occur in the source
and detector fibers, as well as the amplitudes

(1, - . ., ¥»)" and the phase shifts (v, . . ., ,,)" of the
transmitted light when measured data from a homo-
geneous and isotropic object are given.

The problem is nonunique, and therefore all cali-
bration parameters describing amplitude losses and
phase shifts cannot be solved. To overcome the non-
uniqueness problem, we form relative parameters as
follows. We choose the coupling coefficients of the first
source and the first detector as references and define

the relative amplitude loss coefficients, §; and di, and
the relative amplitudes 7; of the transmitted light as

§i = Si/sla 1= 17 -, m, (5)
dl = di/dla 1= 17 cee, M, (6)
Yi yisldb I’ = ]-> cee, M. (7)

Similarly, we define relative phase shifts, ; and Si,
and relative phase shifts 1), of the transmitted light as

6-l.=0'i—0'1’ l:1, ce., M, (8)
giZBi_SI, l:1, L., m, (9)
A= + oy + 0y, i=1, ..., m. (10)

Now, based on the definitions in Egs. (5)—(10), the
relative amplitude loss coefficient and phase shift of
the first source are §; = 1 and &; = 0, respectively.
Similarly, the relative amplitude loss coefficient and
phase shift of the first detector are d; = 1 and §;
= 0, respectively. Using the relative parameters de-
fined in Egs. (5)—(10), the data in Eq. (4) can be writ-
ten in the form

1
x= (Lexp(iéQ)
| czmexp(jsm)
[ y1exp(j7) F.exp(jf,)
J2exp(jiiz) Fsexp(jiis)
_ymexp(iﬁm) ylexp(jﬁl)
1
§,exp(jne)
i 8nexp(ji,)
=DYS. (11)

The calibration problem is now to estimate the rel-
ative source and detector amplitude-loss coefficients
3y, ..., 5,)" and (32, e &m)T, respectively, the rela-
tive source and detector phase shifts (s, .. ., 5,)"
and (82, e Sm)T, respectively; the relative ampli-
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tudes (§,,...,9,)"; and the relative phase shifts
(i1 « - - Tm)” of the transmitted light when the mea-
sured data from a homogeneous and isotropic object
are given. The relative amplitude-loss and phase-
shift parameters can be estimated in the least-
squares sense by minimization of the following
functional:

we o[ 0] x5 D1
anglo) | | ang(X(H, &, 3))

where |I'y| and ang(I'y) contain the amplitudes and
phase shifts of the calibration data in vector form,
respectively, and |X(7, §, d)| and X(7, &, 8)| are the
amplitude and phase-shift vectors, respectively, that
are obtained from the solution of the model [Eq. (11)].
The matrix L is a weight matrix that basically corre-
sponds to the Cholesky factor of the inverse of the
noise covariance matrix. In DOT, where the dynamic
range of the measured light intensities is often quite
large, scaling of the data may be needed to ensure
numerical stability of the optimization algorithm. In
such cases, the weight matrix is often chosen as a
diagonal matrix:

2

, (12)

2

) [To] 1°°
L=d1ag[ } . (13)

ang(I’,)

The minimization of Eq. (12) can be solved, for exam-
ple, with the Gauss—Newton method, which can be
written in the form

_ - | Tol
0,1 =0, +c(J W, 1JL-TW{ [ang(f‘o)]
1X(0))|
- [ang(Xwi»]}’ (14)

where

L] §m, dZy ] dm7 ﬁla ]

. sm)T c RO

e:(yl’ "')5/’m’ §27 .

Mms G2y «+ +y Gy Ogy - .
is the vector of unknown parameters, X(6,) imple-
ments the calibration model [Eq. (11)] in vector form,
¢, is a step-length parameter, W = L’L, and matrix oJ,
is the Jacobian for |X(8;)| and ang(X(6,)).

In some cases data cannot be measured from all the
detectors because of too large a dynamic range of the
light intensities, and thus the coupling coefficient es-
timation problem may become ill posed. In such
cases, one possibility is to solve Eq. (12) by use of the
Levenberg—Marquardt algorithm, which can be writ-
ten in the form
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- . |l
0,41 = 0; + c(J;"WeJ, + NI IJiTW{{ang(Fo)]
|X(9i)|
- [ang(X(Oi))]}’ (15

where \ is a Levenberg—Marquardt stabilization pa-
rameter and [ is an identity matrix.18

C. Calibration

Once the relative source and detector amplitude-
losses and phase shifts have been estimated, any data
that have been measured with the same measure-
ment setup can be calibrated for the relative varia-
tions in the data owing to the source and detector
losses. The calibration of the measurement data is
based on Eq. (11), and it is obtained by dividing the
measured data I' by the estimated relative source and
detector coupling coefficients. Assuming that the
data I' is arranged in matrix form as in Eq. (11), the
calibrated data I is obtained by

r=D'rs, (16)

where D is a diagonal matrix that contains the esti-
mated relative detector coupling coefficients

d;exp(73;) and S is a diagonal matrix that contains the
estimated relative source coupling coefficients
§kexp(]'8k).

It should be noted that calibration Eq. (16) corrects
the data only for the relative variations in the ampli-
tude losses and phase shifts in the detector and
source fibers. The calibrated data I" in Eq. (16) con-
tain a constant multiplicative bias in amplitude and
a constant additive bias in phase that are due to use
of the relative amplitude loss and phase-shift param-
eters in the estimation. Basically, the magnitude of
these biases is defined by the unknown amplitude
loss and phase-shift coefficients of the first source and
detector. Formally, the magnitude of the multiplica-
tive bias in the amplitude of the data I would be &
= s;d;, and the magnitude of the additive bias in
phase would be ¢ = o; + §; [see Eqgs. (7) and (10)].
These biases have to be estimated and removed from
the calibrated data I" before reconstruction. This is
explained in the next section.

D. Initialization for Reconstruction

Owing to the ill-posed nature of the DOT problem, the
initial values of the optical properties for the image
reconstruction algorithm need to be reasonably close
to the actual (heterogeneous) optical properties to
guarantee fast convergence in image reconstruction.
One possible solution for the initialization is to ini-
tialize the absorption and scatter images to global
parameter values (o, p.o) € R* that are obtained as
a minimizer of the least-squares error between the
measured and the computed data. Here we discuss
how the constant biases in the amplitude and phase
of the calibrated data I" can be estimated as part of
the minimization problem.



Let

|F| :Fmod(“'aa IJ“s’)a (17)

ang(l) = Fo (g, W), (18)

denote the forward models that map the absorption
and scatter parameters (., o) to the vectors of
amplitude and phase-shift data. In this study the
forward models [Eqgs. (17) and (18)] are based on the
DA.

The calibrated data in Eq. (16) contain unknown
bias, which is due to use of the relative detector and
source amplitude loss and phase-shift coefficients in
the calibration. The amplitude data contain a multi-
plicative bias, and thus we write the model

| l: | = Gmod(“‘m va’, g) = gFmod(p"aa M‘s’), (19)

where the scalar parameter £ is the bias variable. The
bias in the phase data is additive, and thus we write
the model

ang(l) = Ganga, Wy &)= Fanglpa, 1) +2, (20)

where the scalar € denotes the bias in phase.

Using the models [Eqgs. (19) and (20)], the initial
estimation is defined as finding the parameter vector
(K05 b5 &, ¢)T € R* that minimizes the functional

‘P — L | l:‘ |~ _ |:gm0d(“'a,0’ “;;,O} §:| 2
ang(I") ang(p“a,O’ Ws, 05 €)

2

, (21)

where vectors |I'| and ang(I') contain the amplitudes
and phase shifts of the calibrated data, respectively.
Once Eq. (21) is solved, one can remove the estimated
bias (&, €) from the calibrated data by

IT| =¢'T|, ang()=ang()—e (22
and compute the reconstructions in the conventional
way, using the forward models [Eqgs. (17) and (18)]
and the estimated (u,, i) as the starting point in
the reconstruction algorithm.

Note that often in practical DOT experiments, the
calibration of the source model in the forward model
(e.g., DA) with respect to the strength and initial
phase of the light source in the experimental device is
not known. However, these unknowns are naturally
embedded in the values of the parameters (¢, ) as £
= s,dJ and € = oy + §; + 0, where I and 0 denote the
strength and initial phase of the light source, respec-
tively. Thus Eq. (22) also calibrates the data I" with
respect to the source model.

3. Extended Diffusion Approximation Model for Diffuse
Optical Tomography

The source and detector coupling coefficients can also
be included in the DA model for optical tomography
measurements. In this section the extended model,
which includes the source and detector coupling co-
efficients, and the FE discretization of the model are
discussed. The model is used to generate data for the
simulations presented in Section 4.

A. Extended Diffusion Approximation Model

The frequency-domain version of the DA assumes the
form?1°

-V -k VO(r; o) + n,or; o) + Jo/c)P(r; )
=qo(r; w), (23)

where ®(r; ) =: d(r) is the photon density, k is the
diffusion coefficient, ., is the absorption coefficient, j
is the imaginary unit, o is the angular modulation
frequency of the input signal, c is the speed of light in
the medium, and g,(r;0w) =: qo(r) is the source within
Q). The diffusion coefficient « is of the form2°

1

K= i + p) (24)
where n is the dimension of the domain (=2, 3) and .,
is the reduced scattering coefficient. The Robin-type
boundary condition for the DA can be derived to have
the form

Ad(r) 3

W 0, reo, (25)

1
CI)(T‘) + 27% KA

where v, is a dimension-dependent constant, which
obtains values vy, = 1/m and y; = 1/4, and A is a
parameter governing the internal reflection at the
boundary 9€).20

The light sources at 9() are usually modeled in the
DA either by the collimated source model or by the
diffuse boundary source model. In the case of the
collimated source model, the collimated light source
is modeled as an isotropic point source located at a
depth (1/p.) below the source site at 9£2.2! Including
the source coupling coefficient, the collimated source
model assumes the form

qo(r) =8;3(r —ry), (26)
where the position r, is located at a depth (1/..) below
the source site and §; = s;exp(jo;) is the coupling
coefficient at source site g;, as described in Section 2.
In the case of the diffuse boundary source model, the
source is modeled as an inward-directed diffuse
boundary current at the source site ¢;.2! The bound-
ary condition in Eq. (25) with the diffuse source
model, including the source coupling coefficient §;,
can be written as
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Sw;

od(r) _
on

re Uiei
Yn s
O re GQ \ Uisi

(27

1
d(r) + 27% KA

where the indicator function w; for the source site ¢;
is either 1 or 0, depending on whether the source is
on.

The measured quantity, which is the exitance I'(r),
is explained, for example, in Refs. 22 and 20. Includ-
ing the detector coupling coefficient, the measured
quantity can be written in the form

. 0d(r)

2v,
I'r)= —di 9h

=d, 4 O,

re Uigia (28)

where d; = d,exp(j3,) is the coupling coefficient of the
detector at (;, as described earlier in Section 2.

B. Finite-Element Discretization

The FE approximation of the DA has been derived
previously (e.g., in Refs. 23 and 20). Here the FE
approximation for the extended DA is constructed
similarly to the FE approximation for the DA in Ref.
24.

Accordingly, the solution ®(r) of the variational
formulation of Eq. (23) is approximated in a piecewise
linear basis ®" = XY, a,¢,, where ¢, are nodal basis
functions of the FE mesh and a, are photon densities
in the nodal points of the FE mesh. The FE approx-
imation of the extended DA can be written as

(K+C+R+jowZ)a=G+E, (29)
where
K(p, k)=f k Ve, Ve,dr, (30)
O
C(p7 k) = “‘a('Pk(dery (31)
[9)
1
Zp, b= | ewe,dr, (32)
QO
2y
R(p, k)= A ¢re,dS, 33)

Q)

wherek, p =1, ..., N. The source vector on the right-
hand side of Eq. (29) depends on the source model
that is used. In the case of the collimated source
model [Eq. (26)], the source vectors G and E are of the
form
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G=0, (34)

E(p) = s,expljo) f 8(r—r)e,dr,  (35)

Q

where s; is the source amplitude loss coefficient and o;
is the source phase shift. In the case of a diffuse
boundary source model, the source vectors are of the
form

i

@S, (36)

G(p) = s,exp(jo;)
a0

E=0. (37)
The exitance I" at the source site is obtained by
I' = Ma, (38)

where M is a matrix of the form

0 otherwise

MG, b= {[Zdiexp(jﬁi)ynm] ifnode k€ {; C aQ}’

(39)

where 2 = 1,...,N;i = 1,...,m; djis the detector
amplitude loss coefficient; and ; is the detector phase
shift.

4. Results

The calibration method was tested with simulations
and measurements. The purpose of the simulations
was to test the validity of the source and detector
coupling coefficient estimation method and to inspect
the effect of the calibration on the data and the re-
constructed images. Then the effects of the calibra-
tion on the measured data and the quality of the
reconstructed images were investigated.

A. Simulation Results

In the simulations, the two-dimensional (n = 2) case
was considered. The medium  C R* was a circular
domain with diameter d = 5 cm. Sixteen equally
spaced sources and 16 equally spaced detectors were
located on the boundary of the domain. The absorp-
tion coefficient and the (reduced) scattering coeffi-
cient were chosen as p, = 0.025 mm ' and p/
= 2 mm !, respectively. The modulation frequency of
the input signal was f = 100 MHz. The source and
detector amplitude loss coefficients were generated
randomly from uniform distribution [0.75, 1], and the
source and detector phase shifts were generated ran-
domly from uniform distribution [—w/120, 0]. The
data were generated with the FE model for the ex-
tended DA with the collimated source model [see Eqgs.
(29), (35), and (38)]. The FE mesh contained 58,238
triangular elements and 30,704 nodal points.
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Gaussian-distributed noise with a standard deviation
of 1% of corresponding amplitude and phase was
added to the simulated data. The amplitude and
phase shift of the simulated data are plotted against
the source—detector angle index in Fig. 1 as dotted
curves.

1. Calibration

The relative source and detector coupling coeffi-
cients and transmitted light intensities were solved
by minimizing functional (12) with the choice L = I.

The minimization problem was solved by Gauss—
Newton algorithm (14). The convergence was
achieved in three iterations. The relative source and
detector amplitude loss coefficients and phase shifts
and the corresponding estimated values are shown in
Fig. 2. The data was calibrated by use of Eq. (16). The
amplitudes and phase shifts of the data against the
source—detector angle index before and after calibra-
tion are shown in Fig. 1.

The results show that the relative source and de-
tector coupling coefficients can be estimated with
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Fig. 2. Top row, relative source amplitude loss coefficient (left image) and phase shift (right image) shown as + and the corresponding
estimated values shown as circles. Bottom row, relative detector amplitude loss coefficient (left image) and phase shift (right image) shown

as + and the corresponding estimated values shown as circles.
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Fig. 3. Absorption coefficients (left column) and scattering coef-
ficients (right column). Top row, simulated distributions; middle
row, reconstructions from calibrated data; bottom row, reconstruc-
tions from raw data.

good accuracy. The simulated and estimated values
are almost equal, which can be seen from Fig. 2. The
maximum relative error of the estimated coupling
coefficients was approximately 1%. As explained in
Section 2, in a rotation symmetric setup the mea-
sured amplitudes and phase shifts should be equal
with the same source—detector angle index in an
ideal case in which there are no source and detector
amplitude losses and phase delays. As can be seen
from Fig. 1, the calibration compensates for the am-
plitude losses and phase delays in the data, and thus
the calibrated data have much less variation between
the sources and the detectors compared with the raw
data.

2. Reconstructions

To test the effect of the calibration on the quality of
the reconstructed images, other data were generated
with the same measurement setup. Now the medium
contained two circular inclusions. The absorption and
scattering coefficients of the inclusions were (., |..)
= (0.05, 2) mm ' and (u,, ) = (0.025, 5) mm ', re-
spectively. The simulated absorption and scattering
distributions are shown in the top row of Fig. 3.

The data were calibrated with Eq. (16) by use of the
previously estimated relative coupling coefficients.
Then the initial values of the absorption and scatter
(a0 Mso), as well as the systematic biases (&, €) in the
calibrated data were estimated by minimization of
functional (21). In the minimization, the forward
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model [Eqgs. (17)—(18)] was based on FEM discretiza-
tion of the “conventional” diffusion approximation;
that is, the amplitude loss and phase-shift parame-
ters in Eqgs. (34) and (39) were set to values s; = d,
=1, i and 3, = o; = 0, [Ii, respectively. The weight-
ing matrix L was chosen as in Eq. (13). Functional
(21) was minimized by a Gauss—Newton algorithm
that was equipped with an explicit line search algo-
rithm for the determination of the step length. Fi-
nally, the estimated biases (£, £) were removed from
the calibrated data I" by Eq. (22), and the absorption
and scatter reconstructions were computed with a
total variation regularized output least-squares
scheme similar to the method described in Ref. 24.
The reconstruction mesh contained 496 quadratic re-
construction pixels. The reconstructed absorption
and scattering coefficients from the calibrated data
and raw data are shown in Fig. 3.

As can be seen from Fig. 3, the calibration im-
proves the quality of the reconstructed images sig-
nificantly. Although the reconstructions from the
raw uncalibrated data are unclear with large per-
turbations near the boundary, the reconstructions
from the calibrated data are clear and the inclu-
sions are well distinguished. Some cross talk be-
tween the scattering and the absorption appears in
the reconstructions. This, however, is typical for
DOT reconstructions.

B. Measurement Results

Measurements were performed with the multichan-
nel optoelectronic near-infrared system for time-
resolved image reconstruction (MONSTIR) imaging
system of the Biomedical Optics Research Laboratory
at University College London. A detailed description
of the system and the data-acquisition protocol can be
found in Ref. 12.

Measurements with a homogeneous cylindrical
phantom were performed to obtain the data for the
calibration. The height of the phantom was 14 cm,
and the diameter was 7 cm. The absorption coeffi-
cient of the phantom was approximately .,
= 0.01 mm }, and the (reduced) scattering coefficient
was approximately p. = 1 mm . The refractive index
was n;, = 1.56. A plastic ring was used to hold the 16
sources and 16 detectors in contact with the phan-
tom. A data-acquisition protocol, which ensured that
the photon current did not exceed the maximum
value allowed in each channel, was performed. There-
fore measurements were not made on the detectors
closest to each source. The frequency-domain data
were obtained by Fourier transforming the measured
time-domain data. Data corresponding to the input
signal modulation frequency f = 100 MHz were cho-
sen. The amplitude and phase shift of the measured
data are plotted against the source—detector angle
index in Fig. 4 as dotted curves.

1. Calibration

The relative source and detector coupling coeffi-
cients and transmitted light intensities were esti-
mated by minimizing functional (12) with the



Log (amplitude)

4 6 8 10 12 14
Source-detector angle index

Phase shift

4 6 8 10 12 14
Source-detector angle index

Fig. 4. Left image, logarithm of the amplitude of the measured data plotted against the source—detector angle index for raw data (dotted
curves) and for calibrated data (solid curves). Right image, phase shift of the measured data plotted against the source—detector angle
index for raw data (dotted curves) and for calibrated data (solid curves).

weighting matrix L as in Eq. (13). The minimization
problem was solved by Levenberg—Marquardt algo-
rithm (15) with the stabilization parameter A\
= 0.001. The convergence was achieved in three it-
erations. The measured data were calibrated with
Eq. (16) by means of the estimated coupling coeffi-
cients. The amplitudes and phase shifts of the mea-
sured data plotted against the source—detector angle
index for the raw data and calibrated data are shown
in Fig. 4.

A clear difference in variation of the amplitudes of
raw and calibrated data can be seen. This indicates
that the calibration is correcting for the amplitude
losses of the sources and detectors. On the other
hand, the calibration does not seem to have a signif-
icant effect on the phase shifts. We expect that this is
because the phase shifts of the sources and detectors
are already efficiently treated by the data-acquisition
protocol of the MONSTIR system, and therefore the
quality of the phase data is already good.

2. Reconstructions

The effect of calibration on the quality of the recon-
structed images was investigated. Therefore another
measurement was carried out with the same mea-
surement setup. Two small cylinders were placed in-
side the phantom. The absorption and scattering
coefficients of the cylinders were (approximately)
(o> o) = (0.05, ) mm™ and (,, u;) = (0.01, 5)
mm ', respectively. The cylinders were located at the
same height as the plastic ring that was holding the
source and detector fibers. The measurements were
carried out similarly as those for the homogeneous
phantom. The measured data were calibrated with
Eq. (16) by use of the relative coupling coefficients
estimated above, and then we performed the initial-
ization explained in Section 2. Finally, the estimated
biases (&, €) were removed from the calibrated data I'
by Eq. (22), and the three-dimensional reconstruc-
tions were carried out with the frequency-domain
version of TOAST (time-resolved optical absorption
and scattering tomography) software of the Biomed-
ical Optics Research Laboratory at University Col-
lege London.2?> Three types of images were

reconstructed: a difference image, an absolute image
from calibrated data, and an absolute image from raw
(uncalibrated) data. The difference image was ob-
tained by use of the data from the homogeneous
phantom as reference data and by addition of the
calculated difference to the reference values.

The reconstructed absorption and scattering coef-
ficients on the horizontal layer in which the sources
and detectors were located are shown in Fig. 5. The
absolute reconstructions from the raw data contain
severe perturbations near the boundaries of the do-
main, and the locations of the inclusions are not well
distinguished. The absolute images from the cali-

X 10-3

= 9.2
9
8.8
8.6

Fig. 5. Absorption coefficients (left column) and scattering coef-
ficients (right column). Top row, difference images; middle row,
absolute images from calibrated data; bottom row, absolute images
from raw uncalibrated data.
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brated data are better than those from the uncali-
brated data. In the former, the inclusions are
distinguished more clearly, and the number of recon-
struction artifacts has decreased significantly. Thus
calibration improves the quality of the absolute im-
ages.

5. Conclusions

We proposed a computational calibration method for
optical tomography. The model of the calibration
scheme is based on rotation symmetry of the source
and detector positions in the measurement setup.
The relative amplitude losses and phase shifts at the
optic fibers are modeled by complex-valued coupling
coefficients. The relative coupling coefficients can be
estimated when data from a homogeneous and iso-
tropic object are given. Once the relative coupling
coefficients have been estimated, any data measured
with the same measurement setup can be calibrated.

The method was tested with simulations and mea-
surements. The results show that the calibration
method can reduce the effects of unknown amplitude
losses and phase delays that occur in source and de-
tector fibers. Thus the method can improve the qual-
ity of reconstructed images significantly. Therefore
the proposed approach offers a simple and accurate
method for calibrating optical tomography measure-
ments.

This work was supported by the National Technol-
ogy Agency of Finland (contract 40781/00), the Well-
come Trust, and the Academy of Finland (decision
numbers 206449 and 203985).
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