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Three-dimensional time-resolved optical
tomography of a conical breast phantom

Jeremy C. Hebden, Hylke Veenstra, Hamid Dehghani, Elizabeth M. C. Hillman,
Martin Schweiger, Simon R. Arridge, and David T. Delpy

A 32-channel time-resolved imaging device for medical optical tomography has been employed to evaluate
a scheme for imaging the human female breast. The fully automated instrument and the reconstruction
procedure have been tested on a conical phantom with tissue-equivalent optical properties. The imaging
protocol has been designed to obviate compression of the breast and the need for coupling fluids. Images
are generated from experimental data with an iterative reconstruction algorithm that employs a three-
dimensional ~3D! finite-element diffusion-based forward model. Embedded regions with twice the back-
ground optical properties are revealed in separate 3D absorption and scattering images of the phantom.
The implications for 3D time-resolved optical tomography of the breast are discussed. © 2001 Optical
Society of America
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1. Introduction

A principal motivation behind the increasingly in-
tense pursuit of medical optical tomography is the
potential for providing a safe and effective method of
detecting and specifying breast disease. Character-
istic absorption by hemoglobin and other tissue chro-
mophores provides a means of identifying differences
between normal and diseased tissues that are not
necessarily evident with established diagnostic imag-
ing methods such as x-ray mammography. As sum-
marized elsewhere,1 many attempts to image the
breast with optical radiation over the past 70 years
have made no lasting impact on diagnostic radiology.
Although the absorption by breast tissues at near-
infrared ~NIR! wavelengths is sufficiently low to en-
able measurements of transmitted light to be made
through thicknesses of many centimeters, scattering
severely limits the spatial resolution with which in-
ternal structures can be imaged. As a consequence,
imaging methods that involve direct viewing of the

J. C. Hebden ~jem@medphys.ucl.ac.uk!, H. Veenstra, H. Deh-
hani, E. M. C. Hillman, M. Schweiger, and D. T. Delpy are with
he Department of Medical Physics and Bioengineering, 11–20
apper Street, University College London, London WC1E 6JA,
K. S. R. Arridge is with the Department of Computer Science,
ower Street, University College London, LondonWC1E 6BT, UK.
Received 10 August 2000; revised manuscript received 26 March

001.
0003-6935y01y193278-10$15.00y0
© 2001 Optical Society of America
3278 APPLIED OPTICS y Vol. 40, No. 19 y 1 July 2001
breast when illuminated from behind with a simple
light source have proved to have little or no diagnostic
value.2 Since the mid-1980s a revival of interest in
so-called optical mammography has been prompted
by two areas of development. The first of these is
the availability of new source and detector technolo-
gies that offer potentially more useful information
from measurements of light through breast tissue.
Specifically, researchers have employed time- and
frequency-domain systems to measure the character-
istic response of breast tissues to illumination by
pulsed and intensity-modulated sources, respec-
tively. The second development is the concept of
optical tomography: algorithms that enable images
representing the optical properties contained within
a three-dimensional ~3D! volume or a two-
dimensional ~2D! slice to be reconstructed from a se-
ies of measurements of light transmitted between
oints on the surface, aided by substantial improve-
ents in computing technology. Several research

roups have recently built breast imaging systems
hat exploit one or both of these developments, and
ost have already undergone some form of prelimi-
ary clinical evaluation. Among industrial compa-
ies, Carl Zeiss3 and Seimens have both constructed

prototypes based on frequency-domain instrumenta-
tion, whereas systems developed by Philips4 and Im-
aging Diagnostic Systems5 use a combination of
optical tomography and straightforward intensity
measurements. University-based groups have ex-
plored an even broader variety of approaches to
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breast imaging, including use of intensity,
frequency-domain,8,9 and time-domain10–12 measure-
ments.

Although some noniterative, semianalytic ap-
proaches to 3D optical tomography have been sug-
gested, these are generally limited to cases in which
the assumption of linearity is reasonable, i.e., in
which the object can be represented as a small per-
turbation within an otherwise well-characterized
background.13 Iterative techniques, applicable to
more-arbitrary distributions of internal scattering
and absorption, have been evaluated mostly for 2D
imaging because of the large computational effort
involved.14–17 A shortcut to 3D imaging has been
explored, which involves reconstructing a series of
transverse slices with a 2D algorithm and then com-
bining them to generate a 3D image.18 However,
ince photons migrate in all three dimensions in a
cattering medium, measurements made at the sur-
ace are inevitably sensitive to structure located
bove and below the plane of interest. The inability
f 2D algorithms to account for out-of-plane struc-
ures could obviously lead to the manifestation of
ignificant artifacts.19

At University College London we endeavor to com-
bine a 3D optical tomography algorithm with data
acquired with a 32-channel time-domain system.12

Our reconstruction package known as TOAST ~tem-
poral optical absorption and scattering tomography!
determines the optical parameters that describe an
appropriate model of photon migration within an ob-
ject by comparing its predictions with the measured
data. The model is then adjusted iteratively to min-
imize the difference between the two. TOAST con-
tains three distinct components: a finite-element-
method ~FEM! forward model from which to generate
imulated measurements for a given distribution of
nternal scattering and absorbing properties; the def-
nition of an objective function to be minimized, based
n the error between model predictions and experi-
ental data; and a scheme for adjusting the param-

ters of the forward model to achieve the
inimization.20,21 In practice, TOAST accommo-

dates data in the form of specific data types, which
represent certain characteristics of the measured sig-
nal, such as temporal moments.22

Our imaging system, described briefly in Subsec-
tion 2.A below, was designed principally as a means
of imaging the cerebral oxygenation and hemody-
namics of the human neonate. Compared with
breast imaging, data acquisition from newborn in-
fants is certainly more difficult, and the reconstruc-
tion requires a more sophisticated forward model in
order to take into account the large variation in tissue
types, including nonscattering regions. However,
the demands on imaging performance are perhaps
less severe, since brain imaging may not require par-
ticularly high spatial resolution or specificity in order
to provide valuable diagnostic information.

During the past two years, the combination of
TOAST and time-domain measurements has been
used to image a variety of tissue-equivalent phan-
toms and the human forearm. However, in all
cases the objects were, or ~in the case of the arm!
assumed to be, cylindrical, and all sources and detec-
tors were confined to a single ring. Images were
generated of single transverse planes across each ob-
ject, or, by means of translating the ring, 3D cylin-
drical volumes could be reconstructed.24 The use of
multiple rings of sources and detectors was recently
demonstrated by Jiang et al.,25 who employed a full
3D FEM scheme and simple intensity measurements
to reconstruct images of a cylindrical phantom.
However, it is evident that the application of our
system to imaging of the breast must involve the use
of a more appropriate and adaptable data-acquisition
geometry.

For breast imaging to be clinically effective, partic-
ularly if either the presence of lesions is unknown or
their location is uncertain, it is desirable that as
much of the breast is imaged as possible. Some in-
vestigators achieve this by compressing the breast in
a manner similar to that for x-ray mammography and
then scanning one or more sources and detectors over
both surfaces.3,6,9–11 An alternative method is to
surround the breast with an array of sources and
detectors and reconstruct either a cross-sectional
slice7,8 or the entire volume.4 Researchers at Philips
who are pursuing the latter approach have elected to
fill the void between the breast and their conical ar-
ray with a fluid that has optical properties closely
matched to those of the breast.4 This benefits the
reconstruction in two significant ways. First, the
exterior geometry of the reconstructed volume is
known exactly. And second, the coupling of the
source–detector optics at the surface is constant and
independent of the subject. There are also potential
disadvantages. For example, it is not certain how
the choice of matching fluid properties can affect the
accuracy of the reconstruction. Also, there may be
an insufficient restriction on patient motion during
the measurement. The most significant disadvan-
tage from our point of view is that, to make optimum
use of our relatively small number of detecting chan-
nels ~32!, it would be necessary to construct a series
of arrays to accommodate a wide range of breast
sizes. Although this approach is nevertheless at-
tractive, for our initial exploration of breast imaging
we have chosen to employ a more simple method that
is adaptable to breasts of all sizes and does not re-
quire a matching fluid or breast compression.

In this paper we present the results of studies on
conical breast phantoms that were performed as a
prelude to initial tests on human subjects. These
studies were designed to test the source–detector ar-
ray geometry, the imaging protocol, the data-
calibration procedures, and the 3D reconstruction
algorithm.

2. Experimental Methods

A. Time-Resolved Imaging System

The University of College London imaging system,
known as MONSTIR ~multichannel optoelectronic
1 July 2001 y Vol. 40, No. 19 y APPLIED OPTICS 3279



i

m

d
a
p
s
s

2

t
p
e
N
t
t

l

3

NIR system for time-resolved image reconstruction!,
s described in detail by Schmidt et al.12 Briefly,

picosecond pulses from a Ti:sapphire laser are cou-
pled to the surface of the object via a 32-way optical
fiber switch. Transmitted light is collected simulta-
neously by 32 detector fiber bundles. These deliver
the light to four 8-anode microchannel-plate photo-
multiplier tubes ~MCP PMTs! via 32 variable optical
attenuators ~VOAs!, which ensure that the intensity
of detected light does not saturate or damage the
MCP PMTs. Each detected photon produces an
electronic pulse whose arrival time is measured with
respect to a laser-generated reference signal, and his-
tograms of photon flight times ~the so-called temporal
point-spread functions, or TPSFs! are accumulated.
The full set of TPSFs is subsequently transferred to a
dedicated workstation for processing and image re-
construction.

For preliminary breast studies a conical fiber
holder was constructed in the form of a series of three
connecting rings, as illustrated in Fig. 1. The rings
can be used in isolation, joined in pairs, or all com-
bined, depending on the size of the breast. The de-
sign, based on an electrode array used for electrical
impedance breast imaging by Holder and colleagues
in London,26 also facilitates the addition of further
rings of larger diameter. The smallest top ring can
accommodate as many as 16 source fibers and 16
detector bundles, whereas the larger rings can ac-
commodate as many as 32 of each.

B. Conical Breast Phantoms

The optical properties of healthy and diseased breast
tissues have been measured extensively by many re-
search groups over the past 20 years, using both in
vitro27–29 and in vivo30–34 methods. Most measure-

ents of the transport scatter coefficient ms9 of breast
tissues are in the range 0.6–1.3 mm21. Values of
the absorption coefficient ma, generally considered
less reliable when measured in vitro because of inev-
itable drainage of blood,29 are typically in the range
0.002–0.008 mm21. Troy et al.29 conclude that, al-
though their in vitro results exhibited no statistical

ifference between the average properties of healthy
nd diseased tissues taken over a large sample of
atients, the differences for tissues taken from the
ame patient can be significant. Recent in vivo mea-
urements reported by Tromberg et al.34 indicated

that some tumors exhibited 1.25 to threefold higher
absorption than normal breast tissue. Overall, most

Fig. 1. Multiring fiber holder for breast imaging.
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evidence suggests that the ratio between the values
of both ma and ms9 for healthy and diseased tissues are
of the order of a factor of 2.

Solid tissue-equivalent phantoms with a conical
geometry suitable for use with the fiber holder de-
scribed above were constructed from a mixture of
titanium dioxide particles and NIR absorbing dye in
epoxy resin.35 A pair were made with the following
uniform optical properties at a wavelength of 800 nm:
ms9 5 0.8 6 0.1 mm21, ma 5 0.007 6 0.001 mm21, and
a refractive index of 1.56. Inserted within one phan-
tom are three cylinders with relative optical proper-
ties of ~a! 2ms9 and ma, ~b! ms9 and 2ma, and ~c! 2ms9 and
ma. The cylinders have a height and diameter of 10

mm and are located in a single plane equidistant from
the central axis, as illustrated in Fig. 2. This plane
corresponds to that containing the sources and detec-
tors of the middle ring of the fiber holder. The phan-
tom without the embedded cylinders is designed to
serve as a homogenous reference object, as described
in Subsection 2.C.

C. Temporal Calibration

The conical breast phantom experiments were in-
tended to explore two approaches to imaging. The
first approach is to reconstruct images from so-called
difference data recorded on phantoms with and with-
out the embedded cylinders. TOAST thus employs
differences ~or ratios! calculated for specific data
ypes. TOAST reconstructs an absolute image of the
hantom of interest, assuming that the optical prop-
rties of the reference phantom are known exactly.
ote that this process is not equivalent to the per-

urbation approach employed by some investiga-
ors,13,15,16 since there is no assumption of linearity

and therefore no restriction on the distribution of
absorption and scattering properties within the
phantom of interest. The disadvantage of this ap-
proach is that it requires a reference object with
closely matched geometry and well-known optical
properties. The considerable advantage, however,
is that the method is self-calibrating, provided that
the influence of the inherent temporal response of the
system on both sets of data is identical.

Fig. 2. ~a! Breast phantom with embedded cylinders of contrast-
ing optical properties. Dashed curves indicate the three planes of
sources and detectors. ~b! Middle plane indicating the cylinder
ocations.
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The second approach is to generate images from
absolute data by performance of an appropriate tem-
poral calibration of the system. The inherent tem-
poral characteristics of 32 detecting channels of
MONSTIR are not only different from one another
but can vary over a period of time.12 One can sig-
nificantly reduce the temporal instability, caused
mainly by thermal variation in the detection electron-
ics, by maintaining a constant ambient temperature
and performing all calibration measurements imme-
diately before or after each imaging experiment.
The fixed, channel-dependent variation arises be-
cause of differences between the lengths and disper-
sion properties of detector fiber bundles and
electronic cables and between the pulse sampling
characteristics of electronic components. Similarly,
differences in the lengths of source fibers contribute
toward a source-dependent offset in each TPSF mea-
surement. Procedures for performing temporal cal-
ibration are described in detail by Hillman et al.19

Previous 2D experiments involving sources and de-
tectors confined to a single circular ring have em-
ployed a so-called calibration tool consisting of a clear
resin cylinder in which a small scattering target is
embedded, attached to an optical fiber. The calibra-
tion procedure, described in detail elsewhere,12,19 in-
volves ~a! illuminating each detector via a source
oupled to the target, ~b! irradiating the target cou-
led to a detector with each source, and ~c! connecting
ne source directly to one detector. To calibrate con-
cal breast phantom data, another tool was con-
tructed that is able to accommodate the conical
older. The new tool consists of a clear resin cone
ith the same external geometry as the phantoms

hown in Fig. 2. Embedded within the tool, on the
entral axis, is a small scattering target in which an
ptical fiber is inserted. The outside surface of the
ool was coated with a thin highly scattering layer
irectly beneath the three rings of the fiber holder.
his layer diffuses the light traveling in or out of the

ool and thus enables the embedded target to be cou-
led to every source and detector.

D. Imaging Experiments

As shown in Fig. 3, pairs of source fibers and detector
bundles were distributed over the conical holder with
8 around the top ring, 8 around the middle ring, and
16 around the bottom ring. An experimental proto-
col was devised, which involved predefining the au-
tomated sequence in which each source fiber is
illuminated and calculating the appropriate setting
of each detector VOA for each source position. One
can make an initial estimate of the settings by cal-
culating the source–detector distances and assuming
an exponential decrease in intensity with distance.
For the conical breast phantom experiments the dis-
tances between sources and detectors vary from a few
millimeters to a maximum of 110 mm. To record
adequate signal for the largest separations, it is de-
sirable to maximize the source power, which was ap-
proximately 50 mW. Although the maximum finite
attenuation achieved by the detector VOAs is ;3 op-
tical densities ~ODs!, large source intensities will pro-
duce photon count rates at many detectors closer to a
given source, which go beyond the capacity of the
VOA to produce an acceptable minimum ~approxi-
mately 3 3 105 photonsys!. For example, it was es-
timated that, for a source in the top ring, recording
adequate signal in all detectors in the bottom ring
would require most detectors in the top ring to be
deactivated ~i.e., VOAs set to zero transmission!.
Consequently, data were acquired from each source
position twice, with two different source intensities.
MONSTIR includes a computer-controlled source at-
tenuator, which can provide up to ;2.5 ODs of atten-
uation of the light entering the 32-way fiber switch.
The protocol employed for these experiments there-
fore involved illuminating sources for 30 s at a high
~;50-mW! power and then illuminating for a further
30 s following a 2-OD attenuation. For a given
source position, detectors at near and intermediate
distances were deactivated during the first sequence
and then activated during the second. Although it
was not a necessary condition, no detectors were ac-
tivated for both sequences. However, some detec-
tors close to a source were deactivated for both
sequences, and therefore only 29 or 30 TPSFs were
recorded for each source.

Immediately prior to acquiring data on phantoms,
a series of calibration measurements were performed
with the tool described in Subsection 2.C. An addi-
tional calibration measurement was introduced as a
means of compensating for low-level ~,0.5%! cross
talk between adjacent MCP PMT channels. This in-
volved measuring the cross-talk intensity as each de-
tector is illuminated in sequence, by use of the
calibration tool. These data are then used to apply a
minor correction to TPSFs recorded on a given chan-
nel by subtraction of a small fraction of signal mea-
sured on adjacent channels. Appropriate temporal
calibration corrections were then performed upon the
data acquired on the phantoms with and without the
embedded cylinders in order to produce a series of

Fig. 3. Breast phantom imaging experiment.
1 July 2001 y Vol. 40, No. 19 y APPLIED OPTICS 3281
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data types suitable for image reconstruction with
TOAST. The calibrated data types generated for the
production of images of absolute optical properties
were mean time and variance.

Although simulations have shown that measure-
ments of intensity are useful for optical tomography
in combination with other data types,22 the strong
sensitivity of intensity to photon interactions at the
surface renders it difficult to calibrate. Thus it be-
comes necessary to either employ differences in log
intensity measured in response to some change in
internal optical properties36 or incorporate a variable
surface coupling coefficient into the reconstruction
process.37 For the experiments described here, in-
volving two phantoms with similar, uniform surfaces,
an assumption is made that the coupling for a given
source or detector remains unchanged as the fiber
holder is transferred from one phantom to the other.
In other words, use of intensity is restricted to so-
called difference imaging, with the difference in log
intensity measured for phantoms with and without
the embedded cylinders. Likewise, neither mean
time nor variance requires precalibration for differ-
ence imaging.23 It is necessary to calculate mean
time and variance only directly from the raw uncali-
brated TPSFs and assume that the temporal re-
sponse of the system ~including delays, broadening,
and the like! is identical for corresponding source–

etector pairs.

3. Image Reconstruction

A. Three-Dimensional Finite-Element-Method Model

To reconstruct 3D images with TOAST, a 3D finite-
element mesh was generated with a Delaunay trian-
gulation algorithm38 and is illustrated in Fig. 4. The
mesh has an external geometry identical to that of
the conical breast phantoms and consists of 36,857
second-order tetrahedral elements that have a total
of 57,766 nodes. Special care was taken to ensure
that the mesh density was high enough near regions
of rapidly changing field ~near source and detector

Fig. 4. 3D FEM mesh for cone imaging experiments.
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positions! to facilitate an accurate forward calcula-
ion.

As a preliminary check on the validity of the for-
ard model and on the quality of the data, data

ypes predicted by the model were compared with
xperimental values. With the known positions of
he sources and detectors, and fixed optical proper-
ies for both the homogenous and cylinder-
ontaining phantoms, two sets of simulated data
ere generated for mean time and for intensity. It
as found that the most favorable match between

he model and experimental values of mean time for
he homogenous phantom corresponds to a trans-
ort scatter coefficient of ms9 5 1.0 mm21 and an

absorption coefficient of ma 5 0.007 mm21. The
model and experimental values of mean time for
source 9 ~located in the middle ring! are plotted in

ig. 5. Note that detectors 9 and 10 were located
djacent to source 9 on either side and were there-
ore deactivated. The discrepancy between the
ominal transport scattering coefficient of the solid
hantoms and that of the best-match FEM model is
ssumed to be due to a larger-than-expected exper-
mental error during the manufacture of the phan-
oms.

The simulated values of mean time and the loga-
ithm of intensity from the homogenous model were
hen subtracted from the values predicted by the
odel of the phantom with the cylinders. The dif-

erences for the model data types for source 9 and the
orresponding differences calculated from the exper-
mental data are shown in Figs. 6 and 7. The trends
bserved in the data correspond well with those pre-
icted by the model in both cases, and similar corre-
pondence was observed in results obtained for all
ther sources. Some discrepancy between model
nd data is inevitable, owing to small ~,5-mm! un-
ertainties in the positioning of the embedded cylin-
ers within the phantoms, and in the relative
ositioning of the holder. A further error in the log
ntensity difference values will be due to variability

Fig. 5. Mean flight values for each detector and for source 9
obtained from experimental data ~filled circles! and forward-model

redictions ~open circles!.



in the surface coupling coefficient for each source and
detector between the two phantom measurements.
As indicated above, although this is a relatively mi-
nor problem for phantoms with identical featureless
surfaces, this is potentially a significant difficulty for
routine imaging of human tissues.

The small differences in mean flight time exhibited
by both the model and the data ~less than 20 ps for
nearly all source–detector combinations! had unfor-
tunate implications for our attempts to generate ab-
solute images from calibrated data. To reveal the
internal cylinders, the error in the calibration must
not exceed the magnitude of the difference signal.
Unfortunately the actual uncertainty in absolute
mean time determined from multiple measurements
made with the new calibration tool is ;20 ps. The
uncertainty stems from an inherent source- and
detector-dependent variability in the contribution of
the new calibration tool to the overall temporal re-

Fig. 6. Differences between the values of mean flight time gen-
erated for phantoms with and without the embedded cylinders:
experimental data ~filled circles! and forward-model predictions
~open circles!.

Fig. 7. Differences between the values of log intensity generated
for phantoms with and without the embedded cylinders: experi-
mental data ~filled circles! and forward-model predictions ~open
circles!.
sponse. The calibration uncertainty was found to be
even more significant for variance. As a conse-
quence, only difference imaging was possible.

B. Difference Images

The difference data generated for intensity and mean
time were employed to reconstruct the entire volume
of the phantom as represented by the FEM mesh
described above. Differences in variance generally
exhibited more noise than the other two data types
when compared with forward-model predictions and
therefore were not used in the reconstruction. The
3D reconstruction algorithm, as described by Arridge
et al.,24 employed an initial estimate in the form of a
cone with uniform optical properties of ms9 5 1.0
mm21 and ma 5 0.007 mm21. Images of the internal
distribution of absorption and scatter differences
were reconstructed simultaneously from log intensity
and mean-time differences, with a nonlinear
conjugate-gradient method. The sources were mod-
eled as an isotropic Gaussian source ~width of 2 mm!,
placed one scattering distance ~1 mm! inside the
outer boundary, and a Robin boundary condition was
used.39 The image was reconstructed into a 32 3
32 3 18 pixel basis with median filtering at each
iteration.

Image reconstruction was performed on a 450-MHz
Pentium personal computer with 1 Gbyte of RAM and
required several hours per iteration. The results
achieved after six iterations are shown in Figs. 8 and
9. These show the reconstructed absorption and
scattering properties, respectively, for a series of ten
transverse slices, each averaged over a 6-mm thick-
ness. The image at the height of 78 mm represents
the transverse slice containing the centers of the em-
bedded cylinders. Bright regions corresponding to
all three embedded cylinders are evident, located at
the expected lateral and vertical positions. Cylinder
C, representing a perturbation in both scatter and
absorption, is the most dominant feature in both sets
of images. The other two cylinders, representing
perturbations in just one parameter, are revealed
most clearly in the image corresponding to that pa-
rameter. However, they are apparent to a lesser
degree in the other image, too. The observed con-
trast of cylinders for both absorption and scattering
images in each case is roughly 10% of background
intensity instead of the expected 100%. This may be
at least partly due to the finite spatial resolution.
The observed features are roughly twice the diameter
of the actual cylinders, which corresponds to a factor
of 8 increase in volume. Imprecise knowledge of the
exact optical properties of the reference phantom
may also influence the quantitative accuracy.

4. Discussion

Experimentation on suitable tissue-equivalent phan-
toms is necessary to evaluate both the instrumenta-
tion and the reconstruction software prior to trials on
human subjects and to establish that it is possible to
produce images with data acquired by use of safe
exposures over a realistic period of time. In these
1 July 2001 y Vol. 40, No. 19 y APPLIED OPTICS 3283
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respects the experiments described above provide a
positive prognosis for clinical imaging with the cho-
sen protocol. The results also represent the first 3D
optical images of a tissue-equivalent object acquired
with time-resolved data without involving physical
translation of sources or detectors.

The cylinders embedded in the conical breast phan-
tom produced subtle perturbations to the time-

Fig. 8. Absorption properties of the cone reconstructed in 3D from
differences in intensity and mean time, displayed as a series of
transverse slices. Heights above the base of the phantom are
indicated.
284 APPLIED OPTICS y Vol. 40, No. 19 y 1 July 2001
resolved signals compared with those measured on
the corresponding homogenous phantom. The com-
bination of measurements made on both phantoms
enabled these perturbations to be successfully iso-
lated, resulting in the reconstruction of difference-
images that reveal all three cylinders with good
localization and contrast. Good separation between
scatter and absorption is observed, and images con-

Fig. 9. Scattering properties of the cone reconstructed in 3D from
differences in intensity and mean time, displayed as a series of
transverse slices. Heights above the base of the phantom are
indicated.
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tain remarkably few artifacts. For optical mam-
mography to become clinically useful, it is probable
that quantitative information must be derived to dis-
tinguish diseased lesions from healthy breast tissues,
particularly since spatial resolution is limited and
distinction based purely on morphology is unlikely.
However, accurate recovery of local absorption and
scattering coefficients may be limited by the finite
spatial resolution. Almost certainly a clinical man-
ifestation of optical mammography must exploit the
variability of absorption of certain tissues with wave-
length. In particular, differences between the
inherent absorption by oxyhemoglobin and deoxyhe-
moglobin provide the facility to map tissue oxygen-
ation. A two-wavelength NIR probe that measures
backscattered light from the breast was recently em-
ployed by Zhu et al.40 to study the blood concentration
nd oxygenation of prediagnosed lesions. Their re-
ults indicate that optical imaging may significantly
mprove the ability to distinguish between benign
rom malignant tissue compared with ultrasound im-
ging alone.
In a separate series of experiments, 2D images of

he same phantoms were acquired with the 32
ources and 32 detectors confined to a single ring
round the plane in which the embedded cylinders
ere centered. Difference data generated for inten-

ity and mean time were used in a 2D reconstruction
lgorithm to produce cross-section images, published
lsewhere.41 The embedded cylinders were revealed

with resolution and contrast comparable with that
exhibited in Figs. 8 and 9 for the same plane ~78 mm
bove the base!. Both theory and experiment have

shown that absolute imaging using 2D algorithms
can give rise to significant artifacts, owing to the
inevitable mismatch between real ~3D! data and the
predictions of a 2D FEM model.19,41 However, this
mismatch largely cancels for difference imaging of
objects such as the cone phantoms presented here,
which contain no out-of-plane structure. For breast
imaging, however, features may occur in any plane,
and 2D difference imaging is likely to fail.

A portable dual-wavelength pulsed laser is
currently being incorporated into the MONSTIR im-
aging system. It is feasible that the use of dual-
wavelength data may also provide a convenient
solution to the problem of calibration. Instead of
employing a homogenous phantom as a reference,
perhaps difference imaging could be performed with
data acquired at one wavelength as a reference for
data acquired at another. This approach facilitates
a full calibration of the system temporal response and
the intensity coupling coefficients but may not be
effective if the optical properties of the breast at the
reference wavelength are highly nonuniform or dif-
ferent in magnitude from the properties at the other
wavelength. The likely effectiveness of this method
is currently being investigated with both experiments
and simulations.41 Alternatively, differences can be
calculated between data obtained before and after the
administration of appropriate contrast agents, as re-
cently demonstrated by Ntziachristos et al.36 An-
other approach to breast imaging that has been
proposed is to perform difference imaging on data
collected on the left and right breasts of the same
subject. The accuracy of this method will inevitably
depend on the degree of homogeneity in the breast
used as the reference and therefore may have limited
applicability.

Prior to the start of studies on suitable patients and
volunteers, a new design of fiber holder is currently
being evaluated. The surface area illuminated by
each source has been increased to facilitate a de-
crease in irradiance without requiring a significant
reduction in total power. This has been achieved by
withdrawal of the ends of the source fibers by 10 mm
and allowing the inherent divergence of the emitted
beam to illuminate a circular area of 6-mm diameter.
Increasing the source illumination area also reduces
the dependency of intensity measurements on small-
scale irregularities in the surface coupling. The new
holder will have a geometry similar to that of the
holder employed for phantom experiments, although
in the future we envisage producing a larger collec-
tion of interconnecting rings of different diameters
and cone angles to accommodate a much greater va-
riety of breast shapes and sizes. Meanwhile, new
calibration procedures are being explored that enable
the temporal characteristics of the imaging system to
be evaluated more accurately, without requiring a
calibration tool.

Each phantom measurement involved a total expo-
sure time of 2 3 32 sources 3 30 s, plus ;3-s system
dead time between each source. This corresponds to
a total acquisition time of ;35 min. This is certainly
too long for routine clinical use, and the effect of
reducing acquisition time on image quality needs to
be explored. Ultimately the total exposure time will
depend on the attenuating properties of the tissue
and the tolerance of the chosen data types to stochas-
tic noise. However, the need to scan at two source
intensities could be eliminated in the future by
means of increasing the dynamic range of the detec-
tor VOAs. Also unacceptably long for clinical use
was the period required for reconstructing the im-
ages. However, a preliminary test with a 3D mesh
with a lower density ~36,636 nodes! and a forward

esh reconstruction basis suggested that images of
omparable quality can be achieved at speeds of only
7 min per iteration. The availability of faster com-
uters will obviously lead to further decreases in re-
onstruction time.

Finally, we invite other researchers in the biomed-
cal optics community to borrow our phantoms to
valuate their own reconstruction techniques and in-
trumentation. More details about the availability
f phantoms, as well as information regarding the
xchange of data and reconstruction software, are
vailable on our website: www.medphys.ucl.ac.uky
esearchyborg.

Support for this research has been generously pro-
ided by the Wellcome Trust and the Engineering
nd Physical Sciences Research Council.
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