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We have begun clinical trials of optical tomography of the neonatal brain. To validate this research, we
have built and imaged an anatomically realistic, tissue-equivalent neonatal head phantom that is hollow,
allowing contrasting objects to be placed inside it. Images were reconstructed by use of two finite-
element meshes, one generated from a computed tomography image of the phantom and the other
spherical. The phantom was filled with a liquid of the same optical properties as the outer region, and
two perturbations were placed inside. These were successfully imaged with good separation between
the absorption and scatter coefficients. The phantom was then refilled with a liquid of increased
absorption compared with the background to simulate the brain, and the absolute properties of the two
regions were found. These were used as a priori information for the complete reconstruction. Both
perturbations were visible, superimposed on the increased absorption of the central region. The head-
shaped mesh performed slightly better than the spherical mesh, particularly when the absorption of the
central region of the phantom was increased. © 2003 Optical Society of America

OCIS codes: 170.3880, 170.6920.
1. Introduction

The great advances in medical imaging during the
past 20 years have had only a limited effect on the
routine clinical care of newborn babies because of
the size and cost of magnetic resonance imaging
�MRI� and computed tomography �CT� scanners and
because of the difficulty of transporting severely ill
infants to the scanner. There is a clinical need for a
portable, bedside system that can produce three-
dimensional �3D� images of the neonatal head to
assist in the identification of hemorrhage and
hypoxia-ischaemia and the monitoring of treatment.
Optical tomography is sensitive to changes in blood
oxygen saturation and blood volume and could, in
principle, fill this niche. In addition, images ob-
tained with optical tomography contain information
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about the physiology of the tissue, as opposed to MRI,
CT, and ultrasound, which generally provide anatom-
ical information.

A number of workers have demonstrated brain im-
aging using optical topography, in which measure-
ments are made from detectors close to the active
source, allowing fast data acquisition. Optical to-
pography of the neonatal brain has been successfully
performed by a number of groups.1–5 Generally,
these data are displayed as two-dimensional �2D�
maps of cortical activation without depth discrimina-
tion, although Bluestone et al.6 reconstructed 3D im-
ages of the frontal region of the adult brain by use of
sources and detectors positioned on the forehead.

If the sources and detectors are spaced around the
object of interest, the whole volume can be sampled
and tomographic images showing the optical proper-
ties of the entire object can be reconstructed. 2D
optical tomography of the neonatal head from a ring
of sources and detectors was first demonstrated by
Benaron et al.2 At University College London, we
have developed instrumentation7 and reconstruction
software8 with the specific aim of generating images
from the neonatal head and have recently recorded
fully 3D data from a baby’s head for the first time to
our knowledge.9

Many groups have tested their optical tomography
systems using tissue-equivalent phantoms.10–12

Typically, phantoms are cylindrical so that the effect
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of instrumentation and reconstruction techniques
can be examined independently of errors caused by
difficulties in generating and solving finite-element
meshes of complex structures. Recently, more ana-
tomically realistic phantoms have been used, such as
a conical phantom to represent the breast.13

To support the clinical research, we have made and
imaged a tissue-equivalent optical phantom cast in
the shape of the neonatal head. Two different finite-
element meshes were used to reconstruct the data:
a realistic head-shaped mesh, taken from a CT scan
of the phantom, and a spherical mesh. The main
reasons for performing these studies were to develop
and validate a technique for imaging the neonatal
head and to examine the effects of the complex ge-
ometry of the head on the quality of the image recon-
struction. In clinical studies the surface geometry of
the head and the positions of the optodes could be
determined from a MR image of the baby, although
for ill babies this may be clinically unacceptable.

2. Method

A tissue-equivalent optical phantom of the neonatal
head was cast in epoxy resin14 from a mold made from
an anatomically realistic doll. The circumference
was 24 cm, corresponding to a baby of �26 weeks
gestation. The optical properties were controlled by
addition of titanium dioxide �which provides scatter�
and a near-infrared absorbing dye. The properties
of the head, especially the neonatal head, are not
particularly well known. The absorption and trans-
port scatter coefficients of the neonatal brain at 800
nm are approximately 0.02 and 0.7 mm�1, respective-
ly.15 The skin has lower absorption ��a � 0.01
mm�1� and higher scatter ���s � 1.5 mm�1� than the
brain,16 whereas the properties of the neonatal skull
are largely unknown. These values were all mea-
sured ex vivo, and it is expected that these values will
be different in vivo, especially the absorption of the
brain, which is expected to be higher because of the
high vascularization. The phantom was hollow,
with the outer shell corresponding to the scalp and
skull, and the inner spherical hollow region, the
brain. The outer shell was assigned optical proper-
ties of �a � 0.01 mm�1 and ��s � 1.0 mm�1 at 780 nm.
During experiments, the hollow region was filled with
epoxy resin without hardener, so it remained liquid.
Measurement of the refractive index, n, of the solid
and the liquid resin showed that they agree to within
1% �n � 1.56 at 780 nm�. Two different batches of
liquid resin were used, one with properties equal to
those of the outer region and the other with increased
absorption to simulate the brain.

Our optical imaging system is known as MONSTIR
�multichannel optoelectronic near-infrared system
for time-resolved image reconstruction7�. A porta-
ble fiber laser �IMRA Incorporated� produces pulses
of �2-ps duration at wavelengths of 780 and 815 nm,
interlaced at 80 MHz. These pulses are coupled, by
means of a 32-way optical switch that illuminates
each source fiber in sequence, onto the surface of the
object being studied. The laser power at the tip of a

source fiber is approximately 15 mW. Each source
fiber is paired with a detector fiber bundle, and both
are held 10 mm from the surface of the object by a
connector.17 Light that has diffused through the ob-
ject is collected simultaneously by the remaining de-
tector fiber bundles and coupled to four 8-anode
microchannel-plate photomultiplier tubes �MCP-
PMTs�, which are protected from overexposure by a
series of programmable variable optical attenuators.
The MCP-PMTs produce an electronic pulse for each
detected photon.

The arrival time of each photon is measured rela-
tive to a reference signal from the laser, allowing a
histogram of flight times �called a temporal point-
spread function or TPSF� to be built up for each
source–detector pair.

A helmet was constructed to hold 29 connectors,
each holding a source and a detector fiber, onto the
phantom rigidly such that each optode was optically
isolated from every other optode. The helmet was
made from thermoplastic �WFR�Aquaplast Corpora-
tion� and black, near-infrared absorbing foam �RS
Components Ltd.�, with holes cut to insert the op-
todes. Nylon screws held the helmet onto the phan-
tom so that it could be removed and replaced in
exactly the same position. It is important for accu-
rate image reconstruction that the optode positions
are known and that they remain fixed throughout the
experiment.

A helical CT scan was taken of the phantom and
helmet with a spatial resolution of �0.5 mm. A 3D
CT image was generated 	see Fig. 1�a�
 with software
written in-house �www.medphys.ucl.ac.uk�research�
mgi�manual�3dintro.htm�. This software treats the
CT data as an array of gray-scale voxels. The sur-
face of the phantom was extracted by means of de-
fining an interpolated iso-surface through the volume
at a threshold that was set approximately halfway
between the mean gray-scale value inside the phan-
tom and that outside. This surface was saved as a
triangular mesh. The optode positions were defined
as landmarks on the surface of the phantom by ex-
trapolation from the location of the optodes in the
helmet. This gave an accurate surface outline and
enabled the optode positions to be known to within
�0.5 mm.

The surface mesh was processed with the Visual-
ization Toolkit �Kitware, Incorporated� and a volume
finite-element mesh produced with Netgen,18 which
is based on an advancing front algorithm. The mesh
had 12201 quadratic elements—the average element
volume was 23 mm3, and the largest was 69 mm3

	Fig. 1�b�
. The sphere that best fitted the measured
optode positions was found by use of a Gauss–Newton
fitting technique �www.npl.co.uk�ssfm�metros�key-
_functions��, and a finite-element mesh was gener-
ated from this spherical model. It had 12,743
quadratic elements, with an average volume of 17
mm3 and a maximum of 129 mm3. Both meshes
were tested by generation of simulated photon den-
sity maps. The mesh was deemed to be acceptable if
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the photon density was positive and smooth every-
where.

The phantom was first filled with liquid resin with
the same properties as the solid outer shell ��a � 0.01
mm�1; ��s � 1.0 mm�1�. Two epoxy resin cylinders,
of height and diameter 7 mm, were suspended on thin
wires within the upside-down phantom �see Fig. 2�,
one with �a � 0.05 mm�1 and ��s � 1.0 mm�1, and the
other with �a � 0.01 mm�1 and ��s � 5.0 mm�1. An
image data set and then a reference set without the
two cylinders present were acquired with 29 sources
illuminated sequentially for 10 s with between 20 and
26 detectors active for each source. This is referred
to as the homogeneous phantom. The phantom was
then refilled with liquid resin with increased absorp-
tion ��a � 0.015 mm�1; ��s � 1.0 mm�1� to simulate
the higher absorption of the brain compared with the
scalp and skull. Another pair of image data sets was

acquired from this inhomogeneous phantom, both
with and without the two cylinders present. The
properties of the phantoms were not dependent on
wavelength, so only data collected at 780 nm were
used for reconstructions.

Images were reconstructed with the TOAST �tem-
poral optical absorption and scattering tomography8�
image-reconstruction software, developed at Univer-
sity College London. TOAST solves the forward
problem using the finite-element method to generate
simulated measurements for a given distribution of
internal scattering and absorption parameters. The
inverse problem is then solved iteratively and non-
linearly by adjustment of the internal parameters
until the simulated measurements match the exper-
imental data. To reduce the reconstruction time,
TOAST does not calculate TPSFs; instead, datatypes
such as log intensity and mean time are generated
directly from the finite-element model and compared
with the equivalent data types extracted from the
measured TPSFs. In this study, images were recon-
structed from the ratios of intensities and the differ-
ences in mean photon flight times between the data
set with the two cylinders and the reference data set.
The use of a reference image data set reduces the
effect of uncertainties in the head shape or optode
positions, as well as measurement errors. Clini-
cally, such data could be acquired on a separate phan-
tom, or by means of acquiring data before and after a
physiological event such as an evoked response. Us-
ing both intensity ratio and mean-time difference as
data types allows separate images to be recon-
structed that distinguish between absorption and
scatter coefficients. Images were generated for both
the head-shaped and the spherical finite-element
meshes. It took �30 min to reconstruct each itera-
tion on a 1.4-GHz Athlon computer with 1-Gbyte of
RAM. After 25 iterations, no further improvement

Fig. 1. �a� 3D CT image of the phantom and helmet; �b� head-shaped finite element mesh, with the surface cut away to show the internal
structure.

Fig. 2. Schematic diagram of the experimental method.
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in image quality was seen, and the reconstructions
were terminated.

The initial conditions for the reconstruction of im-
ages of the homogeneous phantom were taken from
the best estimates of the phantom’s background prop-
erties, which were �a � 0.01 mm�1 and ��s � 1.0
mm�1. The inhomogeneous phantom was recon-
structed with a two-step process. The phantom was
assumed to consist of two piecewise constant regions
with known boundaries but unknown optical proper-
ties, corresponding to the information that could be
expected clinically from an anatomical MR image.
In this study the boundary of the internal region was
estimated from the known diameter of the hollow
spherical region. The absolute properties of the
piecewise constant regions can be reconstructed on
the low-dimensional region basis, before these results
are used as starting conditions for a second recon-
struction to solve for the perturbations.19 This tech-
nique was used to calculate the properties of the two
regions, with absolute mean photon flight time and
variance as datatypes. Absolute intensity cannot be
used for reconstruction, since it is highly sensitive to
the surface coupling between the optodes and the
phantom. A similar approach was taken by Ntzi-
achristos et al.,20 who used a priori information taken
from a MR image for image reconstruction during
near-infrared spectroscopy.

3. Results

Figure 3 shows images of scatter and absorption re-
constructed from data acquired from the homoge-
neous phantom with the two finite-element meshes.
The two sets of images are similar, with the same
features visible in each. For both meshes, the scat-
tering and absorbing cylinders can each be seen in
the appropriate image, together with some limited
cross talk from the other perturbation. In this study
the absorption contrast was defined as the ratio of the
peak absorption to the background and the scatter
contrast as the ratio of the peak scatter to the back-
ground. The absorption and scatter contrasts are
both 1.2 for both the head-shaped and the spherical
meshes, significantly underestimating the actual
contrast in all four images.

Images of the inhomogeneous phantom, recon-
structed with the same starting conditions as with
the homogeneous phantom, are shown in Fig. 4. In
this case, the head-shaped finite-element mesh per-
forms qualitatively better than the spherical mesh.
In Fig. 4�a�, both features are visible, although both
appear to be closer to the center of the phantom than
their actual positions. However, Fig. 4�b� is domi-
nated by an artifact that appears to originate from an
optode. The absorption contrast is 1.2 for both sets
of images, whereas the scatter contrast was reduced
to 1.1.

The calculated properties for the two regions of the
phantom are shown in Table 1. In general, the cor-
rect values have been recovered to an accuracy of
better than 8%. However, reconstruction on the re-
alistic mesh gave a substantially larger error �25%�

for the absorption in the skull and scalp region than
the spherical mesh. Figure 5 shows images recon-
structed starting from these calculated values. Both
features can be clearly seen, with the absorption fea-
ture superimposed on a central region of increased
absorption. The localization of the perturbations
is significantly better for the head-shaped mesh
than for the spherical, which appears to put the
peak change close to the center of the mesh. The
absorption contrasts relative to the central and outer
regions are 1.1 and 1.6, respectively, for the head-
shaped mesh, and 1.1 and 1.4 for the spherical mesh.
The scatter contrast for both meshes is 1.1.

4. Discussion

This study has shown that images can be recon-
structed from a realistic complex 3D geometry, such
as the head. Features within these images can be
accurately localized, and good separation between
changes in absorption and scatter coefficients can be
obtained if both intensity ratio and mean-time differ-
ence datatypes are used �Fig. 3�. However, the con-
trast is severely underestimated. This is partly due
to a partial volume effect caused by the limited res-
olution, but the contrast could be improved by appro-
priate regularization in the reconstruction process.

Furthermore, the results have shown that success-
ful 3D reconstruction of features within a model con-
taining regions of different optical parameters is
possible. The perturbations can be clearly seen,
even if no a priori information is used in the recon-
struction algorithm �Fig. 4�. In addition, informa-
tion about the location of the regions can be used to
calculate the absolute properties of the two regions
�Table 1� that, when used as the initial values for the
reconstruction, allows the perturbation to be recon-
structed on top of the background properties of the
two regions �Fig. 5�. However, as the reconstruction
tends to underestimate the amplitude of the pertur-
bation change, when this reduced value is superim-
posed on the properties of the central region, its
contrast compared with the increased background
absorption is low.

Images were successfully reconstructed from the
spherical mesh, particularly from the homogeneous
phantom, where the spherical mesh performed as well
as the head-shaped mesh. It appeared that as the
phantom and reconstruction process became more
complex, more benefit was seen from using the realis-
tic mesh. However, in all cases, the advantage of us-
ing the realistic mesh was less than might be expected.
One reason for this is that whereas the surface of the
realistic mesh and the optode positions were obtained
independently from the CT image, the spherical mesh
was actually optimized so that it gave the best possible
fit to the measured optode positions. TOAST models
the light sources as points positioned one transport
scattering length beneath the surface.21 To do this,
the sources are shifted from their original position.
The average distance TOAST had to shift the sources
so that they lay 1 mm beneath the surface of the head-
shaped mesh was 1.6 mm �the maximum shift was 2.6
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mm�, whereas for the spherical mesh, TOAST had to
move the optodes by only 1.2 mm �maximum 2.4 mm�,
suggesting that in some respects, the spherical mesh
gave a better fit to the measured optode positions than

the head-shaped mesh. We are currently developing
methods to optimize the head-shaped mesh by fitting it
to the measured optode positions. This should im-
prove its performance compared with that of the spher-

Fig. 3. �a� Reconstruction of homogeneous phantom onto the head-shaped finite-element mesh. The top row shows transverse slices and
the bottom row sagittal slices through the 3D image. The left-hand column is a schematic representation of the phantom showing the
approximate location of the perturbations. The middle and right-hand columns show the scatter and absorption images, respectively.
�b� Reconstruction of homogeneous phantom onto the spherical finite-element mesh. The slices are the same as those in the head-shaped
mesh.
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Fig. 4. �a� Reconstruction of the inhomogeneous phantom onto the head-shaped finite-element mesh, with homogeneous starting
conditions. �b� Reconstruction of the inhomogeneous phantom onto the spherical finite element mesh, with homogeneous starting
conditions.

Table 1. Expected and Calculated Properties of the Two Regions in the Inhomogeneous Phantom

Expected�mm�1
Calculated for

Head Model�mm�1
Calculated for

Spherical Model�mm�1

Scalp and skull �a 0.01 0.012 0.01
��s 1.0 1.08 1.05

Brain �a 0.015 0.016 0.016
��s 1.0 0.99 0.93
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ical mesh, particularly in the absolute region basis
reconstruction, which is especially sensitive to model-
ing errors. More research on the incorporation of all
aspects of a priori information into the reconstruction

algorithm, and more phantom studies, are required
before the effect on the image of such a priori informa-
tion can be fully understood.

The use of a hollow, fluid-filled phantom enables

Fig. 5. �a� Reconstruction of the inhomogeneous phantom onto the head-shaped finite element mesh, starting from the calculated region
properties. �b� Reconstruction of the inhomogeneous phantom onto the spherical finite-element mesh, starting from the calculated region
properties.
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different combinations of perturbations to be intro-
duced easily and the regional properties to be varied,
as was done here. Also, excellent reference data can
be obtained from the same phantom, unlike the sit-
uation with solid phantoms when one phantom must
be exchanged for another. However, this phantom
is a simplification of a real neonatal head: There are
no nonscattering regions to simulate the cerebrospi-
nal fluid layer and ventricles, and the brain is mod-
eled as a simple sphere. The effect of nonscattering
regions on image quality is likely to be significant for
absolute imaging,22 although it may not be so impor-
tant for difference imaging.23 The irregular shape of
the brain is likely to have little effect, apart from
making the a priori information about the brain more
difficult to obtain. New phantoms, with irregularly
shaped nonscattering regions, are being built to ex-
amine these issues.

This research is an important step toward our goal
of imaging the neonatal head. In particular, it sug-
gests that it might be possible to obtain preliminary
images with minimal a priori information about the
internal structure of the head. Preliminary clinical
trials of MONSTIR on babies in the neonatal unit at
University College London Hospital are already un-
derway using the techniques developed in this study.

We thank Liz Moore and Cathy Green at the Na-
tional Hospital for Neurology and Neurosurgery,
London, for performing the CT scan of the phantom.
Funding was provided by the Wellcome Trust.
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