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A Monte Carlo technique has been developed to simulate the transillumination laser computed
tomography of tissue-engineered blood vessels. The blood vessel was modeled as a single cylinder layer
mounted on a tubular mandrel. Sequences of images were acquired while rotating the mandrel. The
tomographic image was reconstructed by applying a standard Radon transform. Angular discrimina-
tion was applied to simulate a spatial filter, which was used to reject multiply scattered photons. The
simulation results indicated that the scattering effect can be overcome with angular discrimination
because of the thin tissue thickness. However, any refractive-index mismatch among the tissue, the
surrounding media, and the mandrel could produce significant distortions in the reconstructed
image. © 2005 Optical Society of America

OCIS codes: 110.6960, 170.0110, 120.7000, 290.0290.

1. Introduction

One of the goals of tissue engineering is to create a
small-diameter blood vessel substitute that could be
used for heart bypass surgery, lower extremity by-
passes, and tissue transfer.1 Significant progress has
been made in recent years toward engineering blood
vessels from a patient’s own cells2 so that the body’s
immune system will not reject the tissue. The ideal
vessel substitute should resemble the native tissues
in every respect and should have sufficient mechan-
ical strength.3 However, the challenge remains to de-
velop a noninvasive technique that can be used to
examine the vessel’s quality effectively. Besides the
mechanical properties, it is also important to mea-
sure the uniformity and structural defects of the ves-
sel substitute. A fast imaging tool that can be used to
monitor real-time vessel growth would be highly de-
sirable.

Optical imaging of biological tissues has been an
active area of research in recent years4,5 because it is
noninvasive and has good soft-tissue contrast. Near-

infrared light is usually used to enhance the imaging
penetration depth. The major obstacle in optical im-
aging is that the tissue is highly scattering in the
visible-to-near-infrared wavelength region. A num-
ber of optical imaging techniques have been proposed
to reject multiply scattered photons.6–8 The severity
of multiple scattering also depends on the tissue
thickness. For thin tissue samples, such as the engi-
neered vessel substitute (usually a couple of hun-
dreds of microns), the multiply scattered photons can
be readily controlled.

A Monte Carlo simulation technique was devel-
oped to study the possibility of using transillumi-
nation laser computed tomography (laser CT) to
image an engineered tissue graft9 in an bioreactor
environment. Compared with other promising opti-
cal imaging techniques, such as optical coherence
tomography,10 laser CT is relatively simple to con-
struct and can image a large sample area with an
array detector. It is especially suitable for imaging
of thin tissues, where multiple scattering is not
severe. The capability of this technology for imaging
sample geometrical uniformity was simulated. The
effects of tissue scattering and refractive-index mis-
match on the reconstructed images were studied in
the simulation.

2. Method

The simulation setup is illustrated in Fig. 1. The
tissue graft was wrapped around a cylindrical man-
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drel that was mounted inside a transparent container
filled with index-matching fluid. The purpose of the
index-matching solution was to reduce the refractive-
index mismatch of the surrounding medium and the
tissue sample.11,12 The laser light was expanded by a
beam expander to illuminate the whole section of the
tissue sample. The transmitted light passed through
a spatial filter and was detected by a CCD array
detector. The spatial filter rejected those transmitted
photons that had large deviation angles.

To construct a tomographic image of the tissue
graft, we rotated the mandrel around its axis. At each
rotation angle, the laser projection on the CCD was
acquired. One sample cross section [two dimensional
(2D)] was projected to a line of pixels [one dimen-
sional (1D)]. By using the traditional backprojection
algorithm, we reconstructed the 2D tomographic im-
ages from the 1D projection data, whereas three-
dimensional (3D) images can be reconstructed from
the 2D projection data.

The Monte Carlo simulation has been used exten-
sively in laser–tissue interaction studies. Usually the
tissue is modeled as a multilayer slab structure. How-
ever, for our application, the tissue sample was mod-
eled as a multilayer cylindrical structure (see Fig. 2).
Each layer had a set of optical properties: refractive
index n, absorption coefficient �a, scattering coeffi-
cient �s, and scattering anisotropy g. The surround-
ing medium was a transparent index-matching
medium �n0, �a � 0, �s � 0�. Two different types of
mandrel materials were simulated (Fig. 2). The first
configuration was an opaque solid mandrel [Fig.
2(a)], and the second was a thin transparent tube
[Fig. 2(b)].

A coordinate system was defined in the simulation
(Fig. 2) in which the x axis was aligned with the
incident light direction and the z axis was aligned
with the axis of the cylinder layer. The origin of the
coordinate system was located at the symmetric cen-
ter of the tubular mandrel. The detector was located

in the y–z plane. The basic Monte Carlo simulation
process was previously reported in detail.13 In the
simulation, a photon packet was incident on the tis-
sue graft through an index-matching medium. The
photons were scattered and absorbed within the tis-
sue. The movement of the photon packet was traced
by using sampling theory according to the local scat-
tering and absorption coefficients. The Heyney–
Greenstein phase function14 was used to sample the
scattering angle. At the interfaces of two layers with
different refractive indices, the light was reflected or
transmitted according to the Fresnel principle.

The tissue graft and the mandrel were modeled as
cylinders with infinite height. A plane laser light was
incident on the cylinder. The refractive index of the
tissue graft was 1.37. The CCD chip has a pixel size
of 24 �m and dimensions of 256 � 256 pixels. A sim-
ple algorithm was applied to simulate the function of
the spatial filter in which photons with exiting angles
larger than a preset value were not scored. Within
regions of nonscattering media, such as the transpar-
ent mandrel, direct ray tracing was used to track the
photon movement.

In a laser CT system only the nonscattered (ballis-
tic) photons can be used in image reconstruction be-
cause their trajectories are well defined. In the case of
ballistic approximation, i.e., all photons propagate in
a straight line, the projected light intensity on a CCD
pixel i can be calculated from a modified Beer’s law:

Ii � I0
i exp��� �t(s)ds�, (1)

where I0
i is the incident intensity for pixel i, s is the

path length, �t�s� is the attenuation coefficient along
path s and is the summation of the optical scattering
coefficient �s and the optical absorption coefficient �a:

�t � �s � �a. (2)

Equation (1) can be rewritten in terms of sample
attenuation A:

Ai � ln(I0
i�Ii) �� �t(s)ds. (3)

The image of �t�s� can be reconstructed by using the
standard Radon transform15 from the attenuation
projections, which were calculated by the Monte
Carlo simulation. And the filtered backprojection was
actually used in the simulation to reconstruct the
sample of the �t image. Because of the rotational
symmetry, 100 projection scans were calculated in
the simulation at a step size of 1.8°.

All the simulations were performed on a cluster of
eight Linux workstations powered by Athlon 1.8 GHz
processors. For each projection, 1–8 � 108 photon
packets were used. Each projection took 34 min per
108 photons on a single computer for samples with a

Fig. 1. Schematic setup of the optical tomography system: L,
laser; E, beam expander; T, vessel; M, mandrel; SF, spatial filter;
C, array detector.

Fig. 2. Sample cross-sectional structure used in the Monte Carlo
simulation. (a) Opaque mandrel: 1, tissue; 2, mandrel. (b) Trans-
lucent mandrel: 1, tissue; 2, mandrel; 3, inner space of the man-
drel.
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scattering coefficient of 40 cm�1. Less time was
needed for samples with smaller scattering coeffi-
cients.

3. Results and Discussion

To validate the simulation program, we simulated
a sample with low scattering and no index mis-
match with the surrounding medium. The optical
properties of the tissue were n � 1.37, �a �
0.2 cm�1, �s � 1 cm�1, and g � 0.9. The outer diam-
eter of the tissue was 0.5 cm, and the inner diameter
of the tissue (or the mandrel diameter) was 0.4 cm.
There were two small sphere-shaped void regions
buried inside the tissue. The void region was 80 �m
in radius and was filled with the same medium sur-
rounding the sample.

Figure 3(a) shows the projection sinogram, which
consisted of a series of projected attenuation profiles
at angles from 0° to 180°. The reconstructed image is
shown in gray scale in which white indicates high
attenuation and a dark color indicates low attenua-
tion. It can be seen from Fig. 3(b) that the two void
regions were imaged clearly and that their sizes and
locations were reconstructed correctly. The recon-
structed object has a diameter of 168 �m and x and y
coordinates (defined in Fig. 2) of 2256 and 96 �m,
respectively, relative to the sample center, whereas

the actual diameter is 160 �m and the actual coordi-
nates are 2250 and 100 �m, respectively. In addition,
Fig. 3(c) shows the reconstructed attenuation coeffi-
cient of the sample along a line crossing one of two
objects. The results were a little noisy because only
1 � 108 photon packets were used in the simulation.
However, it can be seen that the reconstructed atten-
uation coefficient was very close to the true value of
1.02 cm�1.

Tissue scattering is considered the major obstacle
in optical imaging because light loses its trajectory
information owing to multiple scattering. To study
the effect of tissue scattering on the tomographic sys-
tem, we simulated a sample with a scattering coeffi-
cient higher than 30 cm�1. All the other parameters
were the same as the previous simulation. Figure 4
shows an example of the projected attenuation ac-
quired with and without a spatial filter. The locations
corresponding to the two liquid bubbles had a smaller
attenuation than expected. The measured attenua-
tion peaked at positions corresponding to the inner
surface of the vessel. This is because the longest path
length in a cylindrical tissue is along the tangent line
at the inner circle and can be derived as

2[(r � t)2 � r2]1�2, (4)

where t is the vessel thickness and r is the radius of
the mandrel. For the example used in the simulation,
r � 2 mm and t � 0.5 mm, the longest path length for
ballistic photons is 3.0 mm. If the thickness is re-
duced to 250 �m, the longest path length will be
2.1 mm. The required system dynamic range is pro-
portional to the product of the path length and the
attenuation coefficient. In the above example, if the
attenuation coefficient is 50 cm�1, then the system
dynamic range should be �90 dB; if the attenuation
coefficient increases to 100 cm�1, the required system
dynamic range should be �180 dB.

At positions closer to the inner circle, the attenua-
tion measured with a spatial filter was higher than
that measured without any angular discrimination.

Fig. 3. Simulation results of the tissue cylinder. (a) Projection
sinogram, (b) reconstructed tissue. The gray-scale bar indicates the
value of the reconstructed attenuation coefficient �t (in inverted
centimeters). (c) A line [marked in (b)] crossing one bubble object in
(b).

Fig. 4. Projection profile of a tissue sample with a scattering
coefficient of 30 cm�1: A�90°� is the attenuation measured without
spatial filter and A�0.1°� is the attenuation measured with a spa-
tial filter that has an acceptance angle of 0.1°. The two arrows
indicate the locations of the bubbles.
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Some of the photons measured at the corresponding
positions were multiply scattered photons that had
longer path lengths. Multiply scattered photons tend
to have large angles and can be filtered out by a
spatial filter. The relative weight of multiply scat-
tered photons was higher at positions closer to the
inner surface because the corresponding ballistic
path length was longer and the number of nonscat-
tered photons was smaller. Because of the multiple
scattering effect, the actual attenuation coefficient at
the inner surface of the tissue could be underesti-
mated if multiply scattered photons were not fully
rejected.

Figure 5 shows the reconstructed image. The two
liquid bubbles are readily apparent. Figure 5(b)
shows the attenuation coefficient curve along a line
crossing one of the two objects. We compared the two
curves that were obtained with and without a spatial
filter. It can be seen that the attenuation coefficient �t

was underestimated if no spatial filter was applied,
especially at positions closer to the inner sample sur-
face. Previous studies have indicated that the scat-
tering coefficient of human aorta tissue is �40 cm�1

at the near-infrared region.16 The multiple scattering
effects become severer as the scattering coefficient

gets larger. However, this effect also depends on the
tissue thickness [Eq. (1)]. The vessel samples we are
interested in usually have a thickness of a couple
hundreds of microns.2 Therefore the scattering prob-
lems could be controlled by using spatial filtering. It
is worth mentioning that once the multiple scattering
becomes dominant, spatial filtering is no longer ef-
fective and the sample attenuation coefficient will be
underestimated.

For practical vessel growing, the tissue is mounted
on a solid mandrel, which is often made of stainless
steel [Fig. 2(a)]. A simulation result is shown in Fig.
6. The tissue sample had an absorption coefficient of
0.2 cm�1, a scattering coefficient of 20 cm�1, and a
scattering anisotropic factor of 0.9. The outer diame-
ter of the tissue was 0.5 cm, and the inner diameter
of the tissue (or the mandrel diameter) was 0.4 cm.
The tissue was buried inside an index-matching fluid
with a refractive index of 1.37. It was assumed that
the mandrel was coated with absorption material so
that only 10% of the light would be reflected at the
mandrel surface. A spatial filter with a passing angle
of 0.1° was used to remove multiply scattered pho-
tons. In Fig. 6, the two small objects are barely visible

Fig. 5. Reconstruction of a tissue sample with a scattering coef-
ficient of 30 cm�1. (a) Reconstructed image without a spatial filter.
The gray-scale bar indicates the value of the reconstructed atten-
uation coefficient �t (in inverted centimeters). (b) Reconstructed
attenuation coefficients along a line [the dashed line in (a)] cross-
ing a liquid bubble.

Fig. 6. Reconstructed image of a vessel on a solid mandrel. (a) The
reconstructed image. The gray-scale bar indicates the value of the
reconstructed attenuation coefficient �t (in inverted centimeters).
(b) The reconstructed attenuation coefficient along a line crossing
a liquid bubble.
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and have much less contrast than the objects in Fig.
5. The tissue–mandrel boundary was overshot in the
reconstructed image. Because the majority of the pro-
jections were blocked by the mandrel, they did not
provide information on the vessel. Therefore using a
solid mandrel is not an efficient method.

To overcome the problems caused by an opaque
solid mandrel, we simulated cases in which a trans-
parent mandrel [Fig. 2(b)] was used. Figure 7 dem-
onstrates one of the examples. The tissue had a

scattering coefficient of 20 cm�1, an absorption coef-
ficient of 0.2 cm�1, and an anisotropy factor of 0.9.
The refractive index of the mandrel (1.40) is higher
than that of the vessel (1.37). The mandrel had a
thickness of only 50 �m. The whole setup was im-
mersed in an index-matching medium with a refrac-
tive index of 1.37. The mandrel was filled with the
same medium. Figure 7(a) shows the reconstructed
image obtained without a spatial filter. Although the
two objects were visible, there were some serious dis-
tortions near the tissue–mandrel interface. And close
examination indicated that the reconstructed atten-
uation coefficients deviated significantly from the
true values. When a spatial filter is used, the recon-
structed images became even worse. The object con-
trast decreased, and there was a phantom ring
starting from the tube–tissue junction toward the
inside of the real tissue [Fig. 7(b)].

These observed effects were caused by the
refractive-index mismatch between the tissue and
the transparent mandrel. The projection data shown
in Fig. 7(c) clearly illustrated these effects. From the
projection data, it can be seen that the attenuation
was smaller than the correct value (obtained without
index mismatch) in the regions between the tissue
outer boundary and the tissue inner boundary,
whereas the attenuation was a little higher within
the mandrel region. Figure 7(d) shows a simple ray-
tracing diagram in which the scattering effect is not
included. Also, the refractive index of the mandrel
was increased to 1.47 for illustration purposes. Be-
cause of refraction at the tissue–mandrel interface,
the photons entering the mandrel were diverged.
Some photons were reflected at the inner surface of
the mandrel because of total internal reflection.
Therefore less light was recorded inside the mandrel,
which led to a higher apparent attenuation within
the mandrel and a lower attenuation outside the
mandrel. The refractive-index mismatch problem
also depended on the mandrel thickness. A thinner
mandrel had less effect because the light deviation
was minimized. However, the ultimate solution will
be to use a mandrel material that has a refractive
index that is matched with the vessel sample. Apply-
ing a spatial filter can produce additional distortions
in the reconstructed images [Fig. 7(b)]. The photon
deviation angle was bigger at locations closer to the
tissue–mandrel boundary. These photons were re-
jected by the spatial filter, and a very high false at-
tenuation was recorded [Fig. 7(c)], which appeared as
a phantom ring in the reconstructed image.

Similar to the mandrel–vessel interface, the
refractive-index mismatch between the surrounding
culture media and the tissue also caused significant
problems. Because the thickness of the sample was
larger than that of the transparent mandrel tube, it
produces an even severer distortion in the recon-
structed images. An example is shown in Fig. 8, in
which the refractive index of the surrounding me-
dium was 1.365, that of the vessel was 1.370, and that
of transparent mandrel was 1.370 (this is approxi-

Fig. 7. Reconstructed image of a vessel on a transparent mandrel.
(a) Reconstructed image without spatial filtering. The gray-scale
bar indicates the value of the reconstructed attenuation coefficient
�t (in inverted centimeters). (b) Reconstructed image obtained with
a spatial filter that has an acceptance angle of 0.1°. (c) Projection
data at 0°. (d) Ray-tracing map.
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mately the refractive index of MgF2 glass in the vis-
ible wavelength range). The tissue had an absorption
coefficient of 0.2 cm�1, a scattering coefficient of
20 cm�1, and an anisotropy factor of 0.9. In Fig. 8(a)
it can be seen that the reconstructed image had an
enlarged sample thickness; the contrast of the objects
were also reduced. These distortions were caused by
the light refraction at the tissue–medium interface.
The light incident at the vessel boundary was bent
toward the center of the vessel [Fig. 8(c)], which
caused a decrease in attenuation within the inner
vessel. At the same time, the projections from the
vessel boundary decreased and led to the white edge
distortion, which represented a very high attenuation
coefficient. It was also noticed that if a spatial filter
were used, the reconstructed image showed the cor-
rect vessel thickness [Fig. 8(b)] because most of the
refracted light with high deflection angles was re-
jected. However, the reconstructed objects still had
poor contrast. In addition, the reconstructed attenu-
ation coefficients were incorrect.

The transmitted light was bent toward the center
of the cylinder. The deviation angle �� could be de-
rived as

�� � 2�sin�1�y
r	� sin�1�n0

nt

y
r	�, (5)

where n0 is the refractive index of the surrounding
medium, nt is the refractive index of the vessel tissue,
r is the outer radius of the vessel, and y is the distance
between the incident light location and the center of
the vessel (Fig. 2). The beam deviation is sensitive to
the refractive-index mismatch. For the example
shown in Fig. 8, the transmitted light has deviation
angles greater than 1° if the incident location y
� 0.926r, and the transmitted light has deviation
angles greater than 0.1° if the incident location y
� 0.233r. Therefore much of the transmitted light hit
the wrong CCD pixels and produced an incorrect re-
constructed image. If a spatial filter were used, those
photons with large deviation angles would be rejected
and would generate a false high-attenuation projec-
tion. In addition, the refracted light followed a differ-
ent and longer path inside the sample, making it
difficult to reconstruct the correct attenuation coeffi-
cients.

4. Conclusion

We have developed a Monte Carlo simulation pro-
gram to simulate turbid media in a multilayer cylin-
drical structure. The program was applied to study
transillumination laser tomography of engineered
blood vessels. Different optical parameters can be
assigned to the sample setup in the experiment. Our
simulation studies indicated that the scattering prob-
lem can be controlled by use of simple angular dis-
crimination that is due to the thin thickness of the
vessel sample. However, the refractive-index mis-
match produced significant distortions in the recon-
structed images. For practical use of this method, the
mandrel material and the surrounding culture me-
dium should be chosen carefully so that their refrac-
tive indices match that of the vessel tissue. The
simulation program could be helpful in the design of
a practical optical transillumination system for ves-
sel substitute imaging and be useful for the study of
imaging artifacts.
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