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Abstract

Interstitial diffuse optical tomography (DOT) has been used to characterize spatial distribution of
optical properties for prostate photodynamic therapy (PDT) dosimetry. We have developed an
interstitial DOT method using cylindrical diffuse fibers (CDFs) as light sources, so that the same
light sources can be used for both DOT measurement and PDT treatment. In this novel interstitial
CDF-DOT method, absolute light fluence per source strength (in unit of 1/cm?) is used to separate
absorption and scattering coefficients. A mathematical phantom and a solid prostate phantom
including anomalies with known optical properties were used, respectively, to test the feasibility
of reconstructing optical properties using interstitial CDF-DOT. Three dimension spatial
distributions of the optical properties were reconstructed for both scenarios. Our studies show that
absorption coefficient can be reliably extrapolated while there are some cross talks between
absorption and scattering properties. Even with the suboptimal reduced scattering coefficients, the
reconstructed light fluence rate agreed with the measured values to within £10%, thus the
proposed CDF-DOT allows greatly improved light dosimetry calculation for interstitial PDT.
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1. Introduction

Interstitial photodynamic therapy (PDT) has been used as a treatment modality for prostate
cancer (Weersink et al., 2005; Verigos et al., 2006; Windahl et al., 1990; Svanberg et al.,
2010; Trachtenberg et al., 2008; Trachtenberg et al., 2007; Du et al., 2006; Patel et al.,
2008). During treatment, light sources are inserted into prostate using geometrical template
and catheters under image guidance, usually transrectal ultrasound (TRUS), in a fashion
similar to the prostate permanent implant treatment. For PDT treatments, current research
efforts concentrate on optimizing the light distribution to deliver a uniform and accurate
light fluence (Davidson et al., 2009; Axelsson et al., 2009; Altschuler et al., 2005; Johansson
et al., 2002; Johansson et al., 2006; Li et al., 2008; Soto Thompson et al., 2005; Zhu et al.,
2005b). Spatial distributions of tissue optical properties, namely absorption and reduced
scattering coefficients, essentially determine the light distribution, which ultimately affects
the PDT efficacy. Therefore, it is of great importance to obtain the spatial distribution of
optical properties for interstitial prostate PDT treatment.

Point measurements of optical properties have been obtained in human prostate ex vivo and
in vivo (Dickey et al., 2001; Zhu et al., 2005a; Zhu et al., 2003). Although one can obtain
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spatial distribution of optical properties using the point-by-point method (Dimofte et al.,
2005), reconstruction methods to solve the inverse diffusion problem such as those used for
the diffuse optical tomography (DOT) (Li et al., 2007; Jiang et al., 2008; Xu et al., 2008;
Wang and Zhu, 2009) can greatly improve the spatial resolution and ensure smoothness of
the resulting optical properties distribution. Most existing prostate DOT techniques were
performed using point-like light sources, which may not be the same as the treatment light
source (Li et al., 2007; Jiang et al., 2008; Xu et al., 2008; Wang and Zhu, 2009). Cylindrical
diffusing fibers (CDFs) are often used for interstitial prostate PDT (Profio and Doiron, 1987;
Sandell and Zhu, 2011), it provides more uniform light fluence distribution when there are
highly absorbable media, such as blood, around the light source (Du et a/., 2006; Dickey et
al., 2004; Weersink et al., 2005; Zhu et al., 2005b). In this paper, we propose an interstitial
CDF-DOT method to reconstruct optical properties for prostate PDT using the existing
treatment CDFs as light sources. The feasibility of this method is examined using both
mathematical and solid prostate phantoms. The ability of using the same CDFs for both
optical property measurements and PDT treatments can not only drastically reduce the PDT
procedure time but also improve the accuracy of light fluence rate prediction during PDT for
the same CDFs.

2. Methods
2.1 Interstitial DOT using CDFs as light sources

The physical model embedded in the interstitial DOT method is based on steady-state light
diffusion equation:

1a(F)® =V - (D(r)VO)=S, (1)

where w1, (7) (cm™1) is the absorption coefficient distribution, ® (mW/cm?) is the light
fluence rate, D(7) = 1/3us’ (7) (cm) is the diffusion coefficient distribution, and Sis the
source term. Under the condition that a finite length CDF is embedded in a semi-infinite
homogeneous medium, the solution for the light fluence rate ® at point 7 can be expressed

by
d(r)=[$ e b dl, ()

where w1 (cm™1) is the reduced scattering coefficient, and Hef= 3papd (cm™1) is the
effective attenuation coefficient. The integration is over the CDF length, and /is the length
of the CDF. In our study, the CDFs are considered cylindrically symmetrical. The fluence
rate per source strength along the radial axis with respect to the center of the CDF can be
described as

e 34 Ee
Dh)/S = fﬁuzém 12+h2€ o dl, @)

where /1 represents the distance to the point of interest along the radial axis given the center
of the CDF as origin.

To recover the heterogeneous optical properties, the calculated light fluence rates are
compared with measured light fluence rates and the differences are minimized to extrapolate
the distribution of optical properties iteratively. Finite element method (FEM) has been used
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to build the mesh in 3D geometry using COMSOL (COMSOL AB, SE-111 40, Stockholm,
Sweden), and NIRFAST v4 beta has been used to solve the inverse problem for the
interstitial DOT (Wang and Zhu, 2009; Dehghani et a/.,, 2009). The 3D mode of the code is
used throughout this study. Briefly, with initial values of the optical property distribution,
the Jacobian matrix is calculated using an adjoint method (Arridge and Schweiger, 1995) as

Olnd, . Olnd, . Jlnd, . Jlnd,
oD, Z}DN > Optal O,
J= : " Doy L . (8
(')ln(DM o (')ln(DM . ()111(I)M o ()111(I)M
0D, (')DN ? Ofta (9de

where M and N are the numbers of measured absolute light fluence rate data and mesh
nodes, respectively. The Jacobian sensitivity matrix can be written as

where d3(7/-,7k) is the direct solution at mesh point 7, for source position 7/d3(7/7,) is the direct
solution at detector position 7; for source position 7; and G(7 ) is the adjoint solution at
mesh point 4 for detector position 7;. In this adjoint method, an inner product of the field
distribution near each mesh vertices in the reconstruction mesh is calculated for building the
Jacobian, which made the calculation more efficient. Projection error, which is the
summation of the absolute difference square between natural logarithm of calculated light
fluence rate and measurements, is used as the quantity to terminate the calculation iterations
when a criterion is matched. The termination criteria are either less than 2% change of the
projection error or negative optical properties value generated during the iterative
calculation.

2.2 Mathematical phantom

A 3D mathematical phantom has been used to verify the interstitial COF-DOT method. The
prostate phantom contours derived from ultrasound image for a real patient is used as the
outline of the mathematical phantom, and an extension of 1 cm is used to generate the z
(axial axis) dimension of the phantom, as shown in Figure 1b. To simulate the heterogeneity
of the prostate, two anomaly blobs are inserted into the phantom with different optical
properties. Figure 1 shows the two anomalies of optical properties with spherical shape and
radius of 0.5 cm. An outer medium is placed surrounding the phantom. The optical
properties of the background (outer medium and phantom) are set as us’ = 14 cm™t and p,=
0.3 cm™L . For the left anomaly, the ;" and w4 are 14 cm™ and 0.6 cm! respectively, while
for the right anomaly g’ is 28 cm™ and ., is 0.3 cm™L. The CDF positions are described by
red plus signs A-E in Figure 1a and by red solid lines in 3D in Figure 1b. The light detector
positions are described by black circles 1-12 in 2D in Figure 1a and by black dots in 3D in
Figure 1b. Eleven samples are used for each detector along the z direction, which makes a
total number of 132 detector positions used in this study. Only the close CDF-detector pairs
(such as Al and C7 shown in Figure 1a) were used for the reconstruction. The reason is
twofold. First, the CDF-detector pairs with further distance (such as pairs A12 and D3) have
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light fluence rate per source strength close to 0 that is not contributing much to the
reconstruction. Second, the NIRFAST that we used in this study may not be able to maintain
accuracy for a distance larger than a threshold, such as 2 cm, as discussed in Section 3.1.
Thus, total 20 CDF-detector pairs (220 point measurements) were used for the DOT
reconstruction. The mesh of the mathematical phantoms contains 199938 elements and
35766 nodes, among which 1298 nodes have been modified to create the anomalies. During
the study, a forward calculation was performed to generate the light fluence rate per source
strength at each detection location. A random noise 1% was added into the simulated light
fluence rate per source strength data. The noisy data were then used for the DOT
reconstruction.

2.3 Experimental solid prostate phantom

A solid phantom embedded with known heterogeneous optical properties was also used to
test the feasibility of the interstitial DOT. The solid prostate phantom was prepared by
adding carbon black (mean particle size ~8nm, Raven 5000 Ultra 11, Columbian Chemistry
Company) ink and Titanium Dioxide (TiO,) (mean particle size <44 um, T-8141, Sigma)
into room-temperature-vulcanizing (RTV) solutions with different concentrations for desired
optical properties (Pogue and Patterson, 2006). After adding the ink and TiO,, the solution
was cured after 24-72 hours under room temperature in molds with designed shapes. Optical
and mechanical properties of the phantom are stable for months (Pogue and Patterson,
2006). The base solid phantom has optical properties of ;" = 15 cm™ and = 0.3 cm™L,
After the base solid phantom was cured, 3 anomalies with different optical properties but
using the same material were separately prepared and inserted to the base phantom. Their
approximate positions are demonstrated in Figure 2b and c. The anomalies have optical
properties of u5'= 15 cm and = 0.9 cm! for anomaly a, = 15 cm™ and p= 0.9 cm™1
for anomaly b, and z5'= 15 cm™! and p2,= 0.3 cm™1 for anomaly c. The optical properties of
the anomalies as well as the background were designed to test the sensitivity of the
interstitial DOT method, and characterized by an established technique using point-like light
sources (Dimofte et al., 2005). Ultrasound images were taken from the prostate phantom for
every 0.5 cm along the CDF inserting z direction. Contours of the phantom extracted from
ultrasound images (as shown in Figure 2a) were used to construct the geometric model for
the prostate phantom, as shown in Figure 2c. In the FEM model for the solid prostate
phantom, the number of elements is 107046, and the number of nodes is 18471.

During the experiments, 12 CDFs were used as light sources with varying lengths among 2,
3, and 4 cm, as shown by “+” and red lines in Figures 2b and 2c, respectively. A 15 W, 732
nm diode laser (Model 730, Diomed, Ltd., Cambridge, United Kingdom) was used to power
the CDFs. They were inserted into the prostate phantom through transparent plastic catheters
(Flexi-needle, Best medical International, Springfield, VA). A total of 5 transparent
catheters were used as detector channels to record the light fluence rate by isotropic
detectors (Rare Earth Medical, West Yarmouth, MA), as shown by “0” and dashed blue
lines in Figures 2b and 2c, respectively. The catheters were aligned to the prostate phantom
by a TRUS template that provided spacing of 0.5cm in cross-section x-y directions, and
inserted into the prostate phantom in parallel. During the measurements, CDFs were turned
on one by one. When one CDF was on, all 5 isotropic detectors were used to measure the
light fluence rate along the CDF using a computer-controlled translation stage. The recorded
light fluence rate was then down sampled to 21 points over the scan length of 6 cm at 3 mm
intervals for a better processing efficiency. As in the mathematical phantom reconstruction,
close CDF-detector pairs (20 pairs and 420 measurements) were used for the DOT
reconstruction.

The light fluence rate profile from the isotropic detector scan was used to derive a starting
position of the CDF by centering the CDF length manually in MATLAB (The MathWorks,
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Inc., Natick, MA). The starting positions of the CDFs were then used to construct the 3D
geometric model in COMSOL.

3. Results

3.1 NIRFAST validation

As described above, during the process of reconstructing the optical properties using
interstitial CDF-DOT, the forward calculation for light fluence rate is performed by
NIRFAST. To validate the accuracy of forward calculation in NIRFAST, forward
calculation was performed by both COMSOL and NIRFAST in a simple geometry with a 5
cm long CDF placed in the center of the cylinder with a diameter of 5 cm. Analytical
solution according to this geometry is also calculated using Equation 3. Calculated light
fluence rate per source strength along the radial axis with respect to the center of the CDF
and normalized at 1 mm from all three methods are shown in Figure 3. A mesh with 68076
elements was used for the geometry for calculation in both FEM methods. First, the light
fluence rate per source strength calculated from COMSOL is consistent with the analytical
solution. Second, the light fluence rate per source strength calculated by NIRFAST is
consistent with the other two methods up to 2 cm from the center of CDF. Therefore, if we
consider a prostate (or prostate phantom) geometry in the dimension of 3 cm diameter and 5
cm length, and the spacing between CDF-detectors pair is approximately 0.7 cm apart, the
NIRFAST can provide reasonable accuracy for the forward calculation.

3.2 Results from mathematical phantom

The reconstructed 2D optical property distributions of the mathematical phantom by the
DOT method are shown in Figure 4. The reconstructed u,and us spatial distributions at the
plane crossing the center of linear sources (z = 0) are shown in the Figure 4a and 4b,
respectively. The 2D geometric positions of the reconstructed anomalies correspond well
with their actual positions as shown in Figure 1a. A total number of 17 iterations were
calculated before termination, and the corresponding computational time is ~19 minutes on
an Intel Dual Core 2.4 GHz and 2GB of RAM desktop computer. The reconstructed optical
property distribution is also shown in 3D (Figure 5), in which Figure 5a shows the
isosurface for w,= 0.55 cm™1 and Figure 5b shows the isosurface for z5" = 20 cmL,

The extrapolated optical properties from the DOT reconstruction results for the
mathematical phantom are listed in table 1 quantitatively. True u,and us represent the
optical properties used for forward calculation for background and anomalies. Extrap. u,
and g represent the mean value of absorption coefficients and reduced scattering
coefficient of a 0.6 cm x 0.6 cm cubic of nodes in regions of interest. The region for
background is 2.7<x<3.3, 0.7<y<1.3, and -0.3<z<0.3. The region for left anomaly is
1.7sx<2.3, 1.7<y<2.3, and -0.3<z<0.3. The region for right anomaly is 2.9<x<3.3,
1.5<y<2.1, and -0.3<z<0.3. The standard deviations of the optical properties are also shown.

The final projection error from the last iteration of the DOT reconstruction was 0.9. The
agreement between the reconstructed and measured fluence rate is shown in Figure 6. The
measured data from the NIRFAST forward calculation with 1% random noise are plotted as
dotted red lines, while the light fluence rate calculated from the reconstruction is plotted as
blue curves. The notations of each source-detection pair correspond to the positions in
Figure 1a. The x-axis shows the depth with 11 detection positions.

3.3 Results from solid prostate phantom

Figure 7a and b show the reconstructed 2D optical property w,and u s distribution of the
solid prostate phantom by the interstitial DOT method respectively. The depth of the 2D
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plane is at z = 2 cm. The 2D geometric positions of the reconstructed anomalies correspond
well with their actual positions as shown in Figure 2b. A total number of 22 iterations were
calculated before termination, and the corresponding computational time is ~58 minutes on
the same computer. The reconstructed optical property distribution is also shown in 3D in
Figure 8, where the isosurface shows ., = 0.8 cm (Figure 8a) and ps” = 13.5 cm™! (Figure
8b).

The extrapolated optical properties from the DOT reconstruction results for the solid
prostate phantom are also listed in table 1 quantitatively. True u,and w represent the pre
characterized optical properties used for fabricating background and anomalies of the
phantom. Extrap u,and us represent the mean value of absorption coefficients and reduced
scattering coefficient of a 0.6 cm x 0.6 cm cubic of nodes in regions of interest. The region
for background is 2.7<x<3.3, -0.3<y<0.3, and 1.7<z<2.3. The region for anomaly a is
1.3<x<1.9, 2.7<y<3.3, and 1.7<z<2.3. The region for anomaly b is 4.4<x<5.0, 2.5<y<3.1,
and 1.7<z<2.3. The region for anomaly c is 1.7<x<2.3, 1.7<y<2.3, and 1.7<z<2.3. The
standard deviations of the optical properties are also shown.

From the interstitial DOT reconstruction on the solid prostate phantom, the final projection
error /1/2 was 6.2. The measured fluence rate data are plotted as dotted red lines in Figure 9,
while the light fluence rate calculated from the last iteration from the reconstruction is
plotted as blue curves in the same figure. The x-axis shows the depths in the unit of cm, and
each source-detector pair contains 21 data points. The notations of each source-detection
pair correspond to the positions in Figure 2b.

4. Discussion

4.1 Impact from mesh size

As mentioned in Section 3.1, NIRFAST calculation was validated by comparing with the
analytical solution and the COMSOL forward calculation, given the condition that the light
detection distance is within 2 cm from the CDF. Another factor affecting the accuracy of
forward calculation in NIRFAST is the mesh size in the FEM model. Insufficient number of
elements in the FEM model could introduce inaccuracy in forward calculation in NIRFAST.
For instance, a forward calculation was carried out using the same geometry as mentioned in
Section 3.1, but with only 17688 elements comparing with 68076 elements in the original
forward calculation. The calculated light fluence rate per source strength along the radial
axis and normalized at 1 mm using both NIRFAST and COMSOL is shown in Figure 10 for
17688 elements. Compared with the original forward calculation shown in Figure 3, the
NIRFAST calculation with fewer elements is consistent with COMSOL results for only up
to 1.5 cm. Therefore, a sufficient mesh size is needed for the interstitial prostate DOT
method.

On the other hand, finer meshes in the FEM model will increase the processing time without
improving the accuracy. This trade-off has been discussed (Musgrove et al., 2007) and can
be optimized by evaluating the Jacobian sensitivity against computational resources. Current
processing time for the interstitial prostate DOT is in the magnitude of 1 hour on a low-end
computer. The current computational limitations could be solved as computing power
continues to improve. Hardware acceleration such as using graphic processing unit would
also be helpful to decrease the computation time for the interstitial DOT method (Schweiger,
2011).

4.2 DOT reconstruction accuracy

The quantitative interstitial DOT reconstruction results are summarized in table 1. For both
mathematical phantom and solid phantom, the largest variation between extrapolated z, and
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the true w4 is 30%, which is found in the anomaly c of the solid phantom reconstruction
results. The largest standard deviation for w,is 52%, which is found in the anomaly a of the
solid phantom reconstruction results. The largest variation between extrapolated u;” and the
true ug is 26%, which is found in the right anomaly of the mathematical phantom
reconstruction results. The largest standard deviation for zs” is 85%, which is found in the
anomaly a of the solid phantom reconstruction results. Thus, the reconstruction results from
the solid phantom are not as accurate as the results from the mathematical phantom. This
mainly is caused by more uncertainties introduced during the measurement procedure of the
interstitial DOT.

The u s of the background from the solid phantom reconstruction results is right at the pre-
calibrated value, but only restricted to the region selected. However, this quantity does not
reflect the general i reconstruction, which has a much larger variation and can be
discerned from Figure 7b and Figure 8b.

4.3 Impact of CDF retraction position

During the interstitial prostate DOT reconstruction, the relative position of the CDFs
towards the prostate phantom is of great importance. The positions of the CDFs along axial
direction that is parallel to the catheters were determined by the treatment plan. During the
experiments, the CDFs were inserted into the prostate phantom through transparent catheters
according to the treatment plan. However, errors could exist during the manual insertion,
and the position error could make a significant difference in the DOT reconstruction. For
example, one source-detector data pair, E12 as shown in Figure 9, was used to reconstruct
the optical properties with correct and shifted CDF positions. Figure 11a shows the correct
CDF depth position (dotted black line), measured fluence rate data (red line), and the
reconstructed light fluence rate (dashed blue line). The reconstructed optical properties at (x
=4.25cmandy = 2.25 cm as in Figure 2b) are shown in Figure 11c for the correct CDF
position. If the CDF depth position was shifted for 1 cm as shown in Figure 11b, the
reconstructed optical properties differ greatly from the correct reconstruction as shown in
Figure 11d. As a consequence, the reconstructed light fluence rate profile was not able to fit
the measured data. This example shows the significance of getting the correct axial position
for each CDF.

Since treatment plan itself may not be enough to obtain the correct CDF position for DOT
reconstruction, a customized program in MATLAB was used to further refine the CDF
depth positions for the DOT reconstruction. In this program, the length of the CDF was
adjusted and centered to the detected light fluence profile manually.

4.4 Reconstruction accuracy for far CDF-detector pairs

As mentioned in the methods part, only close CDF-detector pairs were used for the CDF-
DOT reconstruction. However, since they are used as constrains for DOT, the reconstructed
optical properties would naturally create light fluence similar to the measurements between
close CDF-detector pairs. On the other hand, reconstructed light fluence from far CDF-
detector pairs, comparing with measured light fluence (for solid phantom, but difficult to
measure) or calculated light fluence (for a mathematical phantom) may provide some more
insight on the accuracy of the reconstructed optical properties. For this purpose, we
compared the forward-calculated with the reconstructed light fluence for far pairs A9 and
B11 in Figure 12 for the mathematical phantom DOT reconstruction. The results show that
the far pairs, although not used as constrains in the reconstruction, also have close
measurements (calculated) and reconstructed light fluence, which further validated the
accuracy of the CDF-DOT reconstruction results.

Phys Med Biol. Author manuscript; available in PMC 2014 May 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liang et al. Page 8

4.5 Light fluence dosimetry advantage for CDF-DOT

Other than CDF retraction position inaccuracies, other errors are also present, such as
insertion positioning error of the CDF and nonuniform light strength distributions of CDF.
The catheters inserted into the prostate phantom may not be perfectly parallel to each other
according to the treatment plan. Therefore the actual separation among the catheters at the
distal tips may not be the same as the separations from the geometrical template. These
uncertainties were automatically compensated in the DOT reconstruction. The reason is that
even if the reconstructed optical property is different from the true optical property
distribution because of these uncertainties, the spatial light fluence rate distribution
calculated from the reconstructed optical properties still can successfully match the
measured light fluence rate distribution during PDT. Thus the dramatically improve the
accuracy of light fluence calculation so long as the same CDFs are used for both DOT
measurement and PDT light delivery. Figure 13 shows excellent agreement between the
measured and reconstructed light fluence rate profile for each detector scan (A to E) using
the DOT reconstructed optical properties, with an error of £10% for light fluence rate in a
heterogeneous prostate phantom.

4.6 Comparison with CDF fitting results

A fitting program has been developed to extract optical properties from measured light
profiles for a pair of CDF and detector catheter (Dimofte ef a/., 2012). The extrapolated
absorption coefficients represent an average of the optical properties over whole region
between the CDFs and detectors. Reconstructed absorption coefficients by the interstitial
DOT are compared with the CDF fitting results for CDF-detector pairs A5, E7, and E8 as
shown in Figure 14 a, b and c. The DOT-reconstructed ., values have similar trend
(represented by their mean values (black dashed curves) and standard deviations (gray
shadows)) along the depth direction as CDF fitted p, values. As seen in Figure 14d, the
DOT-reconstructed optical properties are plotted from 21 points in the region between
detector E and CDF 7 by the solid color lines, so that they can be compared with the CDF
fitting results (dotted red lines), which also represent the optical properties in the whole
region between the CDF 7 and detector E. In this region, there are at least 1x1x15 unknown
nodes used in the reconstruction. The differences between the results from the two methods
may due to (a) the s is constrained to be homogeneous in the CDF fitting program, which
is different in DOT reconstruction and (b) DOT reconstruction method involves more
constrains from surrounding CDF-detector pairs (for example, pairs B7 and D7 contributes
to the reconstruction of optical properties between pair E7), but CDF fitting considers only
one CDF-detector data pair. In a previous study, we have shown that the CDF fitting results
agree well with an independent point source fitting results (see Fig. 8 of (Dimofte et al.,
2012)) as both assume the optical properties within 0.5x0.5x0.5 cm? are uniform.

4.7 Other uncertainties

As shown in Figures 7 and 8, the reduced scattering coefficient was not reconstructed well
for the interstitial DOT on solid prostate phantom. The main reason is the cross talk between
absorption and scattering optical properties under ill conditions (compared with ideal
conditions like for the mathematical phantom), which is normal for DOT models and
algorithms (Gonzalez-Rodriguez and Kim, 2009). This problem can be solved by a spatial
prior of the prostate, such as structure contoured on TRUS or MRI images (Li et a/., 2007;
Jiang et al., 2008; Xu et al., 2008). Also under the ill-conditioned solid prostate phantom
case, the projection error from the DOT reconstruction is larger than the one from the
mathematical phantom reconstruction. 3D contoured anomaly structures in the solid prostate
phantom as a spatial prior of the anomaly positions could also help reduce the projection
error. Other methods such as discarding certain data pairs or manual adjustment (Liang et
al., 2012) may also be helpful to decrease the projection errors.
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5. Conclusion

An interstitial DOT method using CDFs as light sources has been developed to reconstruct
heterogeneous optical properties in prostate for PDT treatment planning. Both absorption
coefficient and reduced scattering coefficient were reconstructed in a good agreement with
the measurements from the mathematical phantom results. In the case of the solid prostate
phantom, the absorption coefficient was well reconstructed compared with the known values
from the phantom fabrication. Although the cross talk exists between the reconstructed
reduced scattering and absorption coefficients, the light fluence rate distributions ultimately
determining the PDT efficacy were successfully recovered. The advantage for our
methodology is the ability to use the CDFs as the light sources for the DOT measurement as
well as PDT treatment, which can potentially save the total operation time for the interstitial
prostate PDT, and make the online dosimetry possible.

This study demonstrated the feasibility of reconstructing the spatially-evolved optical
properties and light fluence rate distributions for the interstitial prostate PDT using CDFs.
With the further improvement in the algorithm and computational speed, the real-time
prostate PDT dosimetry can be expected in the near future.
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Figure 1.

Demonstration of the mathematical phantom. (a) 2D positions of the mathematical phantom
contour (blue line), CDFs (red plus signs), and detectors (black circles). (b) 3D positions of
mathematical phantom contour (inner irregular shape), outer media (outer cylinder), CDFs
(red lines), and detector positions (black dots).
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Figure2.

Demonstration of the solid prostate phantom. (a) 2D ultrasound image of solid prostate
phantom, including the depicted contour. (b) 2D positions of prostate phantom contour,
CDFs (red), and detectors (green). The inserts a, b, and c represent anomalies of optical
properties for solid prostate phantom. (c) 3D geometry of solid prostate phantom, locations
of CDFs (red), detectors (blue) and anomalies (blue solid).
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Forward calculation of light fluence rate per source strength by analytical solution (magenta
dotted curve), NIRFAST (red dashed curve) and COMSOL (blue curve). The results are
normalized at 1 mm. The FEM model contains 68076 elements.
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Figure4.

2D reconstructed optical property distributions by the interstitial DOT.
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Reconstructed (a) pzand (b) us” illustration in 3D for the mathematical phantom. Unit for

the scale bar is cm™L.
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Figure6.

Comparison between measured (dotted red lines) and reconstructed (blue lines) light fluence
rate per source strength for the mathematical phantom. Each title of the subplot denotes one
source-detection pair as shown in Figure 1a.
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2D reconstructed optical property ., (a) and s (b) distribution for solid prostate phantom.

The depth of the 2D plane isat z =2 cm.
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Figure8.
Reconstructed (a) x5 and (b)u illustration in 3D for the solid prostate phantom. Unit for
the scale bar is cm™L.
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Figure9.

Comparison between measured (dotted red lines) and reconstructed (blue lines) light fluence
rate for the DOT reconstruction on the solid prostate phantom. Each title of the subplot
denotes one source-detection pair as shown in Figure 2b.
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Figure 10.
Forward calculation of light fluence rate per source strength by NIRFAST (red dashed line)
and COMSOL (blue) for 17688 elements in the FEM model. The results are normalized at 1

mm.

Phys Med Biol. Author manuscript; available in PMC 2014 May 21.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Liang et al.

Fluence rate (mW/cnt)

x10°

= measurement

2.5} ===reconstruction

0] ST ——

3
depth (cm)

B —————

Figure11.
Reconstruction uncertainty caused by CDF depth position. (a) Measured (red line) and
reconstructed (dashed blue line) light fluence rate profile for source-detection pair E12
under correct CDF position (black line). (b) Measured (red line) and reconstructed (dashed
blue line) light fluence rate profile for source-detection pair E12 under shifted CDF position
(dotted black line). (c) Reconstructed absorption coefficient (blue line) and reduced
scattering coefficient (dashed green line) based on the correct CDF depth positions along
position x = 4.25 cm and y = 2.25 cm as shown in Figure 2b. (d) Reconstructed absorption
coefficient (blue line) and reduced scattering coefficient (dashed green line) based on the
shifted CDF depth along the same positions as (c).
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Figure12.

Comparison between measured (dotted red lines) and reconstructed (blue lines) light fluence
rate on far CDF-detector pairs for the DOT reconstruction on the mathematical phantom. A9
and B11 denote the CDF-detection pairs as shown in Figure la.
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Comparison between measured (symbols) and calculated (lines) light fluence rate based on
DOT optical properties at each detector locations (A-E) according to Figure 2b. Each curve
for one detector is the sum of the light fluence accumulated from the four adjacent channels.
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Figure 14.

Comparison of absorption coefficient results over depth between interstitial DOT and CDF
fitting program for CDF-detector pairs (a) A5, (b) E7, and (c) E8. Red dotted curves
represent CDF fitting results. Dashed black curves and gray shadows represent mean values
and standard deviation of absorption coefficient over depth (shown by solid color lines),
respectively. (d) The locations where the absorption coefficient values were reconstructed
by interstitial DOT for CDF-detector pair E7 as an example.
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