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Purpose: For interstitial photodynamic therapy (iPDT) of bulky tumors, careful treatment planning is
required in order to ensure that a therapeutic dose is delivered to the tumor, while minimizing damage
to surrounding normal tissue. In clinical contexts, iPDT has typically been performed with either flat
cleaved or cylindrical diffusing optical fibers as light sources. Here, the authors directly compare
these two source geometries in terms of the number of fibers and duration of treatment required to
deliver a prescribed light dose to a tumor volume.
Methods: Treatment planning software for iPDT was developed based on graphics processing unit
enhanced Monte Carlo simulations. This software was used to optimize the number of fibers, total
energy delivered by each fiber, and the position of individual fibers in order to deliver a target light
dose (D90) to 90% of the tumor volume. Treatment plans were developed using both flat cleaved
and cylindrical diffusing fibers, based on tissue volumes derived from CT data from a head and neck
cancer patient. Plans were created for four cases: fixed energy per fiber, fixed number of fibers, and
in cases where both or neither of these factors were fixed.
Results: When the number of source fibers was fixed at eight, treatment plans based on flat cleaved
fibers required each to deliver 7180–8080 J in order to deposit 90 J/cm2 in 90% of the tumor volume.
For diffusers, each fiber was required to deliver 2270–2350 J (333–1178 J/cm) in order to achieve
this same result. For the case of fibers delivering a fixed 900 J, 13 diffusers or 19 flat cleaved fibers
at a spacing of 1 cm were required to deliver the desired dose. With energy per fiber fixed at 2400 J
and the number of fibers fixed at eight, diffuser fibers delivered the desired dose to 93% of the tumor
volume, while flat cleaved fibers delivered this dose to 79%. With both energy and number of fibers
allowed to vary, six diffusers delivering 3485–3600 J were required, compared to ten flat cleaved
fibers delivering 2780–3600 J.
Conclusions: For the same number of fibers, cylindrical diffusers allow for a shorter treatment dura-
tion compared to flat cleaved fibers. For the same energy delivered per fiber, diffusers allow for the
insertion of fewer fibers in order to deliver the same light dose to a target volume. © 2014 American
Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4862078]

Key words: photodynamic therapy, treatment planning, optical fiber, Monte Carlo simulation,
spectroscopy

1. INTRODUCTION

Photodynamic therapy (PDT) is a therapeutic procedure that
relies on the combination of photosensitizer, molecular oxy-
gen, and targeted illumination in order to create cytotoxic
effects.1 PDT is approved by the US Food and Drug Admin-
istration for the treatment of esophageal and nonsmall cell
lung cancer, actinic keratoses, Barrett’s esophagus, and mac-
ular degeneration.2 For tumors that are either deep within the
body or too bulky to be penetrated by surface illumination,
optical fibers are inserted directly into the tumor volume in
order to deliver treatment light.3 This is known as interstitial
photodynamic therapy (iPDT).

For iPDT, treatment light is typically delivered by cylindri-
cal diffusing fibers or flat cleaved optical fibers. Cylindrical
diffusers are optical fibers in which the distal portion emits
light radially from the fiber core, in order to deliver light to
regions perpendicular to the fiber axis. Diffusers have been
used as treatment fibers for iPDT of prostate cancer,4 tongue
base carcinoma,5 and cholangiocarcinoma,6 among other

treatment sites. Flat cleaved fibers are cleaved and polished
optical fibers that emit light into a known range of angles
centered on the fiber axis. In the context of iPDT, these fibers
have been used predominantly in the treatment of prostate
cancer,7 with some applications in the treatment of large
skin,8 esophageal, duodenal, and colorectal tumors.9

Since iPDT does not allow for direction visualization of
the treatment light and is often performed in proximity to
healthy tissue, careful treatment planning is required to en-
sure that a therapeutic dose is delivered to the tumor while
minimizing damage to surrounding healthy tissue. This dose
is a combination of photosensitizer concentration (drug dose)
and fluence (light dose). Depending on the wavelength of
treatment light, optical properties can vary between patients
and tissue types,10 resulting in differing light dose distribu-
tions. Determination of patient optical properties is there-
fore typically considered a crucial component in the creation
of treatment plans, with this commonly being done using
isotropic sources and detectors11 or dedicated spectroscopy
instruments.12
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Due to the risk of undesirable side effects from other
treatment modalities, iPDT has been identified as a good alter-
native for the treatment of prostate cancer.3 Therefore, a num-
ber of research groups have focused their efforts on treatment
planning in this context. Altschuler et al.13 demonstrated op-
timization of diffuser position, length, and fluence in order to
create treatment plans for iPDT of the prostate. In that study,
optical properties for treatment planning were measured using
the treatment diffusers as sources for spectroscopy, with sep-
arate optical fibers inserted into the prostate to serve as detec-
tors. Davidson et al.14 also demonstrated a treatment planning
system for iPDT of the prostate using diffuser sources, based
on ultrasound imaging and a diffusion approximation for
light propagation. This technique again required the insertion
of separate detector fibers in order to determine optical prop-
erties. In order to eliminate the insertion of additional spec-
troscopy fibers, Swartling et al.7 utilized flat cleaved fibers as
treatment sources and spectroscopy fibers. This system used
a fiber switch in order to control whether fibers delivered
treatment light or performed spectroscopy for recovery of
optical properties. This system has been used extensively
by researchers at Lund University,8, 15, 16 and has been com-
mercialized (IDOSE R©, SpectraCure AB, Magistratsvägen,
Sweden).

In the current study, we compare flat cleaved and cylin-
drical diffusing fibers as sources for iPDT. The two source
geometries are compared on the basis of the number of
fibers and duration of illumination required to deliver a
90 J/cm2 light dose to 90% of a tumor volume (D90) derived
from patient CT data. Since flat cleaved fibers are used to fa-
cilitate interstitial spectroscopy, the goal is to determine the
consequences of their use as treatment sources.

2. METHODS

2.A. Patient data

All treatment planning was performed on an anonymized
CT dataset obtained from a head and neck cancer patient that
was treated with ionizing radiation at Roswell Park Cancer In-
stitute in Buffalo, NY. The patient had a tumor with maximum
dimensions of 6.1 × 7.5 × 7 cm located at the tongue base.
Tumor and healthy tissues were identified and demarcated by
a physician as part of the planning process for the patient’s
radiotherapy. A 3D rendering of the patient dataset is shown
in Fig. 1(a), with the insertion of four diffusers shown for ref-
erence. A cut at the midplane of the tumor volume is shown
in Fig. 1(b), with the tumor and healthy tissues identified.

This dataset was used as a model treatment planning envi-
ronment, in order to design the treatment this patient would
have been given if they had received iPDT. Each voxel in the
CT dataset corresponded with a voxel in the treatment plan-
ning simulation space. Voxels were identified by the tissue
type and corresponding optical properties. In this case, uni-
form optical properties were assumed for all tissue types. The
coordinate system was set so that treatment fibers were in-
serted along the z-axis. We also refer to the z coordinate of
the fiber as the fiber’s axial position.

FIG. 1. (a) 3D rendering of the patient CT dataset, illustrating the inser-
tion of cylindrical diffusing fibers for iPDT. (b) Cut through CT dataset at
the midplane of the tumor volume, showing tumor and surrounding healthy
tissues.

2.B. Treatment planning software

The treatment planning software is based on a graphics
processing unit (GPU) enhanced Monte Carlo (MC) simu-
lation framework for light propagation through complex, 3D
tissue volumes. This MC framework is used for simulating
light distributions from individual treatment sources and for
calculating final dose metrics after optimization. The treat-
ment planning algorithm consists of three major components:
(1) initial reference simulation, (2) optimization of source po-
sitioning and treatment time, and (3) performance of full MC
simulation for optimal source characteristics. The algorithm
is displayed schematically in Fig. 2.

For the initial reference simulation, MC is performed with
the desired source model embedded in an infinite tissue vol-
ume with uniform optical properties. For diffuser sources,
the model described in Baran and Foster17 was used. For flat
cleaved fibers, initial photon position was selected randomly
on the face of a 400 μm optical fiber and launched within its
0.22 numerical aperture (NA = n sin θ ), with the range of
possible launch angles corrected for the tissue refractive in-
dex (n = 1.4). For all cases considered in this paper, typical
optical properties of μa = 0.2 cm−1 and μs

′ = 5 cm−1 were
used,18 and 106 photon packets were launched per simulation,
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FIG. 2. Block diagram illustrating the treatment planning algorithm. The three major components of the process are separated by dotted lines, and the thick
black lines represent satisfactory treatment plans.

with run-times of 1–2 min per fiber. Voxel dimensions were
0.013 × 0.013 × 0.025 cm. After simulation, the fluence dis-
tribution generated by a single source was condensed by fit-
ting with an appropriate model. For diffuser sources, the ra-
dial distribution of fluence from the diffuser axis was fit with
a zeroth order modified Bessel function of the second kind,
which was assumed to be uniform over the diffuser length.
For flat cleaved fiber sources, the fluence distribution was fit
with a diffusion point source located one transport mean free
path from the fiber face. These fits allowed for concise repre-
sentations of fluence distributions from individual sources in
the optimization process, while still utilizing the accuracy of
a full MC simulation.

For optimization of sources, both the number of fibers and
energy per fiber can be fixed or allowed to vary. All treatment
planning was performed under the assumption that fibers will
be inserted using a standard brachytherapy template with hole
spacings of 5 mm. The template was positioned so that the
first fiber placed was roughly in the center of the tumor mass.
Subsequent fibers were added one at a time, with the fiber
spacing initially set to 1 cm. If an adequate treatment plan

could not be created with this spacing and the other con-
straints, fiber spacing was reduced to 5 mm.

Whenever a fiber was added to the treatment plan, the pos-
sible positions were restricted to available holes in the grid
template, starting from those positions closest to the center.
At each available fiber position, the total energy delivered by
the fiber was optimized using a constrained, nonlinear op-
timization algorithm (fmincon, MATLAB, Mathworks, Nat-
ick, MA) with energy constrained to be positive. For diffuser
fibers, the diffuser length and axial position were selected to
match the axial length of the tumor at the given fiber position,
as determined from the region of interest (ROI) information
in the patient dataset. Diffuser lengths were constrained to in-
tegers, in cm, in order to match commercially available fibers.
For flat cleaved fibers, the axial position was also optimized,
with the position constrained to be within the tumor volume.
In both cases, the metric to be minimized in the optimization
was given by

P = 1 − Tthresh

T
, (1)
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where Tthresh is the number of voxels in the tumor volume with
a deposited dose equal to or greater than the prescribed light
dose and T is the number of voxels in the tumor. Since the
main goal of this paper is to compare the two types of source
fibers, a relatively simple constraint condition was used. In
a more realistic treatment planning scheme, constraints on
the dose delivered to healthy tissue would also need to be
incorporated.

For a given combination of fiber positions and energies
delivered, the distribution of light dose in the patient volume
was determined by summing the contributions of each fiber.
This was done by placing scaled versions of the dose distri-
bution from the reference simulation at the location of each
source, with each fiber fixed at its optimal position. It was as-
sumed that delivered light dose scaled linearly with the energy
delivered by the source fiber. The drug dose was assumed to
be uniform, so that the efficacy of the treatment plan depended
only on the light dose.

After all of the closest available fiber positions were eval-
uated for coverage of the tumor volume, the position that
yielded the minimum value of Eq. (1) was selected as the
next fiber position. This process was repeated until the de-
sired dose distribution was achieved. If the desired dose dis-
tribution could not be achieved with the maximum energy per
fiber and the largest number of fibers allowable by the tumor
size and fiber spacing, the fiber spacing was reduced and the
optimization rerun. If the desired dose could not be achieved
with fiber spacings of 5 mm, the case that returned the dose
closest to that prescribed was specified as the treatment plan.
This was not encountered in the current study.

Once the optimum fiber positions and energies were deter-
mined, a full MC simulation using this information and the
patient volume was run in order to accurately determine the
fluence distribution. The results of this were used to generate
a dose volume histogram (DVH) for each tissue type present
in the patient volume.

2.C. Treatment planning scenarios

For all treatment planning scenarios described in this
paper, the target light dose to the tumor volume was
100 J/cm2. The goal was to deliver 90% of this target dose to
90% of the tumor volume (D90 = 90 J/cm2), as is commonly
the case in treatment planning for brachytherapy19 and some
cases of iPDT.14 The maximum energy delivered by a single
fiber was restricted to 3600 J, corresponding to the delivery of
1 W of laser power for 60 min.

As mentioned previously, the energy per fiber and number
of fibers could be fixed or allowed to vary as free parameters.
Here, we performed treatment planning for the cases of fixing
one, both, or neither of these factors. In Case 1, the number of
fibers was fixed at eight, and the energy per fiber was allowed
to fluctuate. This case was designed to simulate a scenario in
which the number of fibers is limited due to clinical complex-
ity or intervening anatomy, while the length of treatment time
is of lesser importance. In Case 2, the energy per fiber was
fixed at 900 J (1 W of laser power for 15 min) and the number
of fibers was allowed to change. This was meant to represent

a situation in which the total energy delivered by any one fiber
is limited either by available laser power or maximum treat-
ment time. For Case 3, the number of fibers was set to eight
and the energy per fiber was set to 2400 J (1 W of laser power
for 40 min). The goal here was to compare outcomes for an
identical number of treatment fibers and energy delivered per
fiber. Case 4 allowed both the number of fibers and energy
per fiber to fluctuate, in order to replicate a scenario in which
neither treatment time nor number of fibers are limiting fac-
tors. The results of different treatment plans were compared
on the basis of the number of fibers required, the total energy
delivered by each fiber, the percentage of the tumor volume
that received the desired light dose, and DVH.

3. RESULTS

Typical fluence distributions in a homogeneous medium
from diffuser and flat-cleaved fibers are shown in Fig. 3. In
this case, each fiber delivered a total of 1000 J to the sample.
Fluence is shown on the same scale for both fiber types.

The optimized fiber positions for Case 4 are shown in
Fig. 4. The cross-section shown is from a CT slice at the
midplane of the tumor volume, as shown in Fig. 1(b). As
can be seen, the treatment plan using cylindrical diffusing

FIG. 3. (a) Fluence deposited in a homogeneous sample by a 5 cm diffuser
and (b) flat cleaved fiber. Both fibers delivered a total of 1000 J to a tissue
volume with μa = 0.2 cm−1 and μs

′ = 5 cm−1. The fluence scale is the same
for both (a) and (b).
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FIG. 4. Cuts through the patient CT data showing the placement of source
fibers (+) after treatment planning for (a) cylindrical diffuser fibers and
(b) flat cleaved fibers. The contours shown are isodose lines, with the out-
ermost contour corresponding to 50 J/cm2 and subsequent contours repre-
senting dose increments of 50 J/cm2. Note that the flat cleaved fiber in (b) is
actually in the tumor volume at the fiber’s axial position.

fibers required six diffusers, while the flat cleaved plan
required ten fibers to achieve a D90 of 90 J/cm2. The overlaid
contours represent isodose lines, with the outermost contour
corresponding to a light dose of 50 J/cm2 and subsequent
lines representing dose increments of 50 J/cm2. Note in
Fig. 4(b) that the fiber which appears to be outside the
tumor volume is in fact within the tumor at that fiber’s axial
position. These plots illustrate the capability of diffusers to
cover a larger volume for the same incident optical power

FIG. 5. 3D renderings of fluence deposited in tissue after treatment planning
for (a) cylindrical diffusing fibers and (b) flat cleaved fibers. The anatomical
data shown correspond to an enlarged version of Fig. 1, with only the tumor
and bulk body tissue shown.

and treatment time, and the more localized treatment field
that can be obtained with flat cleaved fibers. 3D renderings of
these light dose distributions are shown in Fig. 5.

The results of the four treatment planning cases are sum-
marized in Table I. Diffuser lengths required varied between
3 and 7 cm. The values given for diffuser fibers are total en-
ergy (J), rather than energy per length (J/cm) as is commonly
reported.

As can be seen, when the number of fibers was fixed,
diffusers required the delivery of approximately 70% less en-
ergy per fiber than flat cleaved fibers in order to deliver the

TABLE I. Summary of the results of the four treatment planning scenarios simulated. In Case 1, the number of fibers was fixed at eight. For Case 2, the energy
per fiber was fixed at 900 J. In Case 3, the number of fibers was fixed at eight and the energy per fiber was set to 2400 J. In Case 4, both the number of fibers and
energy per fiber were allowed to fluctuate.

Cylindrical diffusing fibers Flat cleaved fibers

Treatment planning Energy/fiber Tumor coverage Energy/fiber Tumor coverage
case # fibers (J) (%) # fibers (J) (%)

1 8 2270–2350 93.0 8 7180–8080 93.0
2 13 900 90.4 19 900 90.1
3 8 2400 93.2 8 2400 79.0
4 6 3485–3600 90.1 10 2780–3600 91.0
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same light dose to the tumor volume. Assuming the same op-
tical power per fiber is used in both cases, this translates to a
70% reduction in treatment time for the diffuser case. With the
treatment time and laser power fixed, 13 diffusers versus 19
flat cleaved fibers were required. When treatment time, laser
power, and number of treatment fibers were fixed, cylindrical
diffusers delivered the desired light dose to 93.2% of the tu-
mor volume, compared to 79% for flat cleaved fibers. With the
number of fibers and energy both left free, six diffusers deliv-
ering 3485–3600 J or ten bare fibers delivering 2780–3600 J
were required to achieve the desired dose. The results shown
in Table I are for a specific combination of optical properties
(μa = 0.2 cm−1 and μs

′ = 5 cm−1). The exact values would
scale with varying optical properties, but the general trends
would remain the same.

Dose volume histograms were generated for all treatment
plans created. Representative DVHs are presented for Case 4
in Fig. 6. For both types of source fiber, 90%–91% of the
tumor volume received the threshold light dose or higher,
while healthy tissues received comparatively lower doses.
It should be noted that large portions of the tumor volume
received greater than the threshold light dose, due to the

FIG. 6. Dose volume histograms for the results of treatment planning with
both the number of fibers and energy per fiber allowed to vary for (a) cylin-
drical diffusing fibers and (b) flat cleaved fibers. Six diffusers delivering
3485–3600 J or ten bare fibers delivering 2780–3600 J were required for this
treatment plan. All other tissue types received negligible light dose.

relative simplicity of the optimization metric given by Eq. (1).
For the case of PDT, this overdosing of tumor tissue is not of
significant concern. The tissue types shown in Fig. 6 were
the only regions of the patient that received any appreciable
dose.

4. DISCUSSION

In terms of reducing the number of treatment fibers and
the duration of treatment, cylindrical diffusers were superior
to flat cleaved fibers in each scenario that was simulated.
Diffusers required fewer treatment fibers and less treatment
time per fiber in order to deposit the same light dose in the
tumor volume. The basis for this efficiency is illustrated in
Fig. 3, which depicts the volumes of tissue illuminated by
these two source geometries. Flat cleaved fibers are used in
iPDT because of the simplicity with which they can be used
to perform spectroscopic determination of optical properties.
At typical optical properties and fiber separations, flat cleaved
fibers can be represented as diffusion point sources,20 which
allows for relatively simple diffusion techniques to be used
for recovery of optical properties during iPDT. For this rea-
son, they have been used extensively by researchers at Lund
University.7, 8, 15, 16

Given their limitations as treatment sources, however, it is
interesting to consider alternatives. For example, whereas flat
cleaved fibers can be represented as a single diffusion point
source, diffusers can be represented as sums of diffusion point
sources over the diffusing length. If the local optical proper-
ties are assumed to be homogeneous, this can be used with
isotropic detector fibers in order to determine optical proper-
ties. The use of cylindrical diffusers as spectroscopy sources
has been demonstrated by researchers at the University of
Pennsylvania in clinical studies of prostate iPDT.13, 21 This has
also been described for the case of heterogenous optical prop-
erties by Dimofte et al.22 In this method, the diffuser fiber
was again modeled as a sum of diffusion point sources, with
isotropic spherical diffusers used as detectors. In this case, the
isotropic detector is translated within the catheter, and the op-
tical properties are binned by location. The measured fluence
rate at any particular detector position therefore depends on a
weighted average of the optical properties between the source
and detector. By solving for the binned values simultaneously
at all detector positions, locally heterogenous optical prop-
erties can be recovered using a single diffuser and isotropic
detector.

In most cases of clinical iPDT, calibrated isotropic detec-
tors are present in the tissue volume in order to measure the
light dose at various locations. This is also true when flat
cleaved fibers are used as treatment and spectroscopy fibers.7

The spectroscopy scheme described by Dimofte et al.22 there-
fore does not require the insertion of additional fibers relative
to current treatment conditions, but would necessitate scan-
ning of the detector fibers for optical property recovery. As
cylindrical diffusing fibers are better suited for treating large
tumor volumes, a spectroscopy scheme using treatment dif-
fusers as spectroscopy sources and detectors would be highly
advantageous.
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As shown in Fig. 3, the fluence deposited by flat cleaved
fibers falls off much more quickly in three dimensions with
distance from the source. While this means that these fibers
cannot treat as large a volume for the same laser power and
treatment time, it does mean that they can be used when rapid
fall-off is desirable. For example, in the case of vulnerable
healthy structures bordering the tumor, flat cleaved fibers
could be used to deliver a locally lethal dose to the tumor
volume, while delivering a subthreshold dose to the healthy
tissue. A similar method has been used in brachytherapy,
where shorter radioactive sources are placed close to the
tumor periphery.23 Further examination of treatment plans
combining diffusers and flat cleaved fibers could lead to light
dose distributions that are more closely tailored to the tumor
volume.

It should be noted that the treatment planning scheme
presented in this paper assumes that therapeutic response is
determined entirely by photosensitizer concentration and flu-
ence, as has been done by other researchers.7, 13, 14 Since the
photosensitizer concentration is assumed to be homogeneous,
fluence is the only factor that influences outcome. In reality,
response will also depend on oxygen dynamics, local photo-
sensitizer concentration, and photobleaching of the sensitizer.
Incorporation of these factors into the treatment planning pro-
cess, using interstitial spectroscopy, would likely improve the
accuracy of the treatment plans generated. The effects of these
factors could be different for the two fiber types, due to the
higher fluence rates near the tips of flat-cleaved fibers. For cer-
tain photosensitizers, the rate of photobleaching and eventual
tumor response is related to the fluence rate.24 In this case, the
choice of treatment fiber could have further consequences on
outcome.

5. CONCLUSIONS

Cylindrical diffusers and flat cleaved fibers are both suit-
able for delivery of treatment light in iPDT. In bulky tumors,
diffusers can deliver a prescribed light dose with fewer fibers
inserted and shorted treatment times. Flat cleaved fibers al-
low for spectroscopy to be performed with the treatment fibers
and can help reduce dose to vulnerable healthy structures at
the expense of the insertion of more fibers. This spectroscopy
advantage may be diminished as the use of diffusers as light
sources for spectroscopy becomes more widespread.
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