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Diffuse optical tomography to monitor the
photocoagulation front during interstitial
photothermal therapy: Numerical simulations and
measurements in tissue-simulating phantoms

Diffuse optische Tomographie zur Uberwachung der Koagulationsfront wihrend der
interstitiellen photothermischen Therapie: Numerische Simulationen und Messungen an

Gewebephantomen

Abstract: Near-infrared interstitial photothermal
therapy (PTT) is currently undergoing clinical trials as
an alternative to watchful waiting or radical treatments
in patients with low/intermediate-risk focal prostate
cancer. Currently, magnetic resonance imaging (MRI)-
based thermography is used to monitor thermal energy
delivery and determine indirectly the completeness of
the target tumor destruction while avoiding damage to
adjacent normal tissues, particularly the rectal wall. As
an alternative, transrectal diffuse optical tomography
(TRDOT) is being developed to image directly the pho-
tocoagulation boundary based on the changes in tissue
optical properties, particularly scattering. An estab-
lished diffusion-theory finite-element software platform
was used to perform forward simulations to determine
the sensitivity of changes in the optical signal resulting
from a growing coagulated lesion with optical scatter-
ing contrast, for varying light source-detector sepa-
rations in both longitudinal and transverse imaging
geometries. The simulations were validated experimen-
tally in tissue-simulating phantoms using an existing
continuous-wave TRDOT system, in a configuration that
is representative of one potential intended clinical use.
This provides critical guidance for the optimum design
of the transrectal applicator probe, in terms of achieving
maximum sensitivity to the presence of the coagulation
boundary and, consequently, the highest accuracy in
determining the boundary location relative to the rectal
wall.

Keywords: focal prostate cancer; interstitial photothermal
therapy; diffuse optical tomography

Zusammenfassung: Die interstitielle photothermische
Therapie im Nahinfrarotbereich wird derzeit in klinischen

Studien als Alternative zum ,Watchful Waiting’ (beobach-
tendes Abwarten) bzw. zur radikalen Behandlung von
Patienten mit Prostatakrebs der Niedrig- und Mittelrisi-
kogruppe untersucht. Derzeit wird die MR-Thermografie
eingesetzt, um die Deposition der thermischen Energie zu
iiberwachen und indirekt die vollstindige Tumorzersto-
rung bei gleichzeitiger Vermeidung einer Schadigung des
angrenzenden gesunden Gewebes, insbesondere der Rek-
tumwand, zu iiberpriifen. Als Alternative wurde das Ver-
fahren der transrektalen diffusen optischen Tomographie
(TRDOT) entwickelt, mit dem Ziel, die Grenzen der Photo-
koagulation direkt anhand der Veranderungen in den opti-
schen Gewebeeigenschaften, insbesondere der Streuung,
darzustellen. Eine etablierte Software-Plattform auf Basis
der Diffusionstheorie und Finite-Elemente-Methode wurde
zur Durchfiihrung von Vorwartssimulationen verwendet,
um die Empfindlichkeit der Anderungen des optischen Sig-
nals in einer wachsenden Koagulationszone mit optischem
Streukontrast zu bestimmen — sowohl fiir unterschiedli-
che Lichtquelle/Detektor-Abstdnde als auch in Langs- und
Querausrichtung. Die Simulationen wurden mit einem
vorhandenen kontinuierlich abstrahlenden TRDOT-System
experimentell in Gewebephantomen validiert — und zwar
in einer Konfiguration, die reprasentativ fiir eine potenti-
elle klinische Anwendung ist. Dies lieferte eine wichtige
Orientierungshilfe fiir die optimale Gestaltung einer trans-
rektalen Applikationssonde in Bezug auf die Erzielung der
maximalen Empfindlichkeit bei der Detektion der Koagu-
lationsgrenze und somit der hochsten Genauigkeit bei
Bestimmung der Position der Koagulationsfront relativ zur
Rektumwand.

Schliisselwdrter: interstitielle photothermische Thera-
pie; lokal begrenzter Prostatakrebs; transrektale diffuse
optische Tomographie.
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1 Introduction

Prostate cancer is the most common cancer in men and
the second leading cause of male cancer death in the
much of the Western world [1]. Management options for
patients with low or intermediate risk cancer are either
a) watchful waiting (active surveillance, AS), in which
the cancer is monitored without treatment until there are
signs of progression, or b) radical treatment, using either
prostatectomy or radiation therapy to destroy the entire
prostate gland. AS has a high dropout rate, with a signifi-
cant proportion of patients eventually requesting defini-
tive therapy [2]. On the other hand, radical whole-prostate
treatments carry risk of significant complications, such as
impotence, incontinence and bowel dysfunction and so
may represent therapeutic overkill [3].
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Histopathological analysis of whole prostate follow-
ing prostatectomy has shown that the dominant “index”
lesions are the source of extracapsular disease in >80%
of cases, suggesting that focal ablative therapy that
targets only the index lesion(s) is a potential treatment
option that, in principle, combines acceptable cancer
control with low morbidity [4-7]. Options for focal therapy
include high-intensity focused ultrasound (HIFU) [8-10],
cryotherapy [11-13], radiofrequency ablation [6, 14], and
photothermal therapy (PTT) [15, 16]. Regardless of treat-
ment modality, successful focal therapy requires tailoring
the treatment delivery to the individual patient using real-
time monitoring of the treatment progression. Applying
a population-based dose approach cannot guarantee the
benefits of focal therapy, since in some patients this may
mean incomplete coverage of the target tumor or over-
treatment that may produce morbidities. Only real-time
monitoring in each patient can ensure both complete cov-
erage of the tumor and safety of the critical structures.

Clinical trials of PTT are ongoing, in which near-infra-
red (NIR) light is delivered into the identified index lesion
through one or more interstitial optical fibers to destroy
the target tumor by thermal coagulation (>~55°C) [16, 17].
The concept is illustrated in Figure 1A. Our current tech-
nology platform for these treatments includes: magnetic
resonance imaging (MRI)-guided index lesion identifi-
cation and delineation of the treatment target volume;
pre-treatment planning for optimal fiber placement;
high-resolution three-dimensional (3-D) transrectal ultra-
sound (TRUS) co-registered with MRI for guiding fiber
placement; and on-line thermal dose monitoring using
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Figure1 Concept of interstitial photothermal therapy (PTT) of focal prostate cancer.

(A) Relevant anatomical structures contoured on a transverse MRI pelvic scan. The interstitial PTT treatment fiber is typically placed in the center
of the 3-D volume of the index tumor lesion. (B) Schematic of the simulation geometry for a lesion centered at an 8-mm depth into the prostate
(20 mm from inner rectal wall) and at particular times during PTT treatment. Here the radius of the coagulation lesion is 5 mm and the distance, d,
between the coagulation front and the outer surface of the rectal wall is 3 mm. The rectal wall is assumed to be 2 mm thick in this geometry.
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MRI-based thermography. PTT has shown an excellent
safety profile and biopsy-confirmed tumor destruction
in the majority of patients to date [16, 17]. However, com-
plete tumor destruction was not achieved in about 1/3rd of
cases, due to having to prematurely terminate treatment
to avoid risking rectal-wall damage. The challenges are
the proximity of the index lesion to the posterior prostate
capsule that lies adjacent to the rectal wall and the lack of
a method to directly monitor the photocoagulation front
dynamically during treatment.

Diffuse optical tomography (DOT) is an optical
imaging technique in which multiple light sources and
detectors, placed so that the diffuse light field samples
the tissue volume of interest, are used to generate images
of the tissue optical properties (i.e., optical absorption
and scattering) by reconstructing the acquired diffuse
reflectance-transmittance signals. A variety of DOT
systems have been reported for functional imaging or
tumor detection, including in the breast [18-20] and
brain [21, 22]. Of particular relevance here is a system
that combined continuous-wave (CW) transrectal
diffuse optical tomography (CW-TRDOT) with two-
dimensional (2-D) TRUS for prostate cancer detection
and quantification, based on the tumor having higher
optical absorption than normal prostate in the NIR [23—
25]. Tumor imaging was successfully demonstrated in a
canine prostate cancer model [24] using this system. In
the context of thermal therapy, the tissue optical scatter-
ing typically increases by 2- to 5-fold upon coagulation
due to changes in tissue cell density and protein dena-
turation, as shown in several studies [26—30]. Hence,
direct monitoring of the photocoagulation front is pro-
posed using TRDOT [31]. In contrast to the use of DOT
for tumor detection, in this application the tumor target
is already delineated by multiparametric MRI [17, 32], so
that the clinical objective is to determine the location of
the boundary of the growing coagulation zone, which is
typically sharply delineated. The posterior border of the
coagulation zone is particularly important because of
the risk of damage to the rectal wall, so a target accuracy
of £~1 mm is set for localization of this border in order to
be clinically useful for treatment monitoring and guid-
ance. This represents a new and unique challenge for
DOT that to our knowledge has not been investigated
previously.

Here the potential utility of DOT to monitor a growing
photocoagulated lesion during PTT is demonstrated by
performing corresponding tissue-simulating phantom
measurements and numerical simulations. Using an
existing DOT system [23, 25], DOT sensitivity was tested
with measurements made on a set of phantoms of varying
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optical contrast and lesion size. The results were then
cross-validated against forward simulations using finite
element solutions to diffusion theory. Different DOT
source-detector configurations were simulated to inves-
tigate geometries that are most sensitive to the chang-
ing position of the coagulation front as it approaches the
rectal wall.

2 Materials and methods

2.1 Simulations

To calculate the expected DOT optical signals for given
geometries of source-detector positions and coagula-
tion zone forward simulations were performed using
NIRFAST [33], an open-source finite-element-method
(FEM) software suite based on the diffusion approxima-
tion to photon radiation transport. The overall geometry is
defined in Figure 1B, where a cylindrical coagulation zone,
as generated by a linear diffusing fiber placed within the
tumor target in the prostate to deliver the photothermal
treatment [16, 32], expands in radius with its center fixed
at a depth within the prostate. The rectum, prostate and
all surrounding tissues of the coagulated lesion are con-
sidered as optically homogeneous with the same absorp-
tion and scattering coefficients. The computational mesh
is large enough that the background can be considered
essentially semi-infinite in extent, uniform and unchang-
ing during the treatment. This is clearly an approxima-
tion to the real clinical situation but allows us to focus
on the critical issue of the detectability and localization
of the boundary of the coagulation zone without being
concerned about the detailed structure of the rectum, the
prostate gland and surrounding tissues. Tetrahedral FEM
meshes of dimensions of 120 mm X 50 mm X 100 mm, a
node-to-node distance of 2 mm and a total of 26,026 nodes
were generated to simulate the homogeneous tissue back-
ground. A cylindrical anomaly representing the photo-
coagulated zone within the prostate, centered 10 mm
from the ventral aspect of the mesh surface (representing
the inner surface of the 2-mm thick rectal wall that is in
contact with the DOT probe) and with a radius of 2 mm,
was placed inside the homogeneous mesh to generate a
mesh representing the lesion with 2 mm radius. This was
repeated a further six times, increasing the radii from 3 to
8 mm in 1-mm increments, generating a total of 8 meshes.
The smallest distance between the corresponding pos-
terior coagulation boundary and the outer rectal wall
(assuming a 2-mm thick rectum) then varies between 6 and
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0 mm as the radius (denoted as “r”) increases from 2 to 8
mm. This distance is denoted as “d” throughout this paper
(note that: d+r=8 mm). The optical properties assigned to
the homogenous mesh as well as to the anomalies corre-
sponded to the values used in the experimental phantoms
for the different wavelengths employed (see Table 1) and
were selected to be representative of typical soft tissues in
this spectral range [29, 34].

Three different source-detector configurations were
simulated with coronal and axial views schematically dis-
played in Figure 2. The first corresponded to the experi-
mental set-up, as illustrated in Figures 2A and 3, with a
line of 7 sources and a parallel line of 7 detectors with a
20 mm separation, which gives source-detector pair sepa-
rations ranging from 20 to 63 mm. For this configuration
all possible source-detector pairs were simulated, gen-
erating 42 measurements (not 49 measurements due to
one bad detector channel as depicted in Figure 3A). Since
this configuration was designed primarily for imaging
the whole prostate, it provides a large depth of penetra-
tion and field of view and also has the advantage of being
relatively insensitive to the exact position of the probe in
the rectum. However, this may come at a cost of decreased
sensitivity in monitoring the position of the coagulation
front as it approaches the rectal wall.

The other two configurations — transverse and longi-
tudinal (Figure 2B and C) — were therefore simulated also
including smaller source-detector pairs (2 mm) than in
the experimental configuration. In these configurations,
the 12 sources and 12 detectors are placed along a single
line, with sources occupying one half segment and detec-
tors the other segment. This line is then placed along the
transverse axis in the second configuration and along
the longitudinal axis in the third configuration. Details
of the source and detector locations for these both con-
figurations are shown in Figure 4. While 12 sources and
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12 detectors were available, only 12 source-detector pairs
were simulated, with each pair being symmetrical to
the middle point of the line (denoted as a black dot in
Figure 2). Hence, the signal from source j is only meas-
ured at detector j. Using a 3.2 GHz processor, with 12 MB
RAM on a 64-bit Windows 7 platform, these calculations
required 5 s to perform.

2.2 Tissue-simulating phantoms

Tissue-simulating phantoms were designed and fabri-
cated, as shown in Figure 3B-D. The main solid volume
was made from silicone impregnated with India ink
as an optical absorber and titanium dioxide powder to
provide optical scattering. This corresponds to an opti-
cally homogenous semi-infinite volume representing the
rectum, the prostate and surrounding tissues (Figure 3B),
which for this purpose were assumed to be the same.
Each block contains a 30 mmx30 mm square hole in the
center running the length of the block, into which the
DOT probe (which has a flat working face housing the
light source-detector array) could be inserted (Figure 3C).
This inner surface then represents the luminal (or inner)
surface of the rectal wall. Seven cylindrical holes of circu-
lar cross section and of different diameter, from 2 to 8 mm
in 1 mm increments, centered at 10 mm from the closest
flat face of the central square hole and running parallel
to it, were made to represent the growing photocoagula-
tion zones (Figure 3D). Hence, one of the phantoms con-
tained four such optical anomalies, while the other had
three of them. The separation between these holes is suf-
ficient to minimize any influence on the detected light
field when any one of them is in use. It is of note that, as
currently practiced clinically, PTT uses cylindrical diffus-
ing fibers that are typically 1-3 cm long and so generates

Table1 Optical coefficients for absorption («,) and reduced scattering () properties of the homogenous background used in simula-
tions and phantoms, together with corresponding absorption and scattering contrast ratios, C, and C, between the coagulation and the
background (which includes the prostate, the rectum and all surrounding tissues).

Phantom Properties Wavelength (nm)
705 785 850

Homogenous background w,  (mm) 0.008, 1.22 0.008,1.13 0.008, 1.06
Contrast #1 u,, u(mm?) 0.006, 2.02 0.008, 1.79 0.009, 1.64
[Ca, CS] [0.75, 1.65] [1,1.59] [1.1, 1.55]

Contrast #2 H,, 1 (mm™) 0.006, 3.27 0.008, 2.91 0.009, 2.66
[Ca, CS] [0.75, 2.68] [1, 2.57] [1.1, 2.51]

Contrast #3 W, u; (mm™) 0.006, 4.53 0.008, 4.02 0.009, 3.68
[C,, C] [0.75, 3.71] [1, 3.56] [1.1,3.47]
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Figure 2 Schematic representation of the simulated source-detec-
tor configurations relative to the coagulated lesion, showing both
coronal and axial views for: (A) Experimental TRDOT probe [23] used
in the phantom measurements; (B) Single line of source and detec-
tors aligned in transverse direction; and (C) Single line of source
and detectors aligned in longitudinal direction.
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near-cylindrical coagulation volumes except at the ends.
It can also be assumed that the DOT measurements are
sampling the cylindrical region and that the treatment
fibers are parallel to the rectal wall, which is a reasonable
approximation.

Intralipid® (Baxter, Canada) at three different dilu-
tions of 20% stock solution and containing India ink as an
absorber were used to fill the cylindrical holes, generating
three sets of optical scattering and absorption contrast, as
per Table 1. The absorption spectrum, u, (1), of India ink
was measured in a spectrophotometer and added to the
intrinsic absorption of the silicone and Intralipid® [35].
The reduced scattering spectrum, u (1), of the solid
phantom was measured using an established frequency-
domain diffuse reflectance technique [36, 37], while the
reduced scattering coefficients of various dilutions of the

Figure 3 Experimental configuration used for phantom measurements.
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(A) Schematic of the source-detector array and photograph of the experimental TRDOT probe [23]. Note that detector D3 was not functioning
in the experimental system but is shown for completeness. (B) Illustration of the geometric relationship between the source-detector array,
the coagulation zone, the prostate and the rectal wall in the solid phantom. (C) Photograph of the TRDOT probe in one of the solid phantoms
showing the holes used to contain liquid phantom material that correspond to the coagulated region and (D) Configuration of the holes on

the two solid phantoms.
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Figure 4 Relative positions of sources and detectors used in the simulations of the transverse and longitudinal configurations.
Measurements are acquired at source-detector pairs symmetric to the center of the configuration, i.e., light from Sé6 is measured only at D6.
The view between S8 to D8 is expanded to provide greater details of the relative source-detector positions.

20% Intralipid® stock solution at 690 nm were measured
using an in-house CW-DOT system that will be the basis
for the first clinical prototype and will be described in a
future publication. The values at each of the three wave-
lengths were then calculated using the following equa-
tion, which is based on Mie scattering theory [38]:

©(4,)_u(1-g(4,)) _u*(0.584,-1)
©(A) w2 (1-g(4,) u*(0.584,-1)

€y

in which, for a phantom with a given dilution of a 20%
Intralipid® stock solution, the reduced scattering value at
wavelength 4, can be calculated if the value at wavelength
A, is known.

2.3 DOT experiments

The phantom experiments carried out for cross-validation
with the simulations used a CW-TRDOT system that has
been previously reported by Piao and colleagues [24] for
in vivo canine prostate cancer imaging studies. The source
and detector fibers are mounted on a near-flatface sub-
strate attached to a cylindrical 2 cm diameter ultrasound
probe. It is of note that one of the detector channels (D3)
was malfunctioning during these experiments, so that
the corresponding simulation data have been excluded
from the analysis. The probe was inserted into the central
hole (representing the rectum), which was made square
to ensure good contact with the sources and detectors on
the probe face.

The measurements were performed over three sepa-
rate sessions. At the beginning of every session, a set
of measurements was first made with the sources and
detectors facing the homogenous side, i.e., away from
any of the anomalies representing the coagulation zone.
These three sets of data served to calibrate all the sets of

heterogeneous measurements made in the same session,
as described below. After these homogeneous measure-
ments were completed, the probe was rotated to face each
one of the optical anomalies in turn. Measurements were
then taken sequentially for each of three Intralipid®/ink
composition filling the anomaly. In the first session, a set
of homogenous measurements and a set of measurements
of hole #7 (r=8 mm) were taken. In the second session,
a set of homogenous measurements and then three sets
of measurements with holes #5 (r=6 mm), #3 (r=4 mm)
and #6 (r=7 mm) were taken. In the final session, a set of
homogeneous measurements and three sets of measure-
ments with holes #4 (r=5 mm), #2 (r=3 mm) and #1 (r=2
mm) were taken (see Figure 3D for locations of the holes).
For each probe orientation, measurements were made
sequentially with each of the three solutions of liquid
phantoms (contrast #1 — contrast #3) without moving the
probe. For every combination of anomaly size and optical
contrast, each of the seven sources (each multiplexed
with three wavelengths, 705, 785, and 850 nm) was acti-
vated in turn and the signals from each of the six function-
ing detectors was recorded by the charge-coupled device
(CCD) at all three wavelengths simultaneously. Thus, for
three sets of contrast ratios and seven anomaly sizes 21
sets of heterogeneous measurements were acquired, in
addition to three sets of homogeneous measurements.
Measurements were also made at 940 nm, however these
data were inconsistent for reasons that are not well under-
stood so that they are not included in the analysis. The
data were subsequently analyzed off-line.

2.4 Calibration

The calibration of these measurements is critical, since
there are several factors that need to be taken into account,
including the:
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— differences in the output power of each source at each
wavelength and the variations of these over the 2-day
course (three sessions) of the experiments;

— corresponding varying sensitivities of the detector
channels; and

— variations in repositioning of the probe between sets
of experiments.

The simulations for homogeneous meshes at each wave-
length were used to normalize the experimental data
acquired within each measurement session, with the cali-
bration factors calculated according to:

Isimu ( l)
T2 (o )
Mhnm( l )
and
Iin hom (i)zMin hom (i)'ci’ (3)
where I, (i) is the simulated intensity (particle fluence

in mm?) for the homogenous mesh, M.

hom (D) is the cor-
responding experimental measurement, M, A (i) is the
measurement on the phantom containing the anomaly
and I (i) is the corresponding corrected measured
intensity for source-detector pair i. Thus, a set of 42 cali-
bration factors, C, were calculated for each wavelength
and then applied to all experimental measurements in a
given measurement session.
As a measure of the agreement between the simu-
lations and measurements, the following metric was

calculated:

1y _ e
By 2 (1080 () -l08( L, (D)), @

where N=42 is the number of source-detector pairs or
measurements within a single set.

3 Results and discussion

The results are presented from the perspective of two
different objectives: firstly to evaluate the concordance
between the simulated and experimental data, which
provides a level of confidence in both approaches, and
secondly to evaluate the sensitivity of the optical signals
acquired with different source-detector geometries on the
size and scattering contrast of the coagulated region and,
correspondingly, on the location of the photocoagulation
front with respect to the rectal wall.
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3.1 Comparison of experimental and
simulated data

Figure 5 shows representative plots of measurements and
the corresponding simulated data for the dependence of the
optical signal on the detector number when specific sources
were activated, and how this varies as the photocoagulation
front approaches the rectal wall. The specific cases shown
in Figure 5 are for contrast #3 at 850 nm when either source
S5 or source S7 was activated. As expected in both cases,
the detected signal falls off monotonically with increasing
source-detector distance, with the gradient being highest for
smallest separations. It can be seen that the measurements
and simulations show good agreement in how the detected
signal changes, both as the scattering anomaly grows (and
the posterior edge approaches the rectal wall) and as the
particular source-detector pairs are varied.

Figure 6 shows summary plots for 3 representative
anomaly sizes of the experimental vs. simulated signals
for all the data (42 in a set) at 850 nm for contrasts #1
(Figure 6A) and #3 (Figure 6B). Overall, the two sets of
data are in good agreement, but there is evidence of a sys-
tematic deviation at larger anomaly sizes.

This systematic difference is evident also in the
goodness-of-fit values presented in Tables 2 and 3, which
show that the agreement between the simulated and
experimental data is also best for the lowest scattering
contrast. Several possible reasons may explain this trend.
First, poor contact between the probe and rigid phantom
when performing measurements at several positions
may cause an increased measured signal. This potential
effect was only discovered during analysis after all data
were collected. There may also be a discrepancy between
the measured and true values of the optical properties
of the anomaly, the effect of which would become more
evident as the size of the anomaly increases: the meas-
ured signals are higher than predicted by the simulation,
which would suggest that either the optical attenuation of
the experimental anomaly is too low or that the limited
dynamic range of the instrument cannot measure the
expected attenuation. Also, since the optical properties
of the dilutions of 20% Intralipid® solutions were meas-
ured at only one wavelength (690 nm) and then calculated
for all respective wavelengths, any error in the use of Eq.
(1) would propagate. To determine the change in optical
properties required to match the measured and simulated
data, simulations were repeated using a range of optical
properties. Full agreement was achieved when the back-
ground absorption was 2x greater than the absorption
of the anomaly, significantly higher than the measured
contrast (~1:1) and beyond any measurement error in the
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Figure 5 Comparison of experimental data (left) and corresponding simulations (right) for the signal from each detector for contrast #3 at
850 nm when either source S5 (A, B) or source S7 (C, D) is activated. The lines are simply to guide the eye. The background values of optical
properties are for the homogenous phantom case, i.e., no scattering or absorption anomaly. Note that detector D3 was not functioning, so
that these data are omitted. The legend indicates the distance, d, of each anomaly to the outer rectal wall.
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Figure 6 Measured vs. simulated signals at 850 nm for 3 representative sized anomalies for contrast #1 (A) and contrast #3 (B). The legend
indicates the anomaly radius, r, while the line of equality is also plotted.

optical properties of the silicone phantom [36, 39]. The
limited mesh resolution (2 mm node-to-node distance)
may also contribute to the discrepancy; the large volume
required to model the experimental set-up limited the
resolution. Increasing the resolution for the same volume
would increase the number of nodes, but this was limited

in our case by the available computer memory. Alternative
probe configurations with smaller source-detector sepa-
rations and meshing algorithms that increase the node
density near the surface would reduce this effect. Regard-
less, the trends in the simulations are more consistent
with the expected physical behavior of the signal.
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Table 2 Error values for contrast #3 for increasing anomaly radius.

Wavelength Anomaly radius (mm)
(nm)

2 3 4 5 6 7 8
705 0.041 0.032 0.103 0.082 0.344 0.809 0.663
785 0.044 0.034 0.087 0.105 0.342 0.839 0.963
850 0.010 0.010 0.069 0.094 0.322 0.731 0.962

Table 3 Error values summed over all sizes of anomalies for each
wavelength and contrast.

Phantom Wavelength (nm)

705 785 850
Contrast #1 0.37 0.50 0.38
Contrast #2 1.50 1.90 1.69
Contrast #3 2.08 2.41 2.20

3.2 Sensitivity to the approach of the
photocoagulation front

Figure 7 shows the same measured and simulated data
depicted in Figure 6 for contrast #3 but now as relative
changes in signal. In Figure 7A, the relative change in
signal is plotted for anomalies of 2, 3, 5 and 8 mm radius
for all source-detector separations. For the r=2, 3 and
5-mm anomalies, the measured and simulated trends are
similar, although the magnitude of the changes does not
match (see above). The impact of poor probe-phantom
contact can be seen in the measured data for the r=8-mm

Change in signal (%)

Source-detector separation (mm)

exp 3 mm

sim 2 mm
sim 3 mm -20
exp 2 mm

exp 5 mm
exp 8 mm

sim 5 mm

sim 8 mm
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anomaly; here the measured data show a decreasing rela-
tive change as the source-detector separation increases
while the simulations show attenuation generally increas-
ing with larger separation. The same data set is plotted in
Figure 7B but as the anomaly increases in size and hence
as it approaches the rectal wall. Measurements at source-
detector separations of 20 and 22 mm are shown, while the
remaining lines show simulated results. In all cases, the
signal decreases by approximately 10% per mm. Despite
the discrepancy between the measured and simulated
signals in Figure 7A, the large change in signal as the
anomaly progresses towards the rectal wall indicates the
likely utility of the transrectal measurements for tracking
the evolution of the photocoagulation front.

The geometry of the above phantom measurements
and corresponding simulations is that the line of sources
and line of detectors are parallel to each other and to the
longitudinal axis of the prostate. This configuration is
designed to probe the whole prostate in which the short-
est source-detector separation, 20 mm, is larger than
the radius of any expected anomaly created by photo-
thermal therapy. Two alternative configurations (Figure
2B and C) were considered to examine their sensitivity
to the expanding coagulation front. In these configura-
tions, the source-detector separation ranges from 2 to
60 mm (Figure 4), with all sources and detectors lying on
the same line and with every active source-detector pair
symmetric to the same midpoint. As would be expected
for these geometries, the signal is strongest when the
source and detector lie directly opposite to one another,
i.e., when their separation is smallest, and falls rapidly

@ exp20 mm |
O sim 20 mm
4 exp 22 mm
(}'sim 22 mm
-80 | TFsim 36 mm
4\ sim 45 mm
= sim 63 mm

Change in signal (%)

6 5 4 3 2 1 0
Distance to rectal wall (mm)

Figure 7 Relative change in signal, as the photocoagulation anomaly approaches the rectal wall, for 850 nm and contrast #3.

Measured data (exp) are represented by solid lines and black symbols while simulations (sim) are represented by dashed lines and white
symbols. (A) Changes for 2, 3, 5 and 8 mm diameter anomalies as a function of source-detector separation. Identification of each set of data
is provided on the right of the figure. For the smaller anomalies, both measured and simulated data show greater attenuation with increas-
ing separation. For the 8-mm anomaly, poor contact between the probe and phantom surface generates an artifact of increasing signal
change. (B) Attenuation for each source-detector separation as the anomaly approaches the rectal wall.
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as the separation increases (as shown for the experi-
mental configuration in Figure 5). For any given source-
detector separation, the signal also falls monotonically
as the radius of the anomaly increases, but not in a
regular step-wise fashion: for small anomalies (r<3 mm)
there is little change in the signal, even for the closest
source-detector pair. In this case the fraction of detected
photons that pass through the anomaly is small, due
in part to its greater depth within the prostate. As the
scattering anomaly grows and approaches the probe
(i.e., towards the posterior edge of the prostate and the
rectal wall), the signal depend on size (and depth) of the
anomaly increases.

Figure 8A and C shows, for the transverse and lon-
gitudinal configurations respectively, the fractional
change in the detected signal with increasing source-
detector separation, as the scattering anomaly grows

J. He et al.: DOT to monitor the photocoagulation front during interstitial photothermal therapy
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larger and the photocoagulation front gets closer to the
DOT probe. Figure 8B and D shows the same data but
with signal changes plotted as a function of anomaly
size for different source-detector separations. These
plots essentially reflect how much of the diffuse light
field is intersected by the scattering anomaly. Where
this relative intersection is largest, the signal experi-
ences greater attenuation. At source-detector distances
in the range of 6-10 mm, the detected signal initially
increases as the lesion grows (Figure 8B and D) and
then sharply decreases when the distance between the
lesion and rectal wall reaches d=2 mm. At these dis-
tances, the primary diffuse field does not interact with
the small highly-scattering lesion; however the lesion
may also act as a partial diffuse reflector and increase
the signal. As the lesion grows into the diffuse field for
these distances, the signal is attenuated as it traverses
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Figure 8 Percent change in the detected signal relative to the signal with no anomaly (i.e., before the start of treatment) plotted for differ-
ent scattering anomaly sizes (2 to 8 mm) as a function of the source-detector separation (left) and the distance between the posterior edge
of the anomaly and the nearest surface of the rectal wall (right) for the source-detector separations listed in the legend. (A, B) Transverse
source-detector geometry, and (C, D) longitudinal geometry. Optical properties are for contrast #3 at 850 nm (see Table 1).
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the lesion. The increasing signal seen at small source-
detector separation is likely due to the increase in the
backscatter of light from the anomaly being greater than
the loss of light within it. Small anomalies (which are
also most distant from the probe) are essentially unde-
tected at small source-detector separations, since they
intersect a minimal portion of the diffuse light field.
Hence, it would require very high signal-to-noise ratio to
detect the initial growth of the scattering anomaly if this
lies deep within the prostate. Conversely, as the scatter-
ing anomaly becomes large and its posterior boundary
approaches the probe, the signal becomes extremely
sensitive to its growth, especially for the smaller source-
detector separations, since the light field is significantly
perturbed. From these plots, there are no striking differ-
ences between the transverse and longitudinal source-
detector configurations. The changes in relative signal
are larger (10-30%) for the longitudinal configuration,
since more of the anomaly falls within the diffuse field
for most source-detector pairs. The large change in
signal response at different source-detector positions
in these configurations as the lesion grows (as seen in
Figure 8B and D) raises the possibility to recover the
location of the posterior edge of the lesion boundary
without performing full tomographic reconstruction of
the lesion.

For the largest anomaly investigated here (r=8 mm,
corresponding to the photocoagulation front touching
the inner surface of the rectal wall, i.e., d=0 mm and
2 mm from the face of the DOT probe), the slope of the
signal vs. anomaly radius is ~8% per mm for contrast
#3 at 850 nm, similar to that observed with the experi-
mental configuration described above (~10% per mm).
Thus, it should be feasible to meet the clinical goal of
determining the position of the posterior border of the
coagulation zone within £~1 mm as the coagulation
approaches the posterior capsule of the prostate, espe-
cially if the scattering contrast due to photocoagulation
is high.

The changes in optical signal with increasing
anomaly size were generally invariant to the background
and anomaly absorption properties, as seen in Figure
9, where the background absorption of the background
tissue and anomaly is u =0.03 mm?, representing an
increase by a factor of five from the data depicted in
Figure 8. As with the low absorption data, at the longest
source-detector separations the rate of attenuation is
larger than with the lower absorption values. At shorter
source-detector separations, scattering effects dominate;
for 2 and 4-mm separations, the signal increases as the
photocoagulation anomaly nears the rectal wall, while
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for separations of 6-10 mm, the signal first increases
then decreases.

3.3 Optimal clinical configuration

While the three alternative DOT configurations showed
sensitivity to a growing coagulation lesion, each has
advantages and disadvantages in the clinical setting.
The experimentally tested configuration was originally
designed for whole prostate imaging [23-25]. With its large
field of view, lesion monitoring is relatively insensitive to
probe placement. However, its sensitivity to the lesion
growth is realized only as relative decrease in intensity.
The rate of attenuation is similar for all source-detector
pairs (see Figure 5), and hence this configuration loses
sensitivity as the lesion nears the rectal wall.

In contrast, the two simulated configurations (trans-
verse vs. longitudinal) using much smaller source-detec-
tor separations were especially sensitive to the lesion
approaching the rectal wall. Conceptually, the longitu-
dinal geometry samples along the length of the roughly
cylindrical coagulation lesion and so may be more sen-
sitive to misalignment of the probe with respect to the
shape and location of the coagulation zone. The trans-
verse geometry samples across the coagulation bound-
ary and so may be more sensitive to the placement of the
probe in the superior-inferior axis. It would also sample
only one transverse plane and could potentially miss the
lesion growing past the outer rectal wall in another trans-
verse plane. In practice, the probe could be placed at the
transverse plane where the distance between the treat-
ment fiber and the rectal wall is the smallest. Assembly
of a probe using the transverse geometry would be easier
than the longitudinal configuration, since optical fibers
could run parallel to the direction of the probe; in the lon-
gitudinal configuration, fibers would need to curve into
a single longitudinal line. The ideal probe may be one
that combines elements of both geometries by probing,
for example, three transverse planes separated by several
millimeters.

4 Conclusions

In conclusion, phantom experiments were performed
using an existing CW-TRDOT system and correspond-
ing numerical simulations. Some systematic differ-
ences between the experiment and simulation were
observed that are likely related to inaccuracy in the
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Figure 9 Percent change in the detected signal relative to the signal with no anomaly (i.e., before the start of treatment) plotted for differ-
ent scattering anomaly sizes (2 to 8 mm) as a function of the source-detector separation (left) and the distance between the posterior edge
of the anomaly and the nearest surface of the rectal wall (right) for the source-detector separations listed in the legend. (A, B) transverse

source-detector geometry, and (C, D) longitudinal geometry. Scattering properties are identical to those used in Figure 8, while absorption

was increased by a factor of five tou,=0.03 mm.

determination of the phantom optical properties used
as input to the simulations or measurement artifacts
caused by unreliable contact of the probe with the rigid
phantom surface. Despite this, the agreement between
experiments and modeling gives confidence that both
are functioning as intended and that meaningful con-
clusions can be reached regarding the use of TRDOT
towards monitoring the photocoagulation front during
PTT of focal prostate cancer. In some respects making
in vivo measurements in patients may be more reli-
able than in solid phantoms, since in vivo the rectum
will tend to collapse around the probe, ensuring good
optical contact. In this study the optical properties of
prostate and rectum were assumed to be identical and
homogeneous. In the clinical setting, the optical prop-
erties of each organ will need to be estimated prior to
the actual treatment. It was also found experimentally

that rigorous protocols are required for the DOT system
calibrations in order to minimize the effects of varia-
tions in light delivery and detection.

Finally, the observation/prediction that there is a
substantial change in the optical signal as the scattering
anomaly grows, and particularly as it approaches the DOT
probe face, is encouraging, since it suggests that TRDOT
measurements will be able to monitor the posterior bound-
ary of the photocoagulation zone with sufficient accuracy
(within 1 mm) for treatment monitoring and guidance. It
is also apparent that optimizing the probe design for this
specific clinical application is critical in order to achieve
personalized treatment delivery, and is likely different
from the design for whole prostate tomography as used
for cancer detection [24].

The next phase of this work is to complete construc-
tion of a prototype clinical system and to test it in vivo in



DE GRUYTER J. He et al.: DOT to monitor the photocoagulation front during interstitial photothermal therapy =——— 253

a large animal model before translating to first in human
trials during PTT.
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