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Clinical system for interstitial photodynamic
therapy with combined on-line dosimetry measurements

Marcelo Soto Thompson, Ann Johansson, Thomas Johansson, Stefan Andersson-Engels,
Sune Svanberg, Niels Bendsoe, and Katarina Svanberg

A system for interstitial photodynamic therapy with 8-aminolaevulinic acid and multiple optical fibers
has been developed. The system enables photodynamic treatment of large embedded tumor volumes and
utilizes real-time measurements to allow on-line dosimetry. Important parameters such as light fluence
rate, sensitizer fluorescence intensity, and changes in local blood oxygen saturation are measured with
the same fibers that deliver the therapeutic light. Data from the first clinical treatments on nodular basal
cell carcinomas indicate a major treatment-induced light absorption increase, rapid sensitizer photo-
bleaching, and a relatively constant global tissue oxygen saturation level during the treatment. © 2005

Optical Society of America
OCIS codes:

1. Introduction

As malignant diseases continue to plague humanity,
much effort is put into trying to develop new and
better treatment modalities. One such method is pho-
todynamic therapy (PDT).1-3 PDT relies on the appli-
cation of a photosensitizer (or its precursor) followed
by the activation of the photosensitizer with light.
The activated sensitizer will react with the oxygen
present in the tissue forming highly toxic radicals
and will induce tissue necrosis or apoptosis. Since
most photosensitizers will accumulate to a higher
extent in malignant tissue than in healthy tissue, the
treatment targets the malignancies while sparing the
surrounding healthy tissue. The introduction of
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d-aminolaevulinic acid (ALA) as a sensitizer precur-
sor, inducing protoporphyrin IX (PpIX) as a sensitiz-
ing agent, has led to a substantial increase in the
clinical acceptance of the method, especially for some
types of skin lesion where ALA PDT now can be
considered the treatment of choice.4-?

Use of PDT is usually considered to be limited to
thin (<3 mm) superficial lesions or lesions accessible
through body cavities. Thus, in an effort to extend the
possible indications for PDT, we present a system for
interstitial PDT (IPDT), where thick or embedded
tumors are treated using optical fibers inserted into
the tumor. IPDT has been pursued for many indica-
tions, for example, prostate,10 liver,!! and pancreatic
cancer'?; and in this clinical or preclinical work it has
been stated that the main drawbacks of the method
as applied today are the limited light penetration and
the lack of a more precise light dosimetry. A special
aspect of the work performed in our group is to use
the optical fibers not only to deliver the therapeutic
light but also to perform optical measurements to
assess parameters of therapeutic interest and to
monitor the treatment progression. Examples of such
parameters are tissue oxygenation, light fluence rate,
and sensitizer fluorescence. The basic concept has
been previously described in more detail elsewhere!3
and is schematically shown in Fig. 1. The develop-
ment of this concept has been pursued in incremental
steps415 with promising experimentall® and clinical
results.1?

In the previous system!4 it was possible to measure
the therapeutic light flux in the lesion but the system
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Fig. 1. Schematic diagram of an interactive system for IPDT.

construction did not allow the measurements of other
parameters. The sensitizer fluorescence was in that
case assessed by using a separate fluorosensors.1?
with a separate measurement fiber. The novel ap-
proach?° reported in the present paper enables us to
perform light flux as well as sensitizer fluorescence
and oxygenation monitoring through the same fibers
that deliver the therapeutic light.

In Section 2 the construction of the new interactive
system is described, followed by a presentation of the
implementation of the dosimetry calculations and the
measurements of therapeutic interest. Finally, re-
sults from the first clinical application of the new
system are presented, and future development to-
ward a fully interactive system for IPDT is discussed.

2. System Description

A. Hardware Overview

The equipment is controlled by a laptop computer
with a custom-made program based on LabVIEW
(National Instruments, Austin, Texas). As shown in
Fig. 1, the central part of the system consists of a light
distribution module that determines whether the sys-
tem is running in therapeutic mode or measurement
mode. The system (except the computer) is enclosed
in a clinically compatible case measuring 30 cm X
43 cm X 21 cm (length X width X height) and weigh-
ing 12 kg (see Fig. 2).

The light distribution module consists of two metal
disks positioned at close proximity on a common axis
(see Fig. 3). One of the disks can be rotated on the axis
and has six fiber ports hexagonally placed at a fixed
distance from the axis. These fiber ports have con-
nectors where the patient fibers are attached. The
fixed disk has a similar set of fiber ports, with the
therapeutic light sources attached, facing the ports
on the turnable disk. During the therapeutic mode,
the light from the fiber-coupled light sources can be
directly transmitted through the light distribution
module into the patient fibers in a highly efficient
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Fig. 2. System as seen in a clinical treatment situation and sys-
tem overview during calibration.

way. The maximum therapeutic output power dis-
tributed on the six patient fibers is approximately
1.2 W. These fibers have a core diameter of 400 pm,
a numerical aperture of 0.22, and an outer diameter
of 0.88 mm. Before each treatment session, the pa-
tient fibers are calibrated to emit equal output pow-
ers while in therapeutic mode.

For the measurement mode the turnable disk is
rotated 30 deg. The fiber ports on the turnable disk
now face another similar set of fiber ports on the fixed
disk. Now the light distribution module serially cou-
ples one of up to three measurement light sources (in
our case two) into one of the patient fibers, as shown
in Fig. 4. These light sources are selected with a
coupling unit that can be of a similar construction as
the main light distribution module. The two light
sources used are a diode laser at 635 nm and a light-
emitting diode covering the wavelength interval from
750 to 800 nm. The third light source (not imple-
mented) might, for example, be a violet diode laser
emitting light at 405 nm to monitor the PpIX fluo-
rescence before the therapeutic irradiation starts,
which would enable the possibility to interactively
insert the fibers where the PpIX concentration is the
highest. The mechanism behind the light distribution
modules is stable enough to allow for accurate repo-
sitioning, which means that the output power in each
of the six patient fibers while in diagnostic mode is

Patient

fibers

Fig. 3. Interactive IPDT system shown in the treatment mode.
The disks in the light distribution module are placed in close
proximity (here drawn apart) to each other on a common axis (not
shown). The therapeutic light is coupled through the disks into the
patient fibers. The components used in the measurement mode
were omitted for clarity.
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Fig. 4. Interactive IPDT system shown in the measurement
mode, assessed by rotating the turnable light distributor disk 30
deg with respect to the disk position for treatment. Nonactive
measurement light sources are shown in gray. The active light
source is coupled into one patient fiber while the other five patient
fibers collect the tissue response back into the spectrometer. By
rotating the turnable disk in steps of 60 deg, all patient fibers can
be made to act as transmitters for the individual light sources. The
therapeutic components were omitted for clarity.

similar (+10%). The measurement light interacts
with the tissue and is collected by the other five pa-
tient fibers. This light is guided back through the
light distribution module that now redirects the light,
by way of the measurement detection fibers, onto the
entrance slit of an imaging spectrometer. The detec-
tion fibers are aligned linearly along the entrance slit
of the spectrometer, and the collected light can there-
fore be resolved as five individual signals for each
light source. After collecting a signal with sufficient
signal-to-noise ratio from each light source, the light
distribution module shifts the transmitting mea-
surement fiber to each and every one of the patient
fibers. The resulting number of data sets for every
measurement session is 60 (2 light sources X 5
detection fibers X 6 excitation fibers). One full mea-
surement session lasts for approximately 45 s.

B. Dosimetry Calculations

The fluence rate ¢(r) in the treatment volume is de-
termined by solving the steady-state diffusion equa-
tion2!:

V2H(r) — ped(r) = X S(r)), (1)

where g = [3pa(e + 1s')]"?; here u, and ' are the
effective attenuation, absorption, and reduced scat-
tering coefficients (see Table 1).22 The source term
2.S(r;) is modeled as isotropic point sources, denoted
by the index i. In the case of superficial lesions, the
extrapolated boundary condition is used to solve Eq.

Table 1. Optical Parameters of Normal Tissue and Tumor Used

Ha p‘s,
Tissue Type (cm™) (ecm™)
Normal 0.16 12.0
Tumor 0.31 124

(1).23 A commercial program (FEMLAB, Comsol, Swe-
den) is used to model the fluence rate distribution
with the finite-element method. The tumor geome-
tries are approximated with either ellipsoids or flat
cylinders with an elliptical cross section. To give a
fluence rate distribution within the tumor that is as
homogeneous as possible, while sparing normal sur-
rounding tissue, the fibers are placed in either one or
two planes depending on the tumor thickness and at
a distance from the tumor center of approximately
7/10 of the tumor radius. This distance has been
determined by maximizing the fluence rate, as given
by the analytical solution of the diffusion equation in
an infinite homogeneous medium, at the boundary of
an ellipsoid. On the basis of the fluence rate distri-
bution, the absorbed dose throughout the tumor vol-
ume is calculated. With a threshold (15 J/cm ) for
the absorbed light dose considered sufficient to in-
duce cell necrosis, an estimate of the necessary treat-
ment time is calculated.’* This prediction is
dependent on fiber positions, tissue optical proper-
ties, and choice of threshold for the absorbed light
dose.

C. Treatment Monitoring Measurements

As described above, the treatment is repeatedly in-
terrupted to perform measurements to monitor the
treatment. First, the fluence rate at 635 nm of the
light emitted by each fiber is measured at the tip of all
the other fibers. This measurement monitors the
transmittance of the tissue during the treatment.
Drastic changes in light transmission as a conse-
quence of, e.g., blood coagulation or bleeding at the
fiber tips can then be detected and an insufficient
treatment may thus be prevented. The measure-
ments make it also possible to compensate for
treatment-induced variations in light transmission.
Second, the sensitizer fluorescence at 705 nm in-
duced by the measurement light source at 635 nm
and its characteristic photobleaching are monitored
during the treatment.2¢ The final parameter mea-
sured is the oxygen saturation level S, defined as

 [HbOy
So, = [Hb] + [HbO,I" @

with [HbO,] and [Hb] denoting the oxyhemoglobin
and deoxyhemoglobin concentrations, respectively.
Assuming that hemoglobin is the main absorbing tis-
sue constituent, the absorption coefficients at 760 and
800 nm can be written as??

e’ o efpy [Hb] + ffyo, [HbO,],

e’ o ey [Hb] + £, [HbO,], 3
where & is the extinction coefficient of species i at
wavelength X. By utilizing Egs. (2) and (3), the oxy-
gen saturation can eventually be expressed as
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utilizing that the extinction coefficients of Hb and
HbO, are equal at the isobestic point at 800 nm.25
Using the second diagnostic light source, the overall
absorption can be monitored in the spectral interval
between 750 and 800 nm. The fluence rate from the
source fiber is approximated by the analytical solu-
tion to Eq. (1) for a point source in an infinite me-
dium:

P u'effZ

b(r) = 4w, r

exXp(— et ), (5)

where P is the power irradiated by the source fiber.
By measuring the fluence rate with several detection
fibers at different distances from the source fiber and
fitting a curve to the measured values, p.+ can be
extracted both for 760 and 800 nm. Finally, by form-
ing the ratio

(MZ?fO)2 B IJJZ60(|J“ZGO + H’,ZGO) B M/ZGO “‘ZGO (6)
800 . 800/, 800 /800y . 1800 . 8007
Meeff Mo (p“a + M s ) Ms Wa

and inserting this into Eq. (4) we can calculate the
oxygen saturation level. The last step in Eq. (6) is
valid under the assumption that the reduced scatter-
ing coefficient is much larger than the absorption
coefficient. The ratio of the reduced scattering coeffi-
cients can be calculated by assuming the following
wavelength dependence of the tissue scattering2é:

“’s’ o )\71.11. (7)

On the basis of the result of the latter measurement,
a fractionized irradiation might be necessary to allow
for an increased oxygen inflow to the treated region.
The oxygenation data evaluation method is similar to
the method used for a commercial product by
Hamamatsu, C7473-36, in the sense that they both
explore the absorption imprint of hemoglobin on the
transmitted signal.

3. Patients

A total of ten treatments in eight patients were per-
formed. The patients treated had histopathologically
verified nodular basal cell carcinomas and were re-
ferred to the oncology clinic at the Lund University
Hospital, Lund, Sweden. The clinical motivation of
the study was to reduce the tumor volume prior to
surgery or other conventional treatment. The study
was performed with approval of the local ethics com-
mittee. At the time of treatment the tumor geometry
was determined visually and by palpation by an ex-
perienced oncologist. The lesion was photosensitized
by mixing ALA (MEDAC GmbH, Hamburg, Ger-
many) into an oil-in-water emulsion (Essex Cream,
Schering Corp., Kenilworth, New Jersey) to a concen-
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tration by weight of 20%, which was applied to the
lesion 4—6 h before the therapeutic irradiation. The
lesion was prepared according to clinical praxis by
disinfecting the treatment area and subsequently ad-
ministering Xylocain (AstraZeneca, Sodertilje, Swe-
den) subcutaneously as anaesthetics. The sterilized
fibers were inserted and subsequently fixed in a
holder that in turn was attached to the patient
stretcher.

4. Results

To show the capability of the instrument to measure
parameters of therapeutic importance, typical data
from an 80-year-old patient with a basil cell carci-
noma are presented as a case study. The geometry of
the lesion was found to be approximately cylindrical
with a diameter of 14 mm and a depth of 3 mm. An
output power of 75 mW for each of the six patient
fibers resulted in an initial estimated treatment time
of 400 s.

A. Light Fluence

In Fig. 5 the fluence rates at 635 nm as measured
during the treatment are shown. To clearly resolve
changes in the light transmission despite the differ-
ent magnitudes of the detected signals from the var-
ious fibers, all signals were normalized to their
respective initial value. In Fig. 5(a) treatment fiber 1
acts as the light transmitter and fibers 2—6 serve as
detectors. In Figs. 5(b)-5(f) the light transmitter is
fibers 2—6, respectively.

It can be seen that the light transmission between
the fibers decreases during the treatment, and a sim-
ilar trend was established during all but two treat-
ment sessions. In some cases this transmission
decrease is much more pronounced, as can be seen in
fiber 3 in Fig. 5(f). This fiber was characterized by a
significantly lowered transmission as compared with
the other fibers during the entire treatment, al-
though the magnitudes of the detected and transmit-
ted signals were not significantly lower than the
other transmission signals. This decrease could pos-
sibly be explained by either some local inhomogene-
ity, for example, a blood vessel, or that the distance
between this fiber to the others was much larger than
the distance between the other fibers. Hemorrhage at
the fiber tip was not believed to cause this particular
transmission decrease since blood pooling would have
significantly decreased the magnitude of the trans-
mission signal.

The six treatment lasers were turned off after 400 s
at the predicted treatment time; however, the fluence
rate, sensitizer fluorescence, and oxygenation mea-
surements were carried out for another 320 s. Ac-
cording to, e.g., Fig. 5(b), some regions show a slight
reversal of the treatment-induced absorption in-
crease after the therapeutic irradiation has ended.

Assuming that the transmission changes are due to
changes in tissue optical properties, the degree of
transmission decrease depends on the interfiber dis-
tances. This is also reflected in Figs. 5(a)-5(f) where
signals between fibers with the largest separations
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Fig. 5. Fluence rate at 635 nm as measured during the treatment.
The time interval between measurement sequences was 30 s for the
first 90 s of treatment; thereafter measurements were performed
every minute up to an effective treatment time of 720 s. The end of
the therapeutic irradiation is indicated by the dashed line.

show a more marked transmission decrease. If only
including neighboring fibers, positioned in such a
way that the interfiber distances are equal, the aver-
age transmission decrease was found to be 39% for
this particular patient. A significant transmission de-
crease was found in seven of nine treatment sessions,
where the significance was tested using a one-sided
Student’s ¢-test (P < 0.02). The average transmission
decrease was 24% when taking into account data
from nine treatment sessions, although an average
decrease of 60% was found during one treatment ses-
sion. Data from one of the treatment sessions were
excluded from the analysis since the optical fibers lost
their positions when the patient started coughing.

B. Sensitizer Fluorescence

The sensitizer fluorescence, induced with 635 nm
light, measured at 705 nm as a function of the treat-
ment time is shown in Fig. 6. The detected signals
measured in each and every fiber were individually
normalized to their respective initial value. Figure 6
shows the average of these normalized signals be-

Normalized fluorescence

0 ' ' 400 ' 700
Treatment time (s)

Fig. 6. Average of the normalized sensitizer fluorescence signal
(*xSD) at 705 nm during treatment. The therapeutic irradiation
was turned off after 400 s, indicated by the dashed line.

tween neighboring fibers with the error bars denoting
standard deviations (SDs). The reason for including
only the fluorescence signal as measured in between
nearby fibers is to obtain a photobleaching curve that
is not influenced by the varying fiber separations.
Note that the absorption increase as seen in Subsec-
tion 4.A was not compensated for when we plotted
this average fluorescence signal.

The fluorescence level decreased to 22% of the ini-
tial signal for this particular treatment session, as
compared with an average decrease to 15% of the
initial level for the nine completed treatments.

C. Tissue Oxygenation

The final parameter monitored during the treatment
is the local tissue oxygenation, and the average oxy-
gen saturation level (+SD) during the treatment ses-
sion is shown in Fig. 7. The vertical dashed line at
400 s indicates the time point when the therapeutic
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Fig. 7. Tissue oxygenation (£SD) as a function of the treatment
time as measured during one treatment. The therapeutic irradia-
tion was turned off after 400 s, indicated by the vertical dashed
line. The horizontal dashed line indicates the 50% tissue oxygen
saturation level.
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irradiation was turned off, whereas the horizontal
dashed line marks the 50% oxygen saturation level.

Data from all treatment sessions show that the
average initial oxygen saturation level was 77% and
no significant changes could be observed, apart from
an indication of a small initial fast reduction, during
the treatments. The significance level was tested us-
ing a Student’s ¢-test at significance level P = 0.01.
Lesions located in the face displayed slightly higher
oxygenation levels than those located on the lower
extremities, although these differences were not sig-
nificant.

5. Discussion

PDT relies on the presence of three components:
light, sensitizer, and oxygen; and in this study much
effort has been put into monitoring these parameters
in parallel to the treatment session to supervise and
hopefully in the future be able to control the treat-
ment progression. Here we describe the implementa-
tion of a system for IPDT using up to six treatment
fibers for light delivery. The same fibers can be used
for real-time monitoring of the fluence rate, the sen-
sitizer fluorescence, and the tissue oxygenation al-
lowing for on-line treatment supervision. In addition,
by the monitoring of these parameters, possible cor-
relations can be studied, which might add useful
knowledge in the field of cancer treatment by means
of PDT. One example of such a correlation is the
higher rate of initial PpIX photobleaching in well-
oxygenated tissue regions, a process that supports
the idea of an oxygen dependence of the sensitizer
bleaching.2? Since a stable oxygen supply promotes
an effective PDT treatment, other groups have pro-
posed monitoring of the sensitizer fluorescence as a
possible real-time treatment feedback.2* Soumya and
Foster have shown a 3- to 15-fold increase in light
penetration at 630 nm when comparing a hypoxic to
a well-oxygenated tissue phantom containing human
erythrocytes, an effect that is explained by the stron-
ger absorption of deoxyhemoglobin as compared to
oxyhemoglobin at 630 nm.28 This result implies that
there is a strong connection between oxygen satura-
tion level and tissue transmission. Conversely, a high
fluence rate leads to oxygen depletion,?® which in
turn affects the photobleaching rate.

Addressing the fluence rate measurement, a signif-
icant absorption increase was found in seven of nine
treatment sessions. Other groups have also reported
on treatment-induced light transmission decrease in
tissue during PDT. Chen et al. have observed 40%—
80% reduction in fluence rate in normal canine pros-
tate and give alterations of the local blood flow and
perfusion as possible explanations.3? Using an inte-
grating sphere measurement setup, Nilsson et al.
found a 60%-100% increase in the absorption coeffi-
cient after PDT of normal rat muscle sensitized with
ALA-induced PpIX.31 These authors argue that the
increase in tissue absorption is due to damage to the
tissue microcirculation. Other explanations include
local hyperthermia, bleeding at the fiber tips,32 and
tissue deoxygenation as a consequence of the oxygen
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consumption by the photodynamical reaction.28 Fur-
ther evaluation of our data indicates that the light
transmission changes are in fact due to tissue deox-
ygenation and changes in blood volume, and these
results will be part of a future publication.33

The PDT-induced absorption increase causes the
delivered light dose at the end of the treatment to fall
below the calculated threshold dose and therefore
prevents the peripheral tumor regions from being
fully treated. On the basis of the dosimetric measure-
ment, an interactive treatment could easily be imple-
mented by prolonging the treatment time or
increasing the fiber output power to compensate for
the decreased light penetration. It should also be
mentioned that, although the observed transmission
decrease is present in all but two patients treated so
far, the degree of transmission decrease varies on an
interpatient basis. It is therefore necessary to moni-
tor these changes during each individual treatment
session and adjust the treatment parameters accord-
ing to the measurement results.

Monitoring the sensitizer photobleaching is of
course essential, since according to Robinson et al.27
and Boere et al.3* a strong correlation exists between
the initial sensitizer photobleaching rate and the
treatment outcome. This signal could be of impor-
tance for early-stage treatment feedback, but exactly
how the treatment should be modified as a result of
this information has to be studied in more detail. One
should note that our indirect method of monitoring
the tissue oxygen saturation assumes that there is a
connection between the concentration of free oxygen
molecules and the oxygenation level of the tissue.35

Results from all treatment sessions show no signif-
icant variations in tissue oxygen saturation, although
a small initial decrease in oxygenation could be ob-
served in all patients. The evaluation method of the
near-infrared spectra is based on determining the
effective absorption coefficient by means of spatially
resolved spectroscopy and therefore relies on signals
measured between all possible fiber combinations.
This means that the light transmission is measured
across the entire tumor geometry, which involves
large source—detector separations and the signals
can therefore be used only for determination of the
global tissue oxygen saturation. Oxygen depletion is
a local process and initially occurs close to the fiber
tip, where the fluence rate is highest. Curnow et al.3¢
and Woodhams et al.37 have shown that, close to the
source fiber, the photodynamic reaction induces a
dramatic decrease of the oxygen saturation as mea-
sured either by means of tissue oxygen pressure (p,,)
or visible light spectroscopy. When increasing the
source—detector separation, this effect was less obvi-
ous and no changes were observable for source—
detector separations of 3 mm or larger for continuous
irradiation at 100 mW. Comparing continuous with
fractionated irradiation, a significant decrease in ox-
ygen saturation level was found only where the de-
tection point fell within the area of necrosis. The
authors speculate whether the light delivery condi-
tions can be optimized based on real-time oxygen



monitoring, leading to improved treatment outcome.
The herein proposed global method of data evalua-
tion might explain the lack of significant changes in
measured tissue oxygen saturation since data eval-
uation is based on source—detector separations of
5—8 mm. Possibly, the treatment time or fiber output
power was not sufficient to induce necrosis in the
entire interfiber volume. Furthermore, the large
source—detector separation makes the method sensi-
tive to tissue inhomogeneities. Data evaluation based
on single fiber pairs gives a more local measure of the
tissue oxygen saturation and will be part of a future
publication.33 The oxygen saturation level reported
here, which might be described as an average over
the entire tumor volume, is in agreement with oxy-
genation baseline levels reported on by others.26 The
lower limit for the tissue oxygenation for an effective
treatment is an issue that has been debated in both
PDT and radiotherapy.”-3® Using the instrument re-
ported here, this will be a question that we will ad-
dress in future work.

The calculation of the tissue oxygenation level as
well as the derivation of changes in tissue optical
properties that are consistent with the light trans-
mission changes depend on the exact positioning of
the fibers. Knowledge of the exact fiber positions
would avoid this source of error and make the data
evaluation more stable. Ultrasound monitoring has a
high enough spatial resolution to detect the optical
fiber tips, and this mode of guiding and determining
the fiber positions is already in use in IPDT of the
prostate.32:40 Ultrasound guidance during fiber inser-
tion is therefore an attractive possibility for future
treatment sessions.

The evaluation of the oxygen saturation signal as-
sumes that deoxyhemoglobin and oxyhemoglobin are
the only tissue constituents whose absorption might
change during the treatment session. The observed
absorption increase might be influenced by concen-
tration changes of other tissue chromophores, such as
water resulting from treatment-induced oedema.

The oxygen saturation signal can be used to mon-
itor the possible need of a fractionated irradiation.
Because of the introduction of the measurement se-
quences that interrupt the therapeutic irradiation,
some irradiation fractionation with dark intervals of
45 s is already implemented. Fractionated irradia-
tion enables some reperfusion of the treatment vol-
ume and has been shown to increase treatment
response.*! Therefore these signals are important for
improvement of the treatment outcome. Future work
includes implementing such therapeutic feedback
based on real-time data analysis of the monitoring
measurements to make the treatment truly interac-
tive. Transmission changes, which might affect the
tissue volume being treated, can easily be followed
and compensated for by changing treatment time or
fiber output power. When six patient fibers are used,
the fluence rate measurements as exemplified in Fig.
5 result in 30 light transmission signals since five
fibers are used to detect the transmitted light from
one source fiber, and this procedure is repeated for all

six patient fibers. This set of light transmission sig-
nals can also be used for low-resolution tomography
of the flux in the tissue being treated.42 Likewise the
30 fluorescence and 30 white-light penetration data
sets will be used to construct a tomographic presen-
tation of sensitizer and oxygen levels, respectively.

Using the light transmission signals between pa-
tient fibers, it is possible to calculate the tissue effec-
tive attenuation coefficient for each individual
patient. In the future, this information could be used
as input to the light distribution modeling performed
prior to the therapeutic light delivery, resulting in a
more accurate treatment time prediction.

For the possible use of other sensitizers, it is easy
to replace the six therapeutic laser diodes with units
of a suitable wavelength. Furthermore, by use of the
option of a third diagnostic light source, flexibility for
inducing fluorescence in a large variety of sensitizers
is maintained.

6. Conclusion

We have reported on the construction of a system for
IPDT of solid tumors, and the initial clinical results
have been presented. Future work will involve imple-
menting a full model for interactive treatment based
on the real-time monitoring of fluence rate, sensitizer
fluorescence, and blood oxygenation. Also, improving
the fiber positioning system with ultrasound guid-
ance, several other indications, for example, lesions
in the gastrointestinal tract, lie within the foresee-
able future of this system.
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