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Abstract. The objective of this study was to evaluate the
performance of a dedicated light applicator for light deliv-
ery and fluence rate monitoring during Foscan®-mediated
photodynamic therapy of nasopharyngeal carcinoma in a
clinical phase /Il study. We have developed a flexible sili-
cone applicator that can be inserted through the mouth
and fixed in the nasopharyngeal cavity. Three isotropic
fibers, for measuring of the fluence (rate) during therapy,
were located within the nasopharyngeal tumor target area
and one was manually positioned to monitor structures at
risk in the shielded area. A flexible black silicon patch
tailored to the patient’s anatomy is attached to the appli-
cator to shield the soft palate and oral cavity from the
652-nm laser light. Fourteen patients were included in the
study, resulting in 26 fluence rate measurements in the risk
volume (two failures). We observed a systematic reduc-
tion in fluence rate during therapy in 20 out of 26 illumi-
nations, which may be related to photodynamic therapy-
induced increased blood content, decreased oxygenation,
or reduced scattering. Our findings demonstrate that the
applicator was easily inserted into the nasopharynx. The
average light distribution in the target area was reasonably
uniform over the length of the applicator, thus giving an
acceptably homogeneous illumination throughout the
cavity. Shielding of the risk area was adequate. Large in-
terpatient variations in fluence rate stress the need for in
vivo dosimetry. This enables corrections to be made for
differences in optical properties and geometry resulting in
comparable amounts of light available for Foscan®

absorption. © 2006 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.2338009]
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1 Introduction

Currently, we are investigating the feasibility of using meta-
tetrahydroxyphenyl chlorin (Foscan®)-mediated photody-
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namic therapy (PDT) for nasopharyngeal carcinomas (NPC)
as an alternative or additional treatment modality to current
treatment protocols using combined chemotherapy, radio-
therapy, and brachytherapy.

The few published studies of PDT for nasopharyngeal can-
cer show a very variable clinical outcome. In studies where
nasopharyngeal carcinomas were included in a larger series of
head and neck cancers, light dosimetry was not systematically
employed and treatment parameters varied per patient.l’3
Other studies used manual positioning of the laser light
through an endoscope.*” The only example in the literature
with a systematic approach to light delivery is from Lofgren
et al.’ using the photosensitizer Photofrin. They used a spe-
cially developed rigid light delivery system that is inserted
through the nose into the nasophanryngeal cavity with a beam
deflector (mirror) at the distal end to direct light upward. Re-
sults from five patients were reported with variable clinical
results. All published studies used the first-generation photo-
sensitizer Photofrin or hematoporphyrin derivative (HpD).
The side effect of long-term generalized photosensitization
induced by this drug, combined with the variable outcome of
tumor response, resulted in the cessation of these studies. We
believe that the previous attempts to perform PDT in the na-
sopharynx were all hampered by inadequate light delivery due
to the difficult accessibility of the nasopharyngeal cavity. This
seriously decreased the clinical effectiveness of these prelimi-
nary clinical experiments.

The nasopharyngeal cavity is located behind the septum
and above the soft palate; it can be accessed through the nose
or the oral cavity. Previously, we developed a flexible silicone
device, the Rotterdam nasopharynx applicator’ (RNA), to ac-
curately position brachytherapy sources via the nose. Based
upon this RNA concept, an applicator was developed to facili-
tate an accurate, controllable, and reproducible approach to
the delivery and monitoring of light in the nasopharyngeal
cavity. The applicator was successfully evaluated in optical
phantoms and volunteers.® Controlled light delivery is essen-
tial for local control of the tumor, while limiting PDT-induced
tissue damage to critical structures. In vivo monitoring of the
fluence rate is also essential because in hollow organs the
actual fluence rate at the tissue surface is strongly increased
due to reflections and backscattering from the tissue. This
fluence rate amplification within a hollow cavity varies
strongly with its shape and tissue optical properties and has
been reported to be as high as a factor of 7.5 for the bladder.”
In situ fluence rate measurements in other PDT applications—
such as the bladder, the oesophagus,10 the oral cavity,11 the
thoracic cavity,]2 and the tracheal3—emphasized the need for
dedicated light delivery systems with an integrated in situ
fluence rate measurement. Such an approach may contribute
significantly to a standardization of clinical response and a
decrease in complications due to overtreatment. Furthermore,
fluence rate measurements can also reflect tissue changes in
physiology as a direct result of PDT-induced tissue damage
during treatment. Different fluence rates can also have a dra-
matic influence on the physiological response to PDT.

In this study, in vivo fluence rate measurements were con-
ducted during a phase I/II study with the primary aim of low-
ering the drug dose and reducing the drug light interval in
order to reduce the duration of skin photosensitization and
hospitalization. Patients were divided into two drug-dose
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(DD)—drug-light-interval (DLI) groups. For group 1, the DD
equals 0.15 mg/kg and the DLI is 96 h as recommended for
the treatment of squamous cell carcinoma of the head and
neck."*™"" For group 2, the DD is 0.10 mg/kg and the DLI is
48 h to investigate the PDT response and the time course of
skin photosensitivity. These clinical data will be presented
elsewhere.

Here we report on the effectiveness of shielding by the
applicator in the risk areas, such as the soft palate, tongue, and
tonsils. We also report on fluence rate measurements in the
tumor target area to investigate interpatient variations, the flu-
ence rate distribution in the nasopharyngeal cavity, and PDT-
induced changes in fluence rate during Foscan®-mediated
PDT.

2 Materials and Methods

Five patients were initially treated in a pilot study at the Neth-
erlands Cancer Institute with good clinical results. Due to the
much higher incidence of NPC in Indonesia, the multicenter
phase I/II study was subsequently carried out in Indonesia at
the ear, nose, and throat (ENT) departments of the Dr. Sardjito
Hospital in Yogyakarta and the Dr. Cipto Mangunkusumo
Hospital in Jakarta.

2.1 Applicator

The applicator is depicted in Fig. 1(a) and the applicator with
respect to anatomical locations is schematically shown in Fig.
1(b). The nasopharynx PDT applicator consists of two
220-mm long silicone tubes positioned through the nasal cav-
ity, covering the nasopharynx up to the upper part of the
oropharynx. Both tubes were interconnected at the distal end
by a small silicone bridge, which abuts proximally to the na-
sal septum and approximates the shape of the nasopharyngeal
cavity.” The lateral distance between the tubes is 16 mm. The
applicator bridge is made out of medical grade silicone (Me-
proplastik, Biotool, Hengelo, The Netherlands) and remains in
situ for the duration of the treatment (approximately 30 min).
The bridge is perforated with two 5-mm holes to enhance
flexibility. The inner diameter of the two silicone tubings (o.d.
6 mm, i.d. 4 mm, Barendrecht, The Netherlands) can accom-
modate a standard flexible implant tube (o.d. 6 F, Nucletron,
Veenendaal, The Netherlands) for improved guidance of the
isotropic probes. Furthermore, both silicon tubes house addi-
tional black tubes for guidance and shielding of the cylindri-
cal diffusers, these shielding tubes end at the point where the
bridge is in contact with the septum. This enables variable
diffuser lengths to be used without adjustment of the laser
output power; thus diffuser lengths are tailored to individual
patients preventing light from entering the nasal cavity. A
removable flexible black silicon patch is applied to protect the
whole soft palate and prevents light from entering the oral
cavity. The black patch can also be tailored to fit the patient,
depending on the oronasopharyngeal dimension. A 60-mm or
40-mm cylindrical diffuser (Biolitec, Bonn, Germany) con-
nected to a single port 652-nm 2 W diode laser (Ceralas PDT,
Biolitec, Bonn, Germany) was used as the light source.

2.2 Dosimetry

The dosimetry device is constructed out of a 19-in. chassis
with universal ac power supply (PXI-1045 18-Slot 3U, Na-
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Fig. 1 Basic shape of the nasopharyngeal light applicator device and
(b) position of the light application device with respect to the ana-
tomical location. For treatment, an optical cylindrical diffuser fiber (1)
that emits diffusely over a 40- to 60-mm length was used. The NPC
target area (2) is usually localized along the outer curve of the appli-
cator. The thick black line represents the black silicon patch intended
to shield light from critical healthy areas such as the soft palate (3).

tional Instruments) with an 2.5-GHz embedded controller
(PXI-8187 P4, National Instruments). Two two-channel
power measurement modules (PX2000-306-SS, BFI Optilas,
Alphen aan de Rijn, The Netherlands) were used to detect the
light from the isotropic detectors. The four isotropic detectors
were connected via connectors to the power measurement
modules and calibrated in an integrating sphere with a well-
defined fluence rate. This calibration unit was incorporated
into the chassis. Light-emitting diodes that generate the cali-
bration fluence rate in the integrating sphere were controlled
by a high-resolution analog output board (PXI-6704, National
Instruments). The fluence rate in the integrating sphere was
monitored by a digital multimeter unit (PXI-4070, National
Instruments) connected to a photodiode to ensure a constant
and reproducible fluence rate. The fluence rate at the surface
of the applicator was measured using a fiber-optic isotropic
detector (model IP tip o.d. 0.85-mm, Medlight, Switzerland)
that collects the sum of the primary incident light from the
cylindrical diffuser and the tissue backscattered light. All
modules were simultaneously controlled by a single
Labview™ program, which enables calibration, real-time flu-
ence and fluence rate measurements, and data storage. Prior to
clinical application, the NPC PDT applicator was first tested
in the absence of tissue, that is, in optical tissue phantoms in
air, and in five volunteers (data will be presented elsewhere).
The fluence rate distribution over the applicator surface in air
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and tissue optical phantom was found to be homogeneous
[standard deviation (SD)/mean is 3.8% and 18.3%, respec-
tively].

2.3 Patients

Fourteen patients were enrolled in the study complying with
the following inclusion criteria: male or nonpregnant, nonlac-
tating female; at least 18 years of age and legally competent;
a Karnofsky performance status of at least 70%; histologically
confirmed recurrent nasopharyngeal carcinoma, type TI, II,
I, or IV; with a discrete tumor that was endoscopically vis-
ible and accessible for unrestricted surface illumination using
a nasopharyngeal applicator; and had exhausted all conven-
tional treatment options. The procedure was performed ac-
cording to a protocol approved by the local medical ethics
committee and with the patient’s written informed consent.

After decongestion (R/Xylometazoline HCL1%) and topi-
cal anaesthesia, the applicator was introduced in the nose and
nasopharynx trans-orally over four French guide tubes se-
cured by a small silicone flange. The applicator remained
fixed in a stable position for the illumination period, during
which the patient was seated in an ENT chair.

Previous studies using Foscan®-PDT on early stage squa-
mous cell carcinomas of the head and neck'*™'® demonstrated
excellent clinical and cosmetic results using a fixed incident
fluence rate of 100 mW cm™ and a total fluence (“light
dose”) of 20 J cm™2. Two separate illuminations were there-
fore performed in order to deliver a total fluence of 20 J per
diffuser length (i.e., 20 J cm™') over the entire nasopharyn-
geal cavity at a fixed diffuser output power of 100 mW cm™!.
The latter corresponds to a fluence rate at the surface of the
applicator of approximately 100 mW cm™2 as measured in air.
Fluence rate measurements were performed using four isotro-
pic detectors: three located inside the nasopharyngeal cavity,
and one manually held detector to measure the fluence rate on
the critical structures, that is, the soft palate, hard palate,
tongue, left and right tonsils, and the oropharynx near the
distal end of the PDT applicator. As seen in Fig. 2, two iso-
tropic detectors were placed in the tube adjacent to the cylin-
drical diffuser, that is, one in the middle and one at the end of
the diffuser, and a third detector was positioned in the empty
tube. Phantom experiments showed that approximately 5% of
the maximum fluence was delivered to the empty tube located
16 mm from the diffuser. To investigate the extent of this
cross talk between illumination channels, the third detector
was moved during treatment progressively from the distal to
the proximal end of the empty channel.

3 Results

All patients received two illuminations: one in the left tube
and one in the right tube. For each illumination the cylindrical
diffuser output power was fixed at 100 mW cm™!, and a cal-
culated total fluence of 20 J cm™' was delivered for each tube.
Table 1 shows the average fluence of the first group of pa-
tients (n=7), delivered to the risk area locations: soft palate,
hard palate, tongue, left and right tonsils, and oropharynx near
the distal end of NPC PDT applicator. The fluence was calcu-
lated by multiplying the measured fluence rate by the expo-
sure time without taking into account possible changes in flu-
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Fig. 2 Schematic diagram of the position of the isotropic detectors as
placed in the NPC PDT applicator. The silicon bridge connecting both
tubes is seen from above. Positions 1 and 2 indicate the location of
the two isotropic detectors that remained fixed in position next to the
diffuser during PDT. Position 3 indicates the location of the third iso-
tropic detector that is repositioned from the beginning, to the middle,
and finally to the end of the applicator. The first illumination was
always on the left side, after which the diffuser plus detectors were
switched from tube to tube.

ence rate during PDT. No PDT-induced tissue damage was
seen in any of the risk areas up to the three-month follow-up.

Probes 1 and 2, located in the same channel as the diffuser,
measured the fluence rate during the two-sided illumination in
14 patients. Two software data storage failures occurred dur-
ing the first illumination, thus resulting in a total of 52 mea-
surements. The histogram in Fig. 3 shows the distribution of
the initial fluence rate (average of the first 4 s) measured dur-
ing the start of each of the two illuminations for all patients at
the middle of the diffuser. The average fluence rate recorded
by probe 1 was 245 mW cm™ ranging from a minimum of
70 mW cm™ up to a maximum of 440 mW cm™2. This re-
sults in an average fluence at the tissue surface of 49 J cm™2.
A similar trend was observed for probe 2, however the fluence
rate at the distal location of the diffuser was significantly
lower (23%) (¢ test p<<0.05) than the average initial fluence

Table 1 Average delivered fluence to the risk areas.
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Fig. 3 Histogram of the fluence rate as measured in 14 patients
(n=52 measurements) with an average of 243.4 mW cm™2.

rate at the middle of the diffuser. The average fluence rate
recorded by probe 2 was 188 mW cm™ SD 63: the maximum
and minimum were 375 and 51 mW cm™2, respectively. The
average fluence rate distribution over the applicator surface
was less homogeneous as compared to the measurements in
air and in phantoms and was found to be 21% for the SD/
mean (range 1.2 to 56.0%).

Figure 4(a) shows the fluence rate as a function of expo-
sure time of a 61-year-old male patient with an undifferenti-
ated persistent NPC (T2a N1 MO0). The average fluence rates
at the middle and end of the diffuser (L 40 mm) were
165.6 mW cm™2 and 158.2 mW cm™2, respectively, and var-
ied little during treatment time. Figure 4(b) shows the fluence
rate as a function of exposure time of a 45-year-old female
patient with an undifferentiated persistent NPC (T4 N2 MO).
In this patient, a strong decrease in fluence rate was observed
over the 200 s exposure time. The initial fluence rates
dropped by 33 and 35%, respectively, for probes 1 and 2. A
similar pattern was observed during the second illumination.
The small, transient dips in fluence rate coincide with the
patient’s swallowing and regurgitative spasm. Figure 5 shows
the change in fluence rate during PDT of all subjects and both
illuminations as a function of the initial fluence rate, that is,
the average over the first 4 s. No correlation between these
parameters was observed (n=52, Spearman’s coefficient
p=-0.255, P=0.0715, 95% confidence interval for p=
—0.496 to 0.022); furthermore, no significant differences be-
tween the two DD-DLI groups were observed.

Figure 6 shows the results of the average of all fluence rate
cross-talk measurements of all patients. On average, a fluence

Anotomicol Average Iilzu ence rate (for the middle location) of 10.4 mW cm™2 is delivered
Location Jem™) SD . .. .
contralateral to the illumination tube to the empty tube. This
Soft palate 0.068 0.041 corresponds to an additional fluence of ~2 J cm™2, that is, 4%
of the average 49 J cm™2.
Hard palate 0.049 0.032
Tongue 0.013 0.017 4 Discussion
Tonsil right 067 0.84 In this study, fluence rate measurements were performed in
risk and target areas during Foscan®-mediated NPC PDT, us-
Tonsil left 0.66 0.74 ing a novel light applicator with incorporated isotropic detec-
tors at strategic locations in the nasopharyngeal cavity. In the
Oropharynx 1.51 1.29 majority of clinical studies using Foscan®-PDT in head and
Journal of Biomedical Optics 041107-4 July/August 2006 < Vol. 11(4)
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Fig. 4 An example of the fluence rate as measured by detectors 1 and
2, as a function of exposure time, during 200 s of the first illumination
(left side), for two different patients, A and B. The grey and black lines
represent the fluence rate as measured by probe 1 and 2, respectively.

neck cancer patients, dosimetry was based upon microlense
total output power and the treatment surface area, aiming to
deliver an incident fluence rate of 100 mW cm™ and a total
fluence of 20 Jcm™2, without taking backscattering into
account."*™"” Only one study'® measured the tissue surface
fluence rate by means of isotropic detectors placed at the tu-
mor center and periphery during illumination. This study
demonstrated that the fluences delivered to the oral cavity
were 133 to 545% of the incident fluence. Good clinical re-
sponses without long-term side effects of the PDT were ob-
served in all these head and neck studies. It is therefore evi-
dent that the fluence rates used result in sufficient PDT
efficacy and can be safely employed in the oral cavity. How-
ever, the wide variation in the total delivered fluence for a
given prescribed incident fluence, as shown by Tan et al.,'’
suggests that many patients treated with this protocol received
much higher light doses than would be required for tumor
control. This could be a severe drawback for PDT in areas
where critical normal tissues are involved, and tissue regen-
eration may not be so complete as in the oral cavity.

To ensure maximal ablation of NPC with minimal normal
tissue damage, it was therefore decided to include dosimetric
parameters in PDT protocols for NPC. Our measurements
demonstrated a wide range of total tissue fluence rated for a
given incident fluence rate, as was previously seen in the oral
cavity."" We note that while the dosimetric parameters used in
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Fig. 5 PDT-induced change in fluence rate during treatment of all
patients. A decrease in fluence rate during illumination corresponds to
a negative percentage. Closed circles () represent the seven patients
from group 1: DD equals 0.15 mg/kg, DLI is 96 h. The open circles
(°) represent group 2: DD equals 0.10 mg/kg, DLI is 48 h.

the present study were similar to those used previously in the
oral cavity, the average measured fluence (rates) in the na-
sopharynx were relatively high (49 J cm™2, 245 mW cm™2).
Despite the variation in tissue surface fluences between NPC
patients, significant necrotic slough over the entire illuminated
cavity was seen in all patients, without major complications.
This may be explained by the fact that the underlying struc-
tures in the nasopharyngeal cavity is highly scattering bone,
which protects the deeper structures—such as blood vessels,
nerves (optic nerve), or brain tissue—from PDT-induced tis-
sue damage.18 We note that while the dosimetric parameters
used in the present study are similar to those used previously
in the oral cavity, the average measured fluence rate and flu-
ence are relatively high (49 J cm™2, 245 mW cm™2). Other
organs that lack an underlying bone structure, such as the
esophagus and the bronchus, are more prone to PDT compli-
cations such as fistulas.'*

Several studies have shown that the efficacy of
Foscan®-PDT can be optimized by lowering the fluence rate
in order to reduce the rate and extent of oxygen depletion
during PDT.**** While it is difficult to directly translate these
preclinical findings into the clinic, the use of a lower fluence
rate may be a way of further enhancing the response of tissue
to PDT. We note that high fluence rates have generally been
used in clinical Foscan®-PDT of the nasophrangeal and oral
cavities. Results could potentially be improved by lowering
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Fig. 6 Fluence rate cross talk from the illumination tube to the empty
tube.
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the fluence rate. A larger randomized trial may benefit from
standardization of the low fluence rate during the illumination
period.

The interpatient variations in fluence rate originate from
differences in tissue optical properties and anatomic geom-
etry. Absorbing properties of tissues can vary according to
differences in blood flow and tissue oxygenation. Large varia-
tions between patients were also seen in the dimensions of the
oronasopharynx. In some cases, the applicator bridge had to
be reduced in size in order to insert the applicator properly. In
phantom measurements in air, the fluence rate remained con-
stant over the length of the diffuser, but in vivo the fluence
rate at the distal end of the diffuser was 23% lower than the
average fluence rate at the middle of the diffuser. Despite
these low fluence rates, substantial necrosis was still observed
to 5 mm beyond the diffuser tip. We believe that this decrease
can be explained by integrating cavity theory. In the nasopha-
ryngeal cavity, approximately 75% of the surface consists of
scattering tissue and only 25% comprises the highly absorbing
black patch protecting the soft pallet; whereas toward the
orophanrynx, the ratio between the scattering tissue and the
patch is more likely to be 1, resulting in a lower fluence rate.
To improve the light distribution profile, we are currently de-
veloping patches that are highly scattering on the inside and
black on the side of the nasopharynx.

A number of factors influence the variation in fluence rate
that we observe during illumination. These include increased
tissue hemoglobin content, changes in tissue oxygenation due
to oxygen consumption during PDT, changes in perfusion, or,
to a lesser extent, decreased scattering.26 These parameters
were not measured directly in the present study, but they may
play a role in the PDT-induced clinical response. For example,
the absorption contrast between oxyhemoglobin and deoxyhe-
moglobin reaches its maximum at around 650 nm. A 50%
drop in oxygenation during illumination would increase the
absorption coefficient by a factor of 3.4, clearly altering the
cavities” optical properties because blood is the major ab-
sorber at this wavelength.

No PDT-induced tissue damage was observed in any of the
risk areas, demonstrating sufficient shielding. However de-
layed regeneration of normal oropharyngeal mucosal was ob-
served in five out of six patients in group 1. In this group, all
patients where treated with diffuser lengths of 5 to 6 cm. It
was therefore decided to use 4-cm diffuser lengths for the
second group of patients to ensure full closure of the soft
palate and the oropharynx. The drawback of using shorter
diffuser lengths is the risk of insufficient coverage of tumor
margins. Prior knowledge, based on computed tomagraphy
and magnetic resonance imaging, of how far the tumor ex-
tends into the oropharynx would further improve treatment
planning with respect to the optimal cylindrical diffuser
length. Another treatment planning aspect that should be
taken into consideration is that, due to tissue backscattering,
the fluence rate profile broadens along the length of the dif-
fusers. Based on phantom measurements,8 it is estimated that
an additional 5 to 10 mm of necrosis can be expected at the
distal end of the diffuser. Measuring the fluence rate at the
risk areas required the use of a tongue spatula to expose the
region of interest. In combination with the inserted NPC ap-
plicator, this induced stress and regurgitative spasm to the
patients. Because the initial measurements demonstrated only
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low fluence rates in shielded areas, these measurements were
discontinued for the second group of patients.

5 Conclusion

In conclusion, our findings demonstrate that the applicator is
easily inserted and enables for the delivery of a reasonably
homogeneous light distribution (i.e., SD/mean equals 34%) in
the target area with adequate shielding of the risk area. Inter-
patient variations in fluence rate stress the need for in vivo
dosimetry to allow for correction of differences in optical
properties and anatomic geometry between patients and thus
deliver a comparable amount of light available for Foscan®
absorption. Eleven out of 13 patients seen three months after
PDT were biopsy-proven tumor free.

In a future planned randomized phase III study, dosimetry
will be fine-tuned further and will be based upon in vivo real-
time fluence measurements and delivering a standardized flu-
ence to the tissue surface. Furthermore, the use of lower flu-
ence and fluence rate may further improve the complete
response rate.
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