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To overcome the limited treatment depth of superficial photodynamic therapy we
investigate interstitial light delivery. In the present work the treatment light was
delivered using a system in which three or six clear-cut fibers were placed in direct
contact with the tumor area. This placement was thought to represent a step to-
ward general purpose interstitial PDT. Twelve nodular basal cell carcinomas were
treated employing 8-aminolevulinic acid and 635 nm laser irradiation. Fluorescence
measurements were performed monitoring the buildup and subsequent bleaching
of the produced sensitizer protoporphyrin IX. The treatment efficacy, judged at a
28-month follow-up, showed a 100% complete response. Two punch excisions at 7
months converted two partial responses to complete responses. One patient failed
to appear at all follow-up sessions. The outcome of the treatments was comparable
to superficial photodynamic therapy in terms of histological, clinical, and cosmetic

resulis.
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Introduction

Photodynamic therapy (PDT) utilizing topi-
cal application of ®-aminolevulinic acid
(ALA) has been evaluated in the treatment of
various malignant and nonmalignant skin le-
sions."* For thin lesions, such as superficial
basal cell carcinomas (sBCCs), and precan-
cerous conditions in the skin, such as actinic
keratoses, the technique seems to gain gen-
eral acceptance. Clearly, there are several
treatment modalities in the management of
BCCs. However, ALA-PDT can be consid-
ered as the treatment of choice in particular
sBCC cases, such as for larger tumor areas
and also where other treatment modalities
have been performed and failed.24

ALA-PDT is usually performed utilizing
light with a wavelength of 635 nm. At this
wavelength the light penetration in tissue is a
few millimetres.>¢ This depth is usually suffi-
cient in the treatment of sBCCs.” In thicker
tumors, the treatment may give good initial
result and healing on the tissue surface, but
residual tumor may reside underneath. In
order to evaluate the possibility to deliver
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light more efficiently under such circum-
stances, interstitial PDT (IPDT) is considered.
A number of investigations have been per-
formed employing interstitial light delivery
to the tumor 513

An IPDT system using a multiple fiber
arrangement for light delivery has been de-
veloped.!* The input light, to be distributed
by the system, comes from a diode laser op-
erating at 635 nm. The treatment fibers could,
in principle, also be utilized for measuring
the delivered light dose and for monitoring
the drug-related fluorescence, the oxygen
content in the tissue, and temperature
changes during the treatment. The monitor-
ing of these parameters, relevant for light in-
teraction with tissue, is of great importance
for adequate light dosimetry.

The aim of the study was to obtain a first
evaluation of clinical efficacy and impact of
measuring various treatment parameters
during PDT of BCCs using our newly devel-
oped system, with the multiple fibers
mounted in close contact with the treatment
area, while not perforating the skin (Fig. 1A).
This multifiber contact arrangement consti-

(B)

FIGURE 1. (A) Conceptual difference between conventional PDT with superficial illumination (left) and
multifiber contact PDT (MFC-PDT) (right). The indicated point (A) represents a position in the tumor lo-
cated far from the treatment fibers. A sufficient dose of treatment light must reach this location after ex-
tensive multiple scattering within the tissue. (B) Fiber holder setup during tumor treatment, with the

aluminum ring attached to the patient.
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tutes a valuable development toward IPDT,
and possible adverse effects or limitations are
more easily monitored. To our knowledge
this is the first time this type of multifiber
contact PDT (MFC-PDT) with individually
planned dosimetry calculations has been
clinically performed.

Patients and Methods

Patients

The present study was performed in Riga
(Latvia), with approval from the local ethics
committee, as an interdisciplinary collabora-
tion between groups in Riga and Lund, com-
prising oncologists, pathologists, and physi-
cists. Patients referred to the Department of
Surgery at the Latvian Oncology Centre, Riga,
from general practitioners distributed over
Latvia were considered for the study. A
punch biopsy was taken from each lesion.
After signing a written consent, patients with
histopathologically verified nodular BCCs
were included in the study and referred to
the Oncology Centre for treatment. Tissue
biopsies collected for the tumors treated with
MFC-PDT were also investigated by a second
independent pathologist at the Department
of Pathology at the Lund University Hospital.
The patients were scheduled for follow-up at
1, 7, and 28 months, at which time the clinical
and cosmetic outcomes were assessed, using
the criteria described in detail elsewhere.!s

In total, 10 patients [four male and six
female; median age 70 years (29-79 years)]
with 12 BCC lesions were treated. More than
half of the lesions (8/12) were located on the
back of the patients; one lesion was located in
the face, and two on the thoracic wall. All le-
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sions exhibited a thickness of 2 mm or more
as assessed by palpation and histopathologi-
cal evaluation. The treatment sessions were
conducted as a part of a larger work intro-
ducing dermatological use of PDT in Latvia.

Sensitizing Agent

As a tumor sensitizer §-aminolevulinic acid
(ALA, 5-aminolevulinic acid, Batch-No.:
MO01130 AA, Medac GmbH, Hamburg, Ger-
many) was used. The ALA powder was dis-
solved in a few drops of physiological saline
solution (0.9%) and mixed with an oil-in-
water emulsion (Essex Cream, Schering
Corp., Kenilworth, NJ) to a concentration by
weight of 20% ALA. The preparation of the
tumor area and adjacent surrounding skin
was done by cleansing it with 70% ethanol.
The treatment area, including a margin of ~
10 mm outside the visible tumor borders,
was topically applied with the ALA-
containing cream. A plastic film (Tegaderm™,
3M, Loughborough, UK) was applied to
maintain the cream in position. A layer of a
cotton-based medical coverage (Mefix® SCA
Molnlycke, Sweden) was then attached to the
area as a light-protecting shield. The ALA
was applied for 4-6 hr before the irradiation
procedure was initiated.

Fluorescence Measurements

The kinetics of the ALA-induced PpIX was
monitored by using a clinically adapted,
point monitoring fluorosensor (details of the
system are presented below). The measure-
ment followed a scheme that previously has
been described.’®V” Briefly, the diagnostic
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measurements were performed at seven dif-
ferent times during the whole treatment pro-
cedure. First the autofluorescence from nor-
mal skin constituents was recorded, serving
as a reference for following measurements
made at 1, 2, and 4 hr after the application of
the ALA cream. Measurements were also
performed in connection with the PDT pro-
cedure: before, immediately after, and 1 hr
after PDT. With this scheme, we were able to
follow the buildup, the photodegradation
due to the therapeutic treatment, as well as
the regeneration of the PpIX after the treat-
ment. Occasionally, because of practical rea-
Sons, some of the measurements were not
conducted in all patients; this especially ap-
plies for the measurement 1 hr after the
treatment.

At each time the sites measured were lo-
cated 10, 5, and 2 mm outside of the visible
tumor border, as well as at the tumor border
and at the tumor center. For lesions of a di-
ameter larger than approximately 8-10 mm, a
position also 2 mm inside the tumor border
Wwas measured. At every location an average
was formed by measuring three points at the
same relative distance to the tumor while
moving the fiber slightly between each
measurement. This was done to avoid possi-
ble local bleaching of the PpIX by the meas-
urement itself and to reduce intrapatient
variations. During every measurement the
site. was prepared by temporarily (for ~ 3
min) removing the dressing and excess ALA
cream.

The fluorescence monitoring system con-
sisted of a fiber-based optical multichannel
analyzer.® The excitation wavelength used
was 405 nm with a pulse length of ~ 3 ns and
a pulse energy of ~ 10 1J, achieved with g ni-
trogen laser pumped-dye laser system (VSL
337 and DLM 220, respectively; Laser Science
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Inc., Cambridge, MA). The excitation light
was focused via a 50% beam splitter onto the
proximal tip of a 600 pm core low-fluorescent
quartz fiber. When measuring, the distal tip
of the fiber was held in gentle contact to the
tissue and the induced fluorescence was then
guided back through the fiber, deflected by
the beam splitter, and focused onto the en-
trance slit of a spectrometer (MS 125, Oriel
Corp., Stratford, CT) The fluorescence spec-
trum (200~800 nm, 2.2 nm resolution FWHM)
was recorded on a thermoelectrically cooled,
image-intensified, and gated CCD detector
(Instaspec V ICCD, Andor Technology, Bel-
fast, Northern Ireland) having 1024 x 128
pixels. In front of the entrance slit, a cutoff fil-
ter (GG420, Schott, Mainz, Germany) was
placed to prevent any elastically backscat-
tered light from reaching the detector.

To increase the signal-to-noise ratio, the
fluorescence from 20 pulses was added for
each point measured. Every such measure-
ment took ~ 2 s. For intensity reference, the
peak maximum (at ~ 580 nm) of a fluores-
cence standard (10 mg Rhodamine 6G dis-
solved in 60 ml ethylene glycol) was re-
corded in connection with every measure-
ment occasion. To measure the spectral re-
sponse of the systems and providing a spec-
tral correction, a spectrum of a calibrated
blackbody radiation source was recovered.

Treatment System and Study Design

The therapeutic light source was a 2 W con-
tinuous-wave diode laser (Ceralas™ PDT 635,
CeramOptec, Bonn, Germany) operating at a
wavelength of 635 nm. The light-delivering
system used consisted of the laser described
above and a beam-splitting unit.# An optical
fiber with a core diameter of 400 pm (Anda
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KP-400L, Anda Optec, Livani, Latvia) was
used to couple the light from the laser into
the beam-splitting unit. Here, the light was
divided into three or six different beams via a
setup of beam splitters and different lenses.
At the end of each pathway, the light was fo-
cused into a treatment fiber (Anda KP-400L,
Anda Optec, Livani, Latvia). A multifiber ar-
rangement was utilized with either three or
six fibers (eight and four lesions, respec-
tively) to deliver the therapeutic light to the
patient. These fibers were placed in gentle
contact with the treatment area. The total
output through all treatment fibers ranged
between 510 and 645 mW, whereas the maxi-
mum output from a single fiber was 215 mW.
An aluminum ring with drilled holes for
separate mounting of fiber holders was used
to position the fibers (Fig. 1B). After each
treatment the fibers were wiped off with
aseptic cotton swabs and placed in Korsolex®
basic 2% (Bode Chemie GmbH & Co, Ham-
burg, Germany) for a minimum of 4 hr for
sterilization.

The treatment fibers were used to trans-
mit the laser light onto the tumor, but can
also act as receivers to measure the light flu-
ence rate at the fiber tip. When the fluence
rate was measured, a photodiode was
switched into the pathway (at the position
where the laser light normally was focused
onto the fiber), preventing the laser light
from that fiber to reach the tumor. This al-
lowed the photodiode to detect the light from
the other fibers, reaching the position of the
fiber tip. These signals were separately cali-
brated to the fluence rate by placing the fi-
bers into a tank with an Intralipid®/ink stan-
dard (Kabi Fresenius, Stockholm, Sweden
and 05751 Ekstroms Grén, Procordia Food
AB, Kumla, Sweden, respectively) with
known optical properties.
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A custom-made program based on Lab-
VIEW™ (National Instruments, Austin, TX)
and C+H™ (Microsoft Corporation, Seattle,
WA) was used to control the light-delivery
system. In the first part of the program, the
operator defines the treatment setup (i.e., the
shape and size of the tumor, absorption coef-
ficients, and reduced scattering coefficients of
the tumor and the healthy surrounding tis-
sue). Then the fiber positions could be either
manually selected, or the computer could cal-
culate the optimal position by minimizing
the total delivered light dose needed for
complete treatment. This was done by nu-
merically solving the diffusion equation® us-
ing finite element method calculations. The
system also calculated the light dose in the
different parts of the tissue. The threshold
dose given to any part of the tumor was set
to 30 J/em?, while at the same time minimiz-
ing the dose given to the healthy surround-
ing tissue.

In the second part of the program, the
operator was guided through a few steps be-
fore and during the actual treatment. Issues
for the operator interactions are where to po-
sition the fibers, when to turn the laser on, etc.
During the treatment, a frequently updated
image shows how much light has been deliv-
ered to the different parts of the tumor. The
image also marks in false colors where the
predefined tumor threshold dose has been
reached. This information serves only as a
guide to the treatment (because the com-
puted map is based on calculations from the
setup of the treatment). The treatment was
interrupted every 30 s, and the fluence rate
was measured at the fiber tips. Each meas-
urement lasted for ~ 20 s. These measure-
ments reveal if the optical properties have
changed during the treatment. If so, this sug-
gests that the treatment time should be al-
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_"Ijable 1. Patient Data and Clinical Fvaluation

8 Be
1 69 F Back CR CR - Excellent Excellent
2 70 M Back CR CR - CR Good - Excellent®
3 70 M Back CR CR CR CR Good Good GoodP
4 73 F Back CR CR CR CR Excellent Excellent Excellent
5 65 F  Thorax | CR CR CR CR Good Excellent Excellent
6 29 F Back CR CR CR CR Good Excellent Excellent
7 48 F Trunk | CR CR  CR CR | Acceptable Acceptablec Excellent
8 79 M Back d d d d d d d
9 79 F Back CR CR CR CR Good Excellent Excellent
10 77 M Face CR CR CR CR Goode Goode Goode
10 77 M Back [ PRs PRs PR:s CR Good Good Excellent
10 77 M Back PR PR PRf CR Good Good Excellent

* Patient deceased from heart disease, evaluated at 26 months

b Fibrosis

¢ Hyperpigmented

4No show for follow-up

¢ Hypopigmented

f Punch excision due to the PR
8 Insufficient treatment due to technical reasons

tered to fulfill the criteria of treatment. The
calculated dose buildup in a particular treat-
ment case is illustrated in Fig. 2. A more de-
tailed description of the equipment and
methods used can be found in Ref. 14.

Results
Clinical Outcome

The results of the treatments are included for
each treated tumor in Table 1. At 1 month af-
ter the treatment, all but two patients re-
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turned for histological and visual assessment.
Eight out of ten inspected tumors (80%)
showed a complete response, whereas the
two remaining showed partial response.
Tumor and treatment data for the 12 le-
sions are given in Table 2. The treatment
times ranged from 4 min up to 30 min (for
fully treated patients, see note 4 in Table 2),
and the difference in delivered light dose
was substantial. The reason for the large in-
tegrated dose delivered is the requirement
that the outermost parts of the tumor, say
point A in the right part of Fig. 1A, must be
irradiated by a sufficient number of photons

JEPTO 2006, Volume 25, Number 1-2
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Table 2. Tumor and Treatment Data

Flbers used.:.;

6

1 X
2 12 x 16 2-3 X
3 9x11 2-3 X
4 15x15 2-3

5 20 x 25 2

6 12 x 12 2 X
7 11 x 15

8 9x12

9 9x9 2-3 X
10 5x7 6-7 X
10 6x6 3-4 X
10 5x5 4-5 X

X

ba

* Insufficient treatment becatse of technical reasons

from the fiber tips. These are positioned at a
considerable distance away from these exter-
nal tumor parts.

Seven months after the treatment, the pa-
tients (except for two individuals) returned
to the Oncology Centre for clinical assess-
ment. Again, eight out of ten evaluated tu-

mors (80%) treated by MFC-PDT showed a
complete response, whereas the two remain-
ing (the same ones as at the one-month fol-
low-up) showed a partial response. All le-
sions were biopsied at this follow-up to allow
a better judgment and to ensure that the le-
sions were treated to the full thickness. At

igh dose
urrsunding lissue

2 minutes

8 minutes

inules

Lasion size: 20628 mm
Thickness: 2mm
Mo of fibres: 8

FIGURE 2 The buildup of delivered light dose at a 1 mm for patient number 5. As a threshold dose for
full treatment, a total absorbed dose of 30 J/em3 was used.

JEPTO 2006, Volume 25, Number 1-2
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the final follow-up, 11 tumors were exam-
ined; one patient (one lesion) consistently
failed to appear at all the follow-up examina-
tions. Two of the examined lesions with PR
at the seven-month follow-up had, at the fi-
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FIGURE 3 Case study of the geometrical varia-
tion of the fluorescence spectra of the skin (A) be-
fore applying the ALA cream, (B) before PDT; 6h
after ALA cream application, and (C) after the
therapeutic light delivery. In all of the figures
above the measured sites were: 10, 5, and 2 mm
outside the visible tumor border, at the tumor
border, 2 mm inside the tumor border, and at the
tumor center. Every spectrum is the mean value
of three independent measurements at the same
distance to the tumor border.

nal follow-up, been converted to CR by the
radical punch biopsy. For these two lesions
the biopsy showed a minor, clearly deline-
ated lesion. Thus, all tumors following the
treatment protocol showed a complete re-
sponse at this follow-up.

The cosmetic outcome was also evaluated
at the 1-, 7-, and 28-month follow-up occa-
sions. At the latter, more relevant evaluation,
82% (9/11) of the treated tumors showed an
excellent cosmetic outcome. Also, poor heal-
ing due to any excess heat delivery to the tis-
sue could not be seen in any of the lesions.

Diagnostic Measurements

Typical fluorescence data are displayed in
Fig. 3. Recordings at different locations with
regard to the tumor extension, as described
above, are shown. The expected observation
of a blue fluorescence reduction in the tumor
area is verified in the upper part of the figure,
pertaining to the time before ALA applica-
tion.'* Immediately before the PDT treatment
(6 hr after ALA application), strong selective
buildup of PpIX in the tumor area is illus-
trated in the middle part of the Fig. 3. Finally,
almost complete PpIX bleaching is evident all
through the investigated area after treatment.
Bleaching is even evident at 10 mm outside
the visible tumor border. Also in Fig. 3, the
fluorescence data have been normalized to
the highest value of each measurement series.

Figure 4A shows the bleaching of the
PpIX during a tumor treatment, employing
the multifiber contact PDT mode. The indi-
vidual curves are recorded at asimilar loca-
tion just inside the tumor border and corre-
sponding to a location such as A indicated in
Fig. 1A. This recording and the evaluated

JEPTO 2006, Volume 25, Number 1-2
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FIGURE 4 (A) Temporal evolution of the skin fluorescence at a given location during multifiber contact
PDT. At each measurement occasion, the therapeutic light has been shut off. The different curves corre-
spond to increasing irradiating times. (B) The fluorescence intensity at the 635 nm peak during the course

of an MFC-PDT treatment.

bleaching data—the intensity of the 635 nm
fluorescence peak—shown in Fig. 4B, clearly
illustrate how the required dose is succes-
sively delivered to the outer tumor parts via
diffusive light scattering.

Typical temporal evolution of the fluence
rate during treatment is displayed in Fig. 5.
In this figure, the measured light fluence rate
from one fiber is measured in five other fi-
bers. The distances between the illuminating
fiber and the receiving fiber in Fig. 5 are be-

10

-
~\ua,¥~

Fluence rate {mWiom?)

tween 5 and 11 mm. As can be seen, the flu-
ence rate decreases slightly during the treat-

ment.

Discussion and Conclusion

Even if the number of treated tumors is lim-
ited, the results of the MFC-PDT sessions are
encouraging. For the modality employed, the
efficacy as judged at a 7- and 28-month fol-

Distance to
meazurement
fibre {mm}

5

2
R Wy
e Rt 0 P )

] 16

20

Time {min)

FIGURE 5 Typical recording of the fluence rate, as a function of time, during treatment. In this case one
fiber serves as a light transmitter and five other fibers act as receivers.
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low-up was 80% and 100% complete re-
sponse, respectively. This is comparable to
the results from several clinical trials for su-
perficial PDT.152021 A plausible explanation
for the cases of partial response at 7 months
could be that these tumors were quite thick
and in these cases ALA-PDT has previously
proven not to be the treatment of choice, and
additional treatment or preparation is re-
quired for efficient treatment.22-25

When comparing MFC-PDT to superficial
PDT, two major issues need be addressed.
First, there will be very high fluence rates
centrally in the lesion, especially at the tip of
the fibers, but also between closely posi-
tioned fibers because there will be an overlap
of their corresponding light fluxes. The high
total light dose given in MFC-PDT may be of
importance for the successful treatment re-
sult in this study. The high fluence rate could,
however, also lead to oxygen depletion or
thermal damage close to the fiber tips and re-
sult in nonsatisfactory treatment. Second, one
must assure that the boundary of the lesion
has received enough light for proper treat-
ment. None of these issues are critical in the
same way when using conventional superfi-
cial PDT, since the light in this case can be
considered to be uniformly distributed over
the whole lesion area as well as some of the
surrounding tissue (compare Fig. 1A). MFC-
PDT, on the other hand, has the advantage of
allowing direct feedback of the treatment by
using the fibers both for light delivery and
assessment of parameters of importance for
the treatment. These aspects will be imple-
mented in future work.

The comparable and good cosmetic out-
come with this modality indicates that there
is no permanent thermal damage due to any
excess heating. The fluence rate at the tip of a
400 pm fiber delivering 215 mW (the maxi-
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mum value in this study) is 171 W/em2 This
value is several magnitudes higher than the
values reported in other clinical trials.72 Al-
though very high fluence rates are obtained
at the very tip of the treatment fibers this, as
such, did not produce any discomfort to the
patient.

The relatively low heating of the treatment
volume is directly related to the low absorp-
tion and fairly low scattering (p. = 0.033 mm},
K, = 2.73 mm') of the treatment light in hu-
man skin.”” This may be compared to canine
prostate (p, = 0.073 mm’, p,= 4.89 mm?),%
where similar experimental studies resulted
in substantial thermal damage when 300 mW
at a wavelength of 630 nm was delivered
through 600 pm fibers.2 Furthermore, in the
case of thicker and/or embedded tumors, the
cosmetic results of the volume closest to the
fiber tip is less critical because this region is
generally diseased or necrotic and is, there-
fore, of moderate therapeutic and cosmetic
importance. The fluence rates in these cases
could then well exceed the levels in this
study without restraining the treatment.
Moreover, the efficient PpIX bleaching in the
central parts would imply that the treatment
is effectively self-terminating. Instead, the se-
lective uptake of the drug in the tumor be-
comes the factor of major importance. Recent
data on photobleaching of PpIX in solution?
suggest that bleaching only occurs in the
presence of oxygen, which means that there
is no global depletion of the oxygen. That
enough light really reached the boundary ar-
eas of the lesions is evidenced by the strong
bleaching of the PpIX, as recorded by laser-
induced fluorescence. Thus two potential
problems with MFC-PDT were shown to be
absent, and there is no obvious reason why
this should be different in IPDT.

JEPTO 2006, Volume 25, Number 1-2
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Studies have shown the total light dose
cannot easily be correlated to the treatment
result?® Although the PpIX is photobleached
by reactive oxygen species, which also in-
duce the tumor destruction in ALA-PDT, it
would seem likely that they would correlate.
Recent studies® show that it is rather the ini-
tial shift in reciprocal fluorescence that seems
to predict the outcome, but the mechanism
behind this has not yet been confirmed.

Since the treatment light is delivered in
fractions of 30 s followed by a 20 s measure-
ment session, it is possible that this might
contribute to the good result of the study.
Several studies have shown that fractionation
leads to increased necrosis in PDT,33% al-
though the effect is lowered or not seen at all
if the first fraction of the light is too large ¥,
The current explanation as to why fractiona-
tion might work is that the treated area is al-
lowed to regain (approximately minutes) the
oxygenation lost due the treatment or to re-
enable the buildup of the sensitizer (ap-
proximately hours). Thus the fractionation is
of the magnitude enough to enable some
reperfusion® of the treatment volume al-
though too short to enable resynthesis of
PpIX. Another recently suggested explana-
tion* to the effect of fractionation is that the
treatment increases the ratio of deoxyhemo-
globin to hemoglobin. Since deoxyhemoglo-
bin is more absorbing than hemoglobin at
635 nm, this will effectively reduce the
penetration of the therapeutic light. The data
shown in Fig. 5 could support this hypothesis
because there is a decrease, although small,
of the fluence rate during the treatment. This,
on the other hand, would suggest that there
is no effect of fractionation during our treat-
ments, since the levels of light do not recover
between measurements.

JEPTG 2006, Volume 25, Number 1-2

The main benefit of MFC-PDT compared
to conventional superficial PDT is the possi-
bility of monitoring the treatment by on-line
dosimetry of several parameters; a feature
that will now be implemented. The treatment
methods do not differ in the actual treatment
depth. However, there is a better coupling of
the treatment light into the tissue because of
a lower reflection between the fiber-tissue
boundary as compared to the air-tissue
boundary in the conventional case (due to
the better matching of refractive indexes).*-#2
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