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1 Introduction

Abstract. A system for interstitial photodynamic therapy is used in the
treatment of thick skin tumors. The system allows simultaneous mea-
surements of light fluence rate, sensitizer fluorescence, and tissue oxy-
gen saturation by using the same fibers as for therapeutic light deliv-
ery. Results from ten tumor treatments using &-aminolevulinic acid
(ALA)-induced protoporphyrin IX show a significant, treatment-
induced increase in tissue absorption at the therapeutic wavelength,
and rapid sensitizer photobleaching. The changes in oxy- and deoxy-
hemoglobin content are monitored by means of near-infrared spec-
troscopy, revealing a varying tissue oxygenation and significant
changes in blood volume during treatment. These changes are consis-
tent with the temporal profiles of the light fluence rate at the thera-
peutic wavelength actually measured. We therefore propose the ob-
served absorption increase to be due to treatment-induced
deoxygenation in combination with changes in blood concentration
within the treated volume. A higher rate of initial photobleaching is
found to correlate with a less pronounced increase in tissue absorp-
tion. Based on the measured signals, we propose how real-time treat-
ment supervision and feedback can be implemented. Simultaneous
study of the fluence rate, sensitizer fluorescence, and local tissue oxy-
gen saturation level may contribute to the understanding of the thresh-

old dose for photodynamic therapy. © 2006 Society of Photo-Optical Instrumen-
tation Engineers. [DOI: 10.1117/1.2204027]
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to the vascular system.z’3 One commonly used photosensitiz-
ing compound is protoporphyrin IX (PPIX), generated by

In the search for new modalities for cancer treatment, photo-
dynamic therapy (PDT) has shown promising results in terms
of selectivity and efficacy." PDT relies on the presence of a
photosensitizing agent which, once activated by light of the
appropriate wavelength, generates cytotoxic species, mostly
singlet oxygen and other reactive oxygen species. Tissue de-
struction is caused by a combination of immediate cell death
and apoptosis induced by these radicals and indirect damage
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S-aminolevulinic acid (ALA).* ALA-mediated PDT has been
successfully used in the treatment of superficial lesions in the
bladder, bronchus, aerodigestive tract, and skin, e.g., for the
treatment of actinic keratosis.’

In an effort to extend PDT beyond that of treating super-
ficial lesions or thin lesions easily accessible through body
cavities, several research groups have investigated interstitial
light delivery via optical fibers.®” In addition to facilitating
the treatment of thick and deeply lying tumors, interstitial
light delivery via multiple fibers also allows for the treatment
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of irregularly shaped lesions while sparing normal surround-
ing tissue. To optimize the biological effect, accurate dosim-
etry needs to be implemented. A comprehensive dosimetry
model could be based on detailed knowledge of the three
parameters of importance in PDT: the fluence rate distribu-
tion, the sensitizer concentration, and the tissue oxygenation
within the volume of interest.'

Studies aimed at correlating the treatment response to the
total light dose alone in ALA-mediated PDT have shown
varying success, > whereas better correlation has been
found between PDT-induced damage and therapeutic light
irradiance.'*"* Higher irradiances have been shown to lead to
smaller treatment volumes, an effect that has been explained
by oxygen depletion.ls’16 In addition, a good correlation has
been found between the initial rate of sensitizer photobleach-
ing and treatment outcome.'"'*'* The kinetics of PPIX pho-
tobleaching has shown a fluence rate dependency, in that a
higher irradiance leads to a less pronounced loss of fluores-
cence and lower initial photobleaching rate.'*'” Since PPIX
photobleaching is suggested to be an oxygen-dependent pro-
cess, during which PPIX is transformed to various
photoproductsm7 that are also photobleached, these results
support the hypothesis of oxygen depletion as a result of too
high irradiances. It has been suggested that monitoring the
bleaching via fluorescence spectroscopy could be a useful do-
simetric tool in photodynamic therapy.' In addition, studies
by Mitra and Foster have shown up to 15 times higher
630-nm light transmission at 1 cm depth when comparing a
hypoxic to a well-oxygenated tissue phantom containing hu-
man erythrocytes.'” These results further emphasize the dis-
advantage of inducing tissue hypoxia during PDT, since not
only is the photodynamic reaction prevented, but deoxygen-
ation also limits the light penetration within the tumor vol-
ume. Based on the work quoted, there seems to be a close
interdependence between treatment outcome, sensitizer pho-
tobleaching, therapeutic light fluence rate, and tissue oxygen-
ation. Adopting the ideas of an implicit dosimetry model for
PDT, according to Wilson, Patterson, and Lilge,10 there is a
great need to intercorrelate these parameters and compare
them to treatment outcome in clinical studies. In an implicit
dosimetry model, one single parameter, e.g., the sensitizer
photobleaching kinetics, is used to quantify PDT dose. Such a
model has been formulated in contrast to explicit dosimetry,
where the PDT dose is based on all three variables—light,
sensitizer, and oxygen—necessary for the photodynamic reac-
tion to take place.

We have recently reported on the construction of, and ini-
tial clinical treatment using an instrument for, interstitial pho-
todynamic therapy (IPDT), which allows for diagnostic mea-
surements to monitor treatment progression.20 The present
work reports on the results from the first ten clinical treat-
ments, where changes in light transmission, sensitizer pho-
tobleaching, and tissue oxygen saturation level are monitored
throughout the treatment. The study was aimed at monitoring
the interplay between treatment-induced changes in absorp-
tion of the therapeutic irradiation, the sensitizer photobleach-
ing, and the tissue oxygenation. The ultimate goal of simulta-
neous monitoring of parameters of dosimetric importance is
the development of a dosimetry model for photodynamic
therapy, taking into account spatial and time-resolved studies
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of the total light dose delivered, the sensitizer concentration,
and the oxygen availability.

2 Materials and Methods
2.1 Patients and Treatment Procedure

An instrument for interstitial photodynamic therapy has been
developed in which a maximum of six bare-end optical fibers
are used to deliver the therapeutic light to the tumor mass.
The same fibers can also be used to measure relevant dosim-
etry parameters during the treatment session. The clinical mo-
tivation for the treatment in this study was to reduce the tumor
volume by means of interstitial photodynamic treatment prior
to surgery. The study included eight patients with thick ma-
lignant skin lesions, within the approval by the Local Ethics
Committee at Lund University Hospital. Six lesions were di-
agnosed as nodular basal cell carcinomas, whereas the re-
maining lesions were diagnosed as squamous cell carcinoma
and keratoacanthoma/squamous cell carcinoma. Two of the
patients diagnosed with basal cell carcinomas underwent two
treatment sessions, resulting in a total of ten treatments. Table
1 lists detailed data concerning each patient and treatment. No
controls, i.e., fiber insertion and light delivery without drug,
were included because of restrictions posed by the ethical
approval.

The tumor geometry was determined visually and by pal-
pation by an experienced oncologist at the time of treatment.
After removing possible crust and the stratum corneum over-
lying the lesion to facilitate the drug penetration, the lesion
was photosensitized by ALA-methyl-esterified (ME) (methyl-
esterified aminolevulinic acid, Medac GmbH, Hamburg, Ger-
many) mixed into an oil-in-water emulsion (Essex Cream,
Schering Corporation, Kenilworth, New Jersey) to a concen-
tration by weight of 20%, which was applied topically with a
10-mm margin to the lesion 4 to 6 h before the therapeutic
irradiation. Three patients were also given ALA intratumor-
ally 30 min prior to the treatment by injecting 1 to 2 ml of a
solution made from 1.5-g ALA powder dissolved in 10-ml
0.9% saline buffer at several sites within the more deeply
lying tumor part.

After disinfecting the treatment area, Xylocain (AstraZen-
eca, Sodertilje, Sweden) was administered subcutaneously as
an anesthetic. The distal end of six sterilized optical fibers,
hereafter referred to as the patient fibers, were inserted into
the tumor mass at predetermined positions. Before commenc-
ing the therapeutic irradiation, one of these fibers was care-
fully translated stepwise throughout the tumor depth to con-
firm the presence of PPIX at up to four different depths by
means of laser-induced fluorescence excited at 405 nm. The
plastic coating of the fibers made them rigid enough not to
deflect during insertion, and no metal needles guiding the fi-
bers during insertion were needed. The fiber holder, consisting
of one flexible metal-wire arm for each patient fiber, held the
fibers in place during the treatment session. The fiber posi-
tions were chosen to obtain as homogeneous a light distribu-
tion inside the lesion as possible, while sparing the surround-
ing tissue. An algorithm for determining the near-optimal fiber
positions has been published elsewhere.?' Since all lesions
could be approximated by rather flat cylinders, the resulting
fiber positions were confined to one plane at half the tumor
depth.
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Table 1 Treatment and patient information. BCC is basal cell carcinoma, SCC is squamous cell carcinoma, and i.l is intralesional drug delivery. In
treatment 2, four light delivering fibers were used during the treatment, two emitting 25 mW and the remaining two emitting 100 mW. Also in
treatment 2, for the light dose of 70, the full dose was not delivered as a result of fibers losing their respective positions. In treatment 10, for the light
dose of 320, the treatment time was based on a threshold dose of 100 J/cm?.

Treat- Patient Size (mm) ALA Treatment Light
ment (male/ length x width administration power dose
number female) Diagnosis Location X depth mode (mW) ()]

1 10 Nodular BCC Arm 20X 20x9 Topical 75 395

2 4 (f Nodular BCC Neck 12X 14x5 Topical 25/100 70

3 5 Nodular BCC leg 12x14x3 Topical 75 180

4 5@ Nodular BCC Leg 20%x20%x5 Topical +i.l. 75 203

5 6 (m) Nodular BCC Ear 14x12x7 Topical 100 180

6 8 (h Nodular BCC Shoulder 20x20x4 Topical +i.l. 75 270

7 7 ® Nodular BCC Leg 30x25%3 Topical 75 495

8 7 ® Nodular BCC Leg 20%20x 1 Topical +i.l. 75 135

9 2 (m) scC Ear 22x20x7 Topical 100 384

10 3 (m) Keratoakantom/ Nose 12x14x4 Topical 25 320

SCC

In the treatment mode, the individual fiber output power
was kept constant throughout the treatment session at power
levels ranging from 25 to 100 mW. The therapeutic irradia-
tion was interrupted with varying time intervals (30 to 120 s)
to perform the 45-s measurement sequences. Measurement
sequences were performed more frequently at the beginning
of the treatment session to follow the rapid sensitizer pho-
tobleaching, and also prior to and at the end of each treatment
session. The total irradiation time was determined by the re-
quirement to deliver a light dose exceeding 50 J/cm? to every
part of the lesion,” leading to longer irradiation times for the
larger lesions. Total light energy delivered and fiber output
power are given in Table 1.

2.2 Instrumentation

The instrumentation used for the laser-induced fluorescence
studies of the PPIX concentration throughout the tumor depth
prior to therapeutic light delivery has been described in detail
elsewhere.”” A nitrogen laser pumped dye laser emits pulsed
excitation light at 405 nm. After passing through a RG435
cut-off filter, fluorescent light between 450 and 800 nm is
dispersed by a spectrometer and detected by an intensified and
cooled charge-coupled device (CCD).

The setup of the interstitial photodynamic therapy (IPDT)
instrument is shown in Fig. 1 and a more detailed description
is given elsewhere.”” The therapeutic light unit consists of six
diode lasers emitting at 635 nm with an individual maximum
output power of 250 mW. While in treatment mode, light
from the therapeutic unit is guided into the distribution mod-
ule and directed into the six 400-um-diam optical fibers.

While in measurement mode, light from the diagnostic unit
is coupled into one of the patient fibers via the light distribu-
tion module. The diagnostic light sources consist of a diode
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laser with the same wavelength as the treatment lasers and an
LED covering the spectral range 760 to 810 nm. The term
“diagnostic” is here used to describe the progression of the
treatment and does not refer to diagnosis of the patient’s sta-
tus. One measurement sequence involves successively cou-
pling the output from the two diagnostic light sources into
each of the six patient fibers in turn. Transmitted light in the
spectral range 620 to 810 nm is collected by the remaining
five fibers, dispersed by an imaging spectrometer, and de-
tected by a CCD camera. A cut-off filter (Schott RG665) is

( Conputer | \

Fig. 1 The overall instrument setup. Shaded arrows indicate data flow,
whereas unshaded arrows represent light paths.
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used to attenuate the intense laser light, so that both the light
transmission at 635 nm and the sensitizer fluorescence at
705 nm, which is excited by the light at 635 nm, can be
monitored simultaneously with similar intensity. The output
power of each of the patient fibers is measured before the
treatment session commences to compensate for internal
losses in the fiber couplings.

2.3 Data Evaluation

Following excitation at 405 nm, the fluorescence signal
within the spectral interval 630 to 640 nm was used to quan-
tify the PPIX concentration.

When evaluating data collected by the IPDT instrument,
noise was suppressed by smoothing each acquired spectrum
over 20 bands, which corresponds to approximately 5 nm in
the CCD readout, and subtracting a constant background off-
set. Summing the detected signal within the spectral interval
625 to 645 nm resulted in a signal describing the light trans-
mission at the treatment wavelength, also referred to as the
light transmission. Similarly, the PPIX fluorescence signal
was obtained by summing the detected light from
695 to 705 nm. Both for the light transmission and the sensi-
tizer fluorescence measurements, the signals were normalized
to their respective initial value. To get sufficient signal-to-
noise, the data analysis was based on signals between neigh-
boring fibers only. The patient fibers were always positioned
with approximately equal separations within each patient.
Distances between neighboring fibers were influenced by the
tumor dimension and ranged from 4 mm for the smallest le-
sions up to 8 mm for the seventh treatment session.

The third parameter of dosimetric importance measured
during PDT is related to the oxygen concentration. We used
an indirect method of monitoring the tissue oxygen content by
analyzing the tissue absorption spectrum and assuming that it
is dominated by oxy- and deoxyhemoglobin. The relative con-
centration of these compounds is calculated to provide the
tissue oxygen saturation level,

_ [HPO®)]
~ [HpO()] +[Hb()]

S(t) (1)
[Hb(r)] and [HbO(r)] are the deoxy- and oxyhemoglobin
concentrations, respectively. Since the absorbance by hemo-
globin and myoglobin are indistinguishable,” [Hb(r)] and
[HbO(t)] also include the absorption by myoglobin, if
present.

The changes in optical density in the spectral interval
760 to 810 nm were measured using the LED as a light
source:

1(z,\)

AA(tN) = —In —2~
(M) M=o

2)

where I(r=0,\) is the initial light transmission between pa-
tient fibers and I(z,\) is the light transmission as detected
during the subsequent measurement sequences. Assuming a
semi-infinite medium where the extrapolated boundary condi-
tion applies and approximating the patient fibers with isotro-
pic light sources, the light transmission can be expressed as:
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1) Puli(t) | exp[— pere(t)r,] B expl— Mesi(1)72]
47 ,(t) ry 2 ’

(3)

where

Meff = [3ILL(/1(ILL64 + IU’;)]I/Z

is the effective absorption coefficient, and u, and u. denote
the absorption and reduced scattering coefficients, respec-
tively. The wavelength dependence has been omitted for sim-
plicity. Furthermore,
ri=[(z =20+ p’]"? and ry = [(z+ 29+ 22,)* + p’]'?,
where p is the radial interfiber distance, zo equals the fiber
insertion depth plus the factor 1/u!, and z,~2/u!. Combin-
ing Egs. (2) and (3) yields the following expression for the
change in optical density:

AA(L,N) =—1n1(tl(=t;())\))\)
A 12
=r][3ua(f=0)ﬂé]l/2<|:m(t—l:lo)+ 1] ) 1>

- ln{l _a exp[— (r,—ry)
r
X{3[A g+ po(t=0)] 3" 2]}

+ 111(1 - :—; exp{— (ry— r)[Bu,(t= ())Ius’]l/z})’
4)

where

Apy = ep(NALHD(1)] + £,0(NA[HPO(1)].

emo(N\) and gg,(N) are the wavelength-dependent extinction
coefficients of oxy- and deoxyhemoglobin, respectively.” The
changes in oxy- and deoxyhemoglobin concentration were as-
sessed by nonlinear least-squares fitting of Eq. (4) to the mea-
sured change in optical density within the spectral interval
760 to 810 nm. After assuming initial oxy- and deoxyhemo-
globin concentrations, the tissue oxygen saturation was calcu-
lated from Eq. (1). Here, [Hb(1=0)] and [HbO(t=0)] were
set to 20 and 47 uM, respectively,25 giving an initial tissue
oxygen saturation level of 70%, in agreement with previously
reported baseline levels.?®

To derive Eq. (4), several assumptions have been made.
First, a reduced scattering coefficient that remains constant
over time and that is much larger in magnitude than the ab-
sorption coefficient was assumed. Second, Eq. (4) is assumed
to be valid only in homogeneous tissues. By this way of
analysis, attenuation of the transmitted light by a small
amount of blood in front of either the detection or source fiber
is attributed to a smaller increase in total hemoglobin content
averaged throughout the probed tissue volume. In this work,
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the initial absorption [u,(1=0)] and reduced scattering coef-
ficients [u!()=p!(r=0)] at 635 nm were set to 0.3 and
12 cm™!, respectively.

Based on the known extinction spectra of oxy- and deoxy-
hemoglobin, the changes in light transmission at the treatment
wavelength could be approximated by extrapolating the mea-
sured optical density changes from the wavelength region
760 to 810 nm down to 635 nm. The motivation for doing
this was to check whether the observed treatment-induced ab-
sorption changes could be explained by the measured changes
in tissue oxygenation and blood volume. The wavelength de-
pendence of the reduced scattering coefficient, which influ-
ences the calculation when extrapolating the measured optical
density changes from the wavelength region 760 to 810 nm
down to 635 nm, is given the following appearance:*®

wi(t=0,\) o< \7HT (5)

3  Results

Following excitation at 405 nm, the PPIX fluorescence signal
prior to the treatment was found to decrease throughout the
tumor depth. The sensitizer displayed a large interpatient vari-
ability, which seemed to depend more on tissue porosity than
on ALA delivery path.

An example of a typical spectrum recorded when the diode
laser emitting at 635 nm was used as the diagnostic light
source is shown in Fig. 2(a). 635-nm light transmission
curves as a function of delivered light dose are presented in
Fig. 2(b). For this patient, the decrease in light transmission
was rather homogeneous within the entire tumor volume.

A significant treatment-induced attenuation increase was
established in seven of nine completed treatment sessions by
performing a one-sided Student’s ¢-test. P<<0.01 was consid-
ered significant. Data from treatment 2 was excluded, since
the optical fibers moved when the patient started coughing
after 240 s of therapeutic irradiation. Figure 2(c) shows the
light transmission level remaining at the end of each treatment
session. The data displayed were obtained by averaging the
normalized light transmission between neighboring fibers
within time interval T7, as indicated in Fig. 2(b). Out of a total
of 60 fiber insertions, the detected signals from four fibers
were characterized by a rapid (changes occurred between the
first and second measurement sequences) and more pro-
nounced transmission decrease (down to less than 20% of the
initial level), possibly indicative of significant blood pooling
at the fiber tip. Data from these fibers, characterized by poor
signal-to-noise ratio, were excluded from the data analysis.

A typical sensitizer photobleaching curve is shown in Fig.
2(d), where the average of the normalized fluorescence signal,
as detected between neighboring patient fibers in one patient,
has been plotted as a function of the delivered light dose. Data
from the treatments indicate rapid initial photobleaching, fol-
lowed by a slowly decaying fluorescence level. It should be
noted that the sensitizer fluorescence signal was not compen-
sated for the absorption increase, as seen from the fluence rate
measurements. Figure 2(e) shows the remaining fluorescence
level for treatments 3 to 10. Treatment 1 was excluded from
the analysis because the PPIX fluorescence was below the
detection limit of the system with its initial CCD settings.
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Fig. 2 (a) Raw spectrum from a diagnostic measurement using the
635-nm diode laser as a light source. Spectral intervals \; and \;
indicate regions used for studying the light transmission at 635 nm
and the PPIX fluorescence signals, respectively. (b) Average of the
normalized light transmission between neighboring patient fibers as a
function of the delivered light dose (D;) from one patient. Signals
within area T, are averaged to constitute a measure of final light trans-
mission. (c) The light transmission remaining at the end of each treat-
ment. (d) Average of the normalized PPIX fluorescence as measured
between neighboring patient fibers as a function of the delivered light
dose (D,) from one patient. (e) The PPIX fluorescence level remaining
at the end of each treatment. In (b) through (e), the error bars denote
+1 standard deviation.

Figure 3(a) shows the changes in optical density at various
times during treatment 3. The data were obtained by evaluat-
ing the recorded NIR transmission spectra according to Eq.
(2). An increased absorbance can be seen around 760 nm as
the treatment progressed. In this wavelength region, deoxyhe-
moglobin has a higher extinction coefficient than oxyhemo-
globin, as shown in Fig. 3(b).24 The changes in concentration
of oxy- and deoxyhemoglobin were evaluated using Eq. (4).
Figure 3(c) illustrates the concentration changes correspond-
ing to the data shown in Fig. 3(a). The curves are not each
other’s opposite, indicating treatment-induced changes in total
blood volume.

Figure 4(a) shows a schematic illustration of the tumor
cross section for one of the treatments and the patient fiber
configuration used during this treatment. Similar configura-
tions were used for all treatments. In Fig. 4(b), the tissue
oxygenation level according to Eq. (1) is shown when mea-
sured using the six fiber pairs, as indicated in the legend. As
can be seen, during treatment 3 the volume probed when mea-
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Fig. 3 (a) Changes in tissue optical density from the third treatment for
five different treatment times. (b) Extinction coefficients of oxy- and
deoxyhemoglobin as a function of wavelength. (c) Concentration
changes of oxy- and deoxyhemoglobin as a function of the delivered
light dose (D,).

suring between fibers 1 and 2 displayed a higher degree of
deoxygenation than the other parts of the tumor. Figure 4(c)
shows the tumor oxygenation level after averaging the signals
between all patient fibers. It should be noted that this graph
includes transmission signals with source-detector separations
of up to 8 mm. Figure 4(d) shows the minimum average tis-
sue oxygen saturation level for seven treatment sessions.
The standard deviations for sessions 3, 4, 6, 7, and 8 result
from averaging the transmission signals between many fiber

100
7 B e
£ &
£ 0 S 50
-7 »
0
6 0 6 0 15 30
@) mm (b) D, ()
100
= < 100
50 o
» »
0 0
0 15 30 34567 810
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Fig. 4 (a) Example of tumor cross section and fiber positions. (b) Tis-
sue oxygen saturation during treatment 3 as a function of the deliv-
ered light dose (D;). The legend indicates source-detector fibers. (c)
Average tissue oxygenation as a function of the delivered light dose
(Dy). (d) Minimum tissue oxygen saturation level for seven treatments.
Error bars denote standard deviations resulting when averaging signals
between neighboring patient fibers. The dashed line represents the
70% oxygen saturation level.
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Fig. 5 (a) Change in total hemoglobin content for seven treatments.
(b) Example of measured and extrapolated light transmission at
635 nm. The curves, which are offset for clarity, show the normalized
light transmission between one source fiber and five detection fibers
during the third treatment.

combinations, thereby probing a highly heterogeneous tissue.
The extremely large standard deviations for treatments 5 and
10 indicate either that the model used for describing the trans-
mitted NIR signal was incorrect or that fiber positions
changed during the treatment. Data for these two patients give
no relevant information but have been included in the graph
for completeness. Although not significant, smaller source-
detector separations seemed to exhibit a higher degree of tis-
sue deoxygenation than when analyzing transmission signals
having traveled across larger tumor volumes. In addition to
treatment sessions 1 and 2, data from session 9 have been
excluded, because the CCD settings were incorrect during this
particular treatment.

Besides changes in tissue oxygen saturation level, the
treatment also induced changes in the total hemoglobin con-
tent, as shown in Fig. 5(a). The plot shows the relative
changes in total hemoglobin content for seven treatments
when assuming initial deoxy- and oxyhemoglobin concentra-
tions according to Sec. 2.3. Again, the large standard devia-
tions for sessions 5 and 10 indicate a poor fit to the model.
Here we tested the hypothesis that changes in tissue oxygen
saturation and blood volume resulted in the observed increase
in tissue absorption at the treatment wavelength. The change
in light transmission at the therapeutic wavelength was ap-
proximated by extrapolating the measured optical density
change from the wavelength region 760 to 810 nm down to
635 nm based on the known extinction coefficients of oxy-
and deoxyhemoglobin. Figure 5(b) illustrates the agreement
for a set of one source fiber and five detection fibers during
one of the treatments. A relative error estimate was defined
according to the following formula:
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Fig. 6 (a) Example of a PPIX photobleaching curve and the double
exponential fit. The exponent of the rapidly decaying term b was used
to quantify the photobleaching rate. (b) Scatter plot illustrating the
correlation between the initial photobleaching rate and the light trans-
mission remaining at the end of the treatment. Error bars denote stan-
dard deviations and the treatment number is indicated in the legend.

E= E (-’Cmeasured_-)Cpredicted)2 1

. (6)

tfiber Xmeasured n—1

where n is the number of measurements. Taking into account
signals between neighboring fibers, the fit for the treatment
session shown in Fig. 5(b) resulted in E=0.006. Of the other
treatments, four showed error estimates of similar magnitude
when fitting the predicted light transmission profile to the
measured one, whereas the fit from treatment sessions 5 and
10 resulted in ten-fold larger errors. As explained before, data
from treatments 1, 2, and 9 were excluded.

Figures 4(d), 5(a), and 5(b) indicate treatment-induced
variations in tissue oxygenation and total hemoglobin content,
which seem to explain the observed absorption increase at the
treatment wavelength. To further explore the connection be-
tween the light transmission, the tissue oxygenation, and the
total blood content, the correlation between the final light
transmission, obtained by averaging the normalized transmis-
sion signal over time interval /, as indicated in Fig. 2(b), and
the total change in tissue blood volume was studied for seven
treatments. Comparing the averages of these two variables for
each treatment session resulted in a correlation coefficient of
—0.75. The correlation between the average final light trans-
mission and the minimum tissue oxygen saturation was only
0.23.

Finally, the correlation between the overall absorption in-
crease and the initial photobleaching rate was studied. The
PPIX photobleaching rate was quantified by fitting a double
exponential to the normalized fluorescence decay curve by
means of a nonlinear least squares Levenberg-Marquardt
method. The fit to the raw data, indicated in Fig. 6(a), was
given the following principal appearance;
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F=aexp(-b-D;)+cexp(-d-D,), (7)

where I and D; denote the PPIX fluorescence signal and the
delivered light dose, respectively. The constants a through d
were allowed to vary during the fit. Of the two constants b
and d, the one with the largest magnitude was used to de-
scribe the initial photobleaching rate. The average value of
this initial decay rate for each of eight treatment sessions is
plotted along the abscissa in Fig. 6(b), whereas the ordinate
gives the average of the normalized, final light transmission.
Each marker in Fig. 6(b) indicates an average of the light
transmission/fluorescence decay rate from each treatment, and
therefore represents an average over the entire tumor volume.
The standard deviations are a result of probing a rather large
and heterogeneous tissue volume. The correlation coefficient
between the final light transmission and the initial PPIX fluo-
rescence decay rate was found to be 0.81. A similar analysis
showed a correlation coefficient of —0.73 between the final
light transmission and the final PPIX fluorescence level. In
summary, Fig. 6(b) indicates a less pronounced absorption
increase during treatment sessions that show more rapid
photobleaching.

One-way analysis of variance (ANOVA) showed no sig-
nificant differences between the two groups of patients receiv-
ing topical and topical plus intratumoral ALA administration,
nor between different fiber output powers for the variables
presented in Figs. 2(c), 2(e), 4(d), 5(a), and 6(b). P<0.01 was
considered significant.

4 Discussion

Interstitial photodynamic therapy has been applied in the
treatment of several conditions, for example, malignancies in
the prostate,29 liver,30 and pancreas.9 Various photosensitizers
have been used in those studies, and relatively large treatment
volumes have been obtained. This has been possible due to
the low thresholds and long activation wavelengths for the
sensitizers used.’’* The main limitations of IPDT as applied
today are the limited light penetration and the lack of a more
precise dosimetry. In this study, we used ALA because of our
extensive experience of using this substance in the treatment
of skin malignancies. The results presented are not focused on
the treatment outcome of the tumors, but rather on treatment-
induced changes in tissue absorption, PPIX photobleaching
and tissue oxygenation level, and possible correlations be-
tween them.

The fluorescence measurements showed the typical char-
acteristics of PPIX photobleaching, where the final sensitizer
fluorescence constituted less than 25% of the initial fluores-
cence level. Both the overall amount of photobleaching and
the initial photobleaching rate have been shown to correlate
with tissue oxygenation and amount of PDT damage, possibly
indicating the feasibility of using the sensitizer photobleach-
ing as an implicit dosimetric parameter.m’“’17 The sensitizer
fluorescence signal could therefore possibly be used as a first
indication of the treatment outcome, and not merely to pro-
vide information about the presence of the drug. More work is
required to correlate the fluorescence kinetics to the treatment
outcome, including results of long-term follow-up.

In this work, an indirect method of assessing the tissue
oxygen content was used, which assumes there is a connec-
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tion between the oxygen saturation of hemoglobin and the
concentration of oxygen molecules 3 O,. On the time scale
associated with a typical treatment and also during a measure-
ment cycle, we believe that the balance between deoxy- and
oxygenated tissue reflects the oxygen concentration level. The
tissue oxygen saturation levels reported do not indicate any
incidence of serious tissue hypoxia during the treatment ses-
sions. One possible explanation might be that PDT following
local administration of ALA is not associated with a pro-
nounced vasoconstriction as PDT with many other sensitizers,
for example, Foscan and HpD. When using topically admin-
istered ALA, increased blood perfusion has been observed
during treatment of superficial skin malignancies.34 Another
possible explanation for us not seeing lower oxygenation lev-
els is the relatively large tissue volume probed by the NIR
light, determined by the relatively long distance between
source and detector fibers. In contrast, one could expect oxy-
gen consumption and depletion to be local processes occur-
ring close to the light source, where the fluence rate is
highest.ls’35 It is thus likely that these measurements probe
tissue characterized by inhomogeneous oxygen saturation.

The influence of a good oxygen supply on tumor treatment
outcome is well established. Following systemic administra-
tion of ALA, irradiation fractionation with dark intervals on
the order of a couple of minutes has been shown to induce
three times more necrosis than continuous therapeutic irradia-
tion, an effect that has been explained by tissue reoxygenation
during the dark periods.]5 Real-time monitoring of the tissue
oxygen saturation levels is clearly desirable when trying to
improve treatment outcome. Although not significant, for
some treatments we observed a slightly higher oxygenation
level for the earliest measurements during a measurement se-
quence. Since one such sequence interrupts the therapeutic
irradiation for 45 sec, this might be in agreement with work
done by Foster et al. who reported on tissue reoxygenation
using dark intervals on the order of 5 to 45 sec.™

Other authors have also reported a decrease in the light
penetration in tissue during PDT, and possible explanations
include damage to the tissue microcirculation,37 alteration of
the local blood flow and perfusion,®** and local hyperthermia
or bleeding at the fiber tips.”” Because of the high absorption
coefficient of blood, bleeding at the fiber tips has a consider-
able impact on the light distribution in the tissue, and blood
pooling at the light sources should be prevented to avoid in-
sufficient treatment. By measuring the magnitude of the light
transmission between patient fibers, fibers characterized by
significant blood pooling can be identified and an insufficient
treatment can be avoided by repositioning these fibers.

When using bare-end fibers for light delivery, one should
not neglect the risk of inducing hyperthermia due to the high
irradiance (<0.2 MW/m?) close to the fiber tip. Recent work
by our group using temperature-dependent fluorescence from
alexandrite-doped treatment fibers has shown a local tempera-
ture increase of 4 to 5 °C in vivo at the fiber tip.** However,
the small temperature increase observed using crystal-doped
fiber tips can probably not explain the observed increase in
tissue absorption.‘“’42

Another possible explanation for the observed decrease in
light transmission during the treatment sessions is based on
treatment-induced changes in oxy- and deoxyhemoglobin
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concentrations. Tissue deoxygenation as a consequence of
oxygen consumption associated with the photodynamic reac-
tion would cause an increase in tissue absorption at 635 nm,
since deoxyhemoglobin is a much stronger absorber at this
wavelength than oxyhemoglobin.lg’24 Furthermore, local
blood accumulation at the fiber tips would increase the aver-
age tissue light attenuation. Here we have tested the hypoth-
esis that changes in tissue oxygen saturation and blood vol-
ume induce changes in the average tissue absorption
coefficient. Evaluation of the measured tissue optical density
in the wavelength interval 760 to 800 nm indicates treatment-
induced tissue deoxygenation in combination with a consider-
able change in blood volume. The changes in light transmis-
sion predicted by the calculated changes in hemoglobin
content were compared to the light transmission actually mea-
sured at 635 nm, showing excellent agreement for some pa-
tients. Judging by the magnitudes of the correlation coeffi-
cients, the absorption increase seems to be more influenced by
the observed changes in total hemoglobin content than by the
varying tissue oxygen saturation. This poor correlation might
originate from the assumption of homogeneous tissue associ-
ated with our analysis of the NIR signal. We are presently
working on a way to incorporate tissue inhomogeneities in the
geometry following the concept outlined in Ref. 43. In the
case of light transmission, treatment 6 represents an outlier
where we actually observed an increase in tissue light trans-
mission. This lesion had previously been treated by cryo-
therapy, leading to hypopigmentation and loss of vascularity.
A low average blood concentration, possibly in combination
with tissue oedema induced by the treatment, could perhaps
explain the transmission increase.

The observed increase in absorption influences the light
distribution throughout the tumor volume, with the result that
peripheral regions, which are important for tumor growth,
may not receive a sufficient light dose. By carefully monitor-
ing the light penetration during the treatment, information can
be obtained on prolonging the treatment time or adjusting the
individual fiber output power to deliver the planned light dose
to these critical volumes. The aim of these dosimetric mea-
surements performed in parallel with the therapy is treatment
supervision and real-time feedback to improve treatment re-
sults. During the clinical work, we observed large interpatient
variations in the detected signals, a fact that further supports
the concept of individualized treatment control.

Even though we have had promising results when using
bare-ended fibers for IPDT,** the extremely high fluence rate
close to the light sources introduces two major issues that
need to be addressed: first, the light absorption by tissue
might introduce thermal effects such as charring, and second,
the high fluence rate might introduce local oxygen depletion
and thereby lack of treatment response close to the light
sources. With these concerns in mind, we limited the fiber
output power to 100 mW. Histopathology performed on ex-
cised tissue from some of the patients included in this work
displayed no evidence of thermal effects or inefficient treat-
ment close to the fiber tips. In support of our findings,
Woodhams et al. have reported no thermal effects in controls
with light only at 100 mW."*

Although not shown here, the results from histopathology
studies on the excised tissue showed tumor necrosis down to a
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depth of 9 mm following only topical ALA application. The
presence of PPIX at depths of up to 5 mm following the com-
bination of topical and intratumoral drug administration was
confirmed by the point-monitoring laser-induced fluorescence
studies. Experimentally determined and theoretically modeled
ALA penetration depths between 2 and 5 mm have been re-
ported by other glroups.46’47 In this study, possible explana-
tions to the presence of PPIX at the relatively large depths
might be increased drug diffusivity and skin permeability
achieved by the use of ALA-ME, and the removal of crust and
the superficial skin layer.*®

The negative correlation between the light transmission
and the sensitizer fluorescence level remaining at the end of
the treatment indicates more efficient photobleaching during
treatments characterized by a smaller increase in tissue ab-
sorption. This result might not seem very surprising, since a
higher irradiance photobleaches the sensitizer more effi-
ciently, given a sufficient oxygen concentration. The relatively
high degree of correlation between the initial sensitizer pho-
tobleaching rate and the light transmission remaining at the
end of the treatment session might thus also imply some oxy-
gen dependence behind the increase in tissue light absorption.
It should be noted that here we observed a correlation be-
tween the fluorescence signal during the first few minutes of
the treatment session and the tissue absorption at the end of
the treatment. These two parameters are separated in time by
up to 15 minutes. The explanation might lie in the fact that a
tumor with an overall stable blood supply can maintain this
throughout the entire treatment, thereby avoiding oxygen
depletion. The situation may, however, be completely differ-
ent for sensitizers with more pronounced vascular effects than
ALA-induced PPIX. However, care should be exercised when
drawing any conclusions based merely on the correlation co-
efficients, due to the small number of patients included in the
study. The need for a larger study also applies when trying to
identify differences between the two ALA administration
paths.

The analysis of the tissue oxygen saturation signal is sub-
ject to several assumptions and sources of error. Exact knowl-
edge of the fiber positions, gained for example by means of
ultrasound techniques, will minimize one of the sources of
uncertainties in the data analysis. Furthermore, the assump-
tion of a constant reduced scattering constant throughout the
treatment and the values of the initial absorption and reduced
scattering coefficients constitute another source of error. Al-
though not shown here, the temporal profile of the tissue oxy-
gen saturation level seems to be reasonably insensitive to
variations in these coefficients within certain limits. An inter-
esting task for the future would be to monitor the tissue’s
optical properties during the treatment session. Using a time-
resolved system, it would be possible to separately measure
the reduced scattering and absorption coefficients,* which
could aid in interpreting the observed variations in light pen-
etration reported here. Our indirect method of assessing the
tissue oxygen saturation should be correlated to in vivo mea-
surements of oxygen concentration, for example, by means of
oxygen-sensitive microelectrodes or oxygen-dependent phos-
phorescence quenching probes.”> The inclusion of controls,
where fibers are inserted and light is delivered in the absence
of photosensitizer, is a necessity when further interpreting the
results from the diagnostic measurements.
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In conclusion, we have reported on simultaneous measure-
ments of fluence rate, sensitizer fluorescence, and tissue oxy-
gen saturation during interstitial photodynamic therapy of
thick malignant skin tumors. A significant increase in tissue
light absorption was observed during seven completed treat-
ments, possibly explained by treatment-induced tissue deoxy-
genation and blood volume increase. A high absorption in-
crease was found to correlate to a lower initial sensitizer
photobleaching rate. We emphasize the importance of the pro-
posed real-time diagnostic measurements as a tool for treat-
ment supervision and feedback.
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