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The efficacy of photodynamic therapy �PDT� depends on a variety of parameters: concentration of
the photosensitizer at the time of treatment, light wavelength, fluence, fluence rate, availability of
oxygen within the illuminated volume, and light distribution in the tissue. Dosimetry in PDT
requires the congregation of adequate amounts of light, drug, and tissue oxygen. The adequate
dosimetry should be able to predict the extension of the tissue damage. Photosensitizer
photobleaching rate depends on the availability of molecular oxygen in the tissue. Based on
photosensitizers photobleaching models, high photobleaching has to be associated with high
production of singlet oxygen and therefore with higher photodynamic action, resulting in a greater
depth of necrosis. The purpose of this work is to show a possible correlation between depth of
necrosis and the in vivo photosensitizer �in this case, Photogem®� photodegradation during PDT.
Such correlation allows possibilities for the development of a real time evaluation of the
photodynamic action during PDT application. Experiments were performed in a range of fluence
�0–450 J /cm2� at a constant fluence rate of 250 mW /cm2 and applying different illumination
times �0–1800 s� to achieve the desired fluence. A quantity was defined ��� as the product of
fluorescence ratio �related to the photosensitizer degradation at the surface� and the observed depth
of necrosis. The correlation between depth of necrosis and surface fluorescence signal is expressed
in � and could allow, in principle, a noninvasive monitoring of PDT effects during treatment. High
degree of correlation is observed and a simple mathematical model to justify the results is
presented. © 2009 American Institute of Physics. �DOI: 10.1063/1.3116610�

I. INTRODUCTION

Photodynamic therapy �PDT� is a procedure that exploits
the consequences from localized oxidative damage caused by
photochemical process to produce selective destruction of
cells.1–3 There are three critical elements required for PDT: a
photosensitizer �PS�, light of proper wavelength to activate
the PS, and molecular oxygen in the target tissue.1 Light
interaction with the PS induces the production of highly ac-
tive species of oxygen, mainly singlet oxygen �1O2�, that
mediates localized oxidative damages. These damages lead
to tissue necrosis by promoting either direct cell death or
vascular damage.1,4 Clinically, an adequate PDT outcome re-
quires the appropriate combination of those three key ele-
ments.

Due to the interdependence of the factors that influence
PDT response, some authors suggested that the PS degrada-
tion or photobleaching is indicative of an effective adminis-
tered PDT treatment.5–8 The PS bleaching rate depends on
the PS concentration, the fluence rate, and the availability of
molecular oxygen in the tissue.7 In a situation where surface
irradiation is used, light fluence rate decays with tissue
depth. That leads to a faster photobleaching rate at the most

top layers. As photobleaching occurs, the profile of PS dis-
tribution in the tissue is modified and so is the light fluence
distribution, as the PS contribution to the attenuation coeffi-
cient is reduced.9

Since a fraction of the formed reactive oxygen species
bleaches the PS molecules and another fraction reacts with
tissue molecules, one can assume that the amount of
bleached PS is proportional to the amount of tissue damage.
In this sense, the correlation of photobleaching to PDT re-
sults is a reasonable possibility. If the PS is fluorescent, PS
bleaching during PDT can be monitored through fluores-
cence spectroscopy. The PS fluorescence signal decreases as
photobleaching occurs. The purpose of this study is to show
that monitoring, at the tissue surface, the induced pho-
tobleaching during illumination may be used for a real-time
PDT dosimetry and for the prediction of the final depth of
necrosis. The photodegradation rate of a hematoporphyrin
derivative was evaluated for a sequence of delivered fluences
with a constant fluence rate in rat liver. The induced depth of
necrosis was measured and a correlation with the measured
overall photobleaching was established. A simple theoretical
model was developed to explain the overall experimental
observations.

It must be emphasized that the observation of photoprod-
ucts as well as tissue optical properties variation during the
application of PDT is not the goal of our present study.
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Rather, the final observed variations in PS together with the
final observed necrosis are our main objects here.

II. MATERIALS AND METHODS

A. Photosensitizer

The study was performed using a hematoporphyrin de-
rivative, Photogem® �PG�, made by Photogem® LLC Co.
�Moscow, Russia�. It is, in general, described as being
chemically similar to Photofrin®.10 In this sense, both Pho-
togem® and Photofrin® are mixtures of monomers, dim-
mers, and oligomers of hematoporphyrin derivatives, and
first generation PSs.10,11 The peculiarities of each PS are not
relevant for the present study. The 5 mg mL−1 stock solu-
tions of Photogem® in 20 mM phosphate buffered saline, pH
7.4, were stored in the dark at 4 °C.

B. Animals

Male Wistar rats weighting between 200 and 250 g were
used in this study. The animals were maintained according to
the guidelines of the Committee on Care and Use of Labo-
ratory Animals of the Brazilian National Research Council
and the Commission for Ethics in Research of the Medical
School of Ribeirao Preto-University of Sao Paulo �Ribeirao
Preto, Brazil�.

C. Light source

A diode laser operating at 630 nm �Ceralas®, Cera-
moptec, Germany� was used as light source. An optical fiber
with a diameter of 300 �m and output lens were used to
produce a circular spot with uniform illumination area. The
spot size was obtained by controlling the distance between
the fiber tip and the target tissue surface. The illumination
spot diameter was set as 1 cm for all experiments.

D. Fluorescence spectroscopy system

The fluorescence collection was performed using a sys-
tem �Spectral-Fluorescence System for Diagnosis of Malig-
nant Tumors, “Spectr-Cluster,” v. 2.05m, Cluster Ltd., Mos-
cow, Russia� composed by a Nd3+-doped yttrium aluminum
garnet laser emitting at 532 nm �second harmonic emission�
as excitation source and a spectrometer to collect fluores-
cence in the visible to near infrared range �540–850 nm�. The
excitation laser was coupled to a Y-type optical fiber probe
�also part of the Spectr-Cluster system�. This probe delivers
the excitation light through a central optical fiber �diameter
=130 �m� and collects fluorescence emission from the tis-
sue surface through six fibers �diameter=100 �m� arranged
around the central one. The output power at the probe tip was
about 7 mW to assure that no thermal or photon effects
would occur due to the incidence of the fluorescence excita-
tion light during the fluorescence measurement.

Backscattered light from the tissue was about a thousand
times more intense than the rest of the fluorescence signal
collected by the fibers. To simplify analysis, we used optical
filters centered at the excitation wavelength with a long
wavelength band pass �above 540 nm� to reduce the intensity
of the collected backscattered light. Such attenuation resulted

in a backscattering signal that is comparable to the rest of the
collected light spectrum. Our attention has been focused in
the fluorescence peaks related to the PS and in the autofluo-
rescence previously to injection and not to the backscattered
light. The elapsed time for the collection of a single spectrum
was less then 10 s.

E. PDT procedure

Normal rat liver was used in these experiments as a
model to study the depth of necrosis as a function of fluence.
For in vivo photodegradation and liver necrosis induction
experiments, 27 male Wistar rats were used. Prior to any
manipulation, the animals were anesthetized using ketamine
5% �Vetanarcol®, Konig� at the dose of 0.08 mL per 100 g
of bodyweight and xylazine 2 g �Coopazine®, Coopers� at
the dose of 0.04 mL per 100 g of body weight. A 5 mg mL−1

�in 0.9% NaCl� stock solution of the PS was prepared and
administered at a concentration of 1.5 mg/kg of body weight
through the vena cava, which was made accessible by
surgery.12 Thirty minutes after Photogem® injection,13 its
concentration was confirmed to be at the maximum in the
liver via fluorescence spectroscopy. The right lobe of each
liver at the center position was then exposed to the light spot.

The experiments were performed using different light
fluences �0–450 J /cm2�. Fluence rate was maintained con-
stant �250 mW /cm2� and exposure time was varied �0–1800
s� to obtain the final applied fluence. Animals were divided
into nine subgroups for the different light fluences, with three
animals in each subgroup.

After illumination, the animals were sutured to recover
from treatment. Thirty hours later, they were killed by an
overdose of anesthesia and their livers were removed.14 The
irradiated area was macroscopically evaluated and samples
were prepared for histological analysis mainly considering
the necrosis aspects and the extension of the depth of necro-
sis �dnec�.

F. Fluorescence procedure

The quantification of the photoactive portion of PS was
performed using fluorescence spectroscopy at the illuminated
area. The fluorescence spectrum was obtained by placing the
probe perpendicularly in contact with the tissue. Total expo-
sure time to the excitation light �532 nm� for every fluores-
cence collection was less than 10 s, minimizing additional
degradation due to excitation light exposure.

Photosensitizer degradation in vivo was observed
through fluorescence measurements just after the illumina-
tion procedure. Fluorescence emission spectra �540–850 nm�
were acquired before Photogem® administration, before and
after illumination, and at periodical intervals during the
therapeutic illumination. For the acquisition of fluorescence
spectra, the therapeutic illumination was interrupted for a 10
s period and five fluorescence measurements were collected
from different sites inside the illumination spot.

The autofluorescence spectrum obtained before injection
was subtracted from the spectrum after injection. The re-
mainder of this procedure is a spectrum with two bands that
are mainly related to the PS present in the tissue. In Fig. 1, a
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typical autofluorescence spectrum and the PS fluorescence
are shown. As for the fluorescence variation during treatment
illumination, we collected spectra from the illuminated area
and also from the adjacent region �not illuminated�. The non-
illuminated area spectra �after autofluorescence subtraction�
account for fluorescence variations due to the PS natural
pharmacokinetics. Such spectra were subtracted from the PS
spectra that were collected from the illuminated area. As a
result, the variation due only to PSs phototransformation can
be obtained.

G. Degradation rate analyses

The typical fluorescence spectrum for liver �autofluores-
cence� and for Photogem® in liver before, during, and after
irradiation was obtained and normalized by the backscatter-
ing peak, observed in 532 nm. The subtraction of autofluo-
rescence was performed to obtain only the PS contribution
�i.e., its fluorescence intensity spectrum� as a function of
illumination time. Each Photogem® spectrum was normal-
ized by the amplitude at 620 and 680 nm. Five spectra were
collected from each area in every condition and data pre-
sented in this study are generated by the average amplitudes
of these spectra. Error bars represent the standard deviation
related to these spectra.

H. Monitoring the thermal effects in the PDT
procedure

The possible thermal effect during PDT procedure was
monitored on liver as a function of illumination time using a
thermistor �Model 120–202 EAJ, Fenwal Electronic, Mil-
ford, MA� connected to a data acquisition device. Specific
software was developed in LabView® to allow real time vi-
sualization of the results. The temperature values were mea-
sured in intervals of 1 s.

The obtained results show that the temperature variation
during the illumination time reached temperatures of
40–42 °C �data not shown�. This type of temperature varia-

tion is compatible with observations already reported in the
literature.15 Such final temperature can be seen as indicative
of a slight occurrence of hyperthermia, specially for pro-
longed appliance of illumination.

I. Statistics

Measured fluorescence values and depth of necrosis at
liver were statistically compared using an analysis of vari-
ance �ANOVA� combined with Student–Newman–Keuls test.
For all tests, a P-value of less than 0.05 was considered to be
statistically significant.

III. RESULTS AND DISCUSSION

A typical autofluorescence spectrum for the target tissue
of this study is presented in Fig. 1. The addition of Photo-
gem® adds the two characteristics bands at 620 and 680 nm
already discussed. After autofluorescence subtraction, the
spectra show clearly the presence and quantity of the drug.
Extracting the precise concentration of PS in the tissue using
the fluorescence spectrum13 is a challenging task due to the
optical properties of the medium. Since tissue is a turbid
medium, the one-to-one relation between concentration and
fluorescence does not hold. We can, however, consider a pro-
portionality relationship such that decreasing fluorescence is
associated with photodegradation at the equivalent propor-
tion.

During the illumination procedure, there are continuous
changes in the optical properties, which may influence the
estimates of photobleaching. We observed that after 20 min
of illumination the optical characteristics of the tissue are
noticeably different. Before that, changes seem not to be so
evident. We always normalized our spectra by the back-
scattering amplitude, therefore accounting for small varia-
tions concerning the coupling of excitation light to the tissue.

The fluence rate used in these experiments resembles the
clinical studies using Photogem®.16 Tromberg et al.17 ob-
served that during PDT using high fluence rate, oxygen
depletion occurs with temperature increase. Following their
conclusions, if the hyperthermia effect is high enough to con-
tribute to the therapeutic process, the induction of the syner-
gistic effect may have taken place, enhancing tissue damage
during PDT.15 Our results showed that mild hyperthermia
�about 40–42 °C� was observed, having only marginal in-
fluence for most results. Observed effects due to other fac-
tors, rather than PDT, will be discussed within the model
discussion subsection.

The obtained depth of necrosis �dnec� as a function of
incident light fluences is shown in Fig. 2. Examining the
tissue histological slides, we observed a well defined line
that separates the necrotic from the normal tissue, therefore
making simple the determination of dnec; Figs. 3�a� and 3�b�
show a typical line separating both regions. The presence of
a well defined separation is a result already explored in detail
elsewhere18 and is related to the threshold dose �Dth� below
which no permanent damage is observed.19–21 Considering a
superficial illumination given by a fluence value D0 and a
simple exponential decay of the light intensity allows us to
write �as an approximation� that

FIG. 1. Fluorescence spectrum of liver without drug �autofluorescence,
dashed line� and after 30 min of drug injection �solid line�. For the sensi-
tized tissue spectrum, autofluorescence was subtracted. The spectra were
normalized to the backscattering peak at 532 nm. Each spectrum is the
average of five measurements covering the area of interest.
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dnec = � ln�Do/Dth� , �1�

where � is the effective penetration depth of light for the
considered tissue and Dth is the threshold dose. The conven-

tional experiments involving the measurements of dnec versus
D0 show that this approximation, given by Ferreira et al.,18 is
an acceptable one.

The intent of this study is not to analyze the complex
model of the photodynamic process. Rather, two quantities
are measured and the relation among them is obtained. In
writing Eq. �1�, we aim to consider a simplified exponential
decay. The interpretation for the real observations is carried
out using a model that goes beyond a simple exponential
decay.

Experimental conditions show good correlation with Eq.
�1� for lower fluences �D0�200 J /cm2�. For higher flu-
ences, there is a clear deviation from Eq. �1�. For the lower
fluence values, the line represents the fit using Eq. �1�, with
Dth=15 J /cm2, which is within the expected range following
reference by Menezes et al.22 For large fluence values, the
behavior deviates from the simplified exponential model.
Histological examination reveals that the tissues illuminated
with fluences above 250 J /cm2 show a higher presence of
neutrophilics, which are indicative of swelling as indicated in
Figs. 3�c�–3�f�. A predominant large spacing among cells
also indicates the presence of edema. Those effects contrib-
ute to modifications of the photodynamic reaction and cer-
tainly result in variations for the depth of necrosis as a func-
tion of light fluences, as observed in Fig. 2, for values of
fluence above 300 J /cm2.

Taking the fluorescence amplitude �FA� as the PS quan-
tification at tissue surface, the relative variation in fluores-
cence peaks as a function of delivered fluence is shown in
Fig. 4. The fluorescence decrease implies an overall produc-
tion of singlet oxygen, which may be correlated with the
overall PDT action. Of course, this explanation relies on the
fact that molecular oxygen depletion may be established
quite fast if compared with the illumination time. As reported
by Henderson et al.,4 a steady-state condition of oxygenation
is established just after a few seconds of illumination.

FIG. 2. Experimental depths of necrosis for Photogem® �solid circles� as a
function of light fluences �0–450 J /cm2� with constant fluence rate at
250 mW /cm2 in different illumination times �0–1800 s�. Error bars are
standard deviations from measurement of five independent animals. The
dashed line corresponds to the result obtained from the constructed model
described in the text.

FIG. 3. �Color online� Necrosis slide pictures from illuminated tissue. One
can see �at �a� and �b�� a well defined line that separates healthy and necrotic
tissue �white arrows� and neutrophils infiltration �in detail at �c� and �d�,
black arrows�, which are indicators of swelling.

FIG. 4. Normalized experimental FA �degradation� for Photogem® in vivo
as a function of light fluences �0–450 J /cm2�, using fluence rate at
250 mW /cm2 and different illumination times �0–1800 s�. Error bars on
experimental points are taken as the standard deviations from measurement
of five independent animals. The dashed line is the obtained result using the
model described in the text.
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Results presented in Figs. 2 and 4 show that there is a
clear correlation between the measured quantities, indicating
that deeper necrosis is achieved for larger decrease in the PS
surface fluorescence. A previous study has been published by
Cheung et al.23 presenting in vivo correlation of the PS fluo-
rescence and the depth of necrosis. That study, however, is
different from the present one, because in their case fluores-
cence was only measured before illumination as a way to
quantify the amount of drug present in the tissue. They found
out that there is a correlation between observed fluorescence
and the depth of necrosis, as well as between the depth of
necrosis and the injected quantity of PS. In our case, the
fluorescence is taken during light application and the relative
variation observed is mainly attributed to the quantity of
photodynamic reaction. Since the purpose is to make it pos-
sible to predict the depth of necrosis using measurements of
the variations in the surface fluorescence, we defined a vari-
able � as the product of the FA and the depth of necrosis.
Therefore

� = �FA�dnec, �2�

where FA is normalized to the initial value �when D=0�.
This quantity �, calculated for our data, is presented as a
function of the surface delivered fluence in Fig. 5.

Observe that we apply this quantity � only for D�Dth,
since for D�Dth, dnec=0 and the search for correlation does

not make sense. We calculated the average value of � ��̄� for
the investigated light fluence interval, resulting in

�̄ � 0.8 � 0.2 �mm� .

Because the average is within the variance of the points,
we could consider it as a constant. This indicates that, at any
moment of the application, since we know the delivered
energy/area, the depth of necrosis at that moment is just in-

versely proportional to the FA measured at the applied sur-
face. Since we used normalized fluorescence, the unit of �
follows the unit of dnec.

These results are in agreement with explanations offered
by Tromberg et al.24 since in the third phase of the photody-
namic therapy the regional breakdown of oxygen and nutri-
ent delivery occurs due to vascular collapse, which causes
tumor necrosis �“ischemic” stage irreversible�. Results indi-
cate that one can actually use � to follow the evolution of the
depth of necrosis during application of PDT. Of course, it is
expected that the value of � will vary from one type of tissue
to another, as well as with the PS concentration and for dif-
ferent fluence rates. This can eventually be studied and tabu-
lated.

Using our data, the correlation coefficient between the
variables depth of necrosis and the inverse of the fluores-
cence signal �dnec=� /FA� was calculated. A linear regres-
sion and correlation model was used.25 The correlation coef-
ficient �r2� was evaluated and the value r2=0.97 was
obtained �data not shown�. The correlation coefficient is a
measure of how well trends for the predicted values follow
trends in past actual values. Then, it is a measure of how well
the predicted values from a forecast model fit with the real
values. A correlation coefficient close to one expresses a
good strength of the relationship between the predicted val-
ues and actual values. The value of 0.97 is a good indication
of a direct correlation as expressed in Eq. �2�.

A. Modeling the observations

Experimental results show the existence of a correlation
between PS photobleaching and depth of necrosis in rat liver.
To achieve a better understanding of this experimental obser-
vation, a simple theoretical model to evaluate correlation pa-
rameter ��� was developed. As a simple approach, we can
consider that fluence rate distribution changes during PDT
due to PS photobleaching, which leads to a change in the PS
absorption coefficient.

Photosensitizer bleaching depends on local fluence rate,
local oxygen, and PS concentration. In a first approximation,
the variation in the PS concentration C�x , t� can be described
by the following equation:

d

dt
C�x,t� = − ��O2�I�x,t�C�x,t� , �3�

where � is the degradation rate coefficient and x is depth, or
light propagation coordinate, so that x=0 corresponds to the
surface. The quantity �O2� is the oxygen concentration. Oxy-
gen depletion during PDT was taken into consideration in
our model as time dependent and is represented by

�O2� = �O2�0�exp�− t/	1� + exp�− t/	2�� , �4�

with 	1 and 	2 adjustable. We can consider that the sum of
exponentials represent different contributions to the variation
in the oxygen concentration during illumination, as the natu-
ral tissue oxygen dynamics and the photodynamic consump-
tion of oxygen.

The PS concentration at a time t+
t is calculated with
Eq. �5�, where �O2� is given by expression �4�.

FIG. 5. Experimental fluorescence ratio �degradation� for Photogem® in
vivo vs depth of necrosis ��� as a function of applied light fluences
�0–450 J /cm2� with constant fluence rate at 250 mW /cm2 and different
illumination times �0–1800 s�. Error bars are taken as standard deviations
from measurement of five independent animals. The dashed line is the result
obtained from the constructed model.
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C�x,t + 
t� = C�x,t� − ��O2�I�x,t�C�x,t�
t . �5�

PDT-induced tissue modification is not considered in this
model. Therefore, fluence rate I�x , t� depends on local PS
concentration and intrinsic tissue optical properties, here
considered as time independent. One can write the spatial
variation in light intensity as

d

dx
I�x,t� = − ��C�x,t� + ��I�x,t� , �6�

where � is the PS light absorption cross section and � is the
tissue intrinsic attenuation coefficient, which is influenced by
absorption and scattering.

At a time t+
t, fluence rate can be calculated by

I�x + 
x,t + 
t� = I�x,t� − ��C�x,t� + ��I�x,t�
x . �7�

To simulate this model numerically, an algorithm was
computed in MATLAB®. A set of initial conditions was used
to represent a typical liver tissue. Values for � and � were set
to be 1.4 mg−1 cm2 and 0.163 cm−1, respectively. Those
values are in agreement with reported values in the
literature.26,27 The value for � �0.000 58 J−1 mg−1 cm5� cor-
responds to the best fitting and there is no source available
for comparison. The model results to the measured quantities
are shown in Figs. 2 and 4–6 as dashed lines, together with
experimental data �as solid circles�.

The values for depth of necrosis �dnec� were determined
from the curves of fluence as a function of depth �x�, con-
sidering a threshold dose of 15 J /cm2, as shown in Fig. 6�b�.
In the model, 	1 and 	2 values were set as, respectively, 290
and 310 s. Those values were adjusted to obtain the best
concordance between model and experiment.

The results obtained with this model for the fluence as a
function of position are presented in Fig. 6�a�, where the
local light fluence versus light penetration depth is presented
for different times of illumination. Local light fluence for
each position is obtained through integration of the local
intensity with time �D=�Idt� for the whole illumination pe-
riod. The crossing of the D�x , t� with the threshold dose Dth

�here considered as 15 J /cm2� determines the calculated
depth of necrosis for each time of illumination.

In Fig. 6�b�, the concentration profiles for PS as obtained
from the model are presented for different illumination
times. We considered 1 mg/kg as the initial value, since only
part of the PS is delivered to the tissue. The depth of necrosis
obtained from the model, as in Fig. 6�a� �as the depth for
which Dth is achieved�, is presented as a dashed line in Fig.
2. Similarly, the superficial concentration of PS obtained
from the model is plotted as a dashed line in Fig. 4. Com-
parison between model and experimental data is quite good.

From calculated dnec and superficial PS, � is also theo-
retically obtained as the dashed line in Fig. 5. From the in-
terval of light fluences considered, the average value for � is

calculated, resulting in �̄�0.65�0.32 �mm�, close from the
value obtained from the data.

Concerning the deviation from the model for fluence val-
ues over 250 J /cm2 �observed in Figs. 2 and 5�, we believe
that swelling—and the consequent changes in the optical
properties due to tissue alteration for these fluence values—

are not considered in the model, as mentioned earlier. Fur-
thermore, when tissue undergoes PDT damage, the induced
hypoxia and the greater amount of energy delivered to the
tissue could interfere with the necrosis establishment.

In this scenario, deeper necroses for the highest fluences
are quite expected as observed. Such increase is also respon-
sible for the increase in the actual � values when compared
to those of the model prediction for fluences well above
250 J /cm2. Therefore, if such tissue properties variation
could be taken into account, it would certainly be possible to
match prediction and actual values for the high fluence re-
gion much better.

Nevertheless, this model can be considered as a good
approach, which takes the main PDT mechanisms into ac-
count, and with reasonable representation of its actual re-
sults. The agreement between prediction model and experi-
mental data below 250 J /cm2 shows that our considerations
seem to be true especially for low fluence values, where PDT
facts and mechanisms are better under control. High flu-
ences, however, seem to promote additional phenomena that
interfere with both photobleaching and depth of necrosis.
This interference could be elucidated by additional studies.

On the other hand, high fluence values are usually
avoided exactly to prevent thermal damage effects. There-

FIG. 6. �a� Theoretical light fluences penetration profiles in tissue during
illumination for a constant surface fluence rate and different times of illu-
mination as obtained from the model. The dashed line represents the con-
sidered threshold dose to achieve photodynamic effect. �b� Theoretical PS
concentration distribution profiles in tissue during illumination for a con-
stant fluence rate and different times of illumination.
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fore, correlation between surface fluorescence �degradation�
information and depth of necrosis might still contribute to
clinical dosimetry of PDT. Nonetheless, the final aim of this
study was to present a practical model that—even known to
be not complete—could be applied to improve PDT. This
improvement can enhance PDT outcome for patients while
more complete understanding and description of PDT effects
are achieved.

IV. CONCLUSIONS

We demonstrated the existence of a well established cor-
relation between surface fluorescence and depth of necrosis
during PDT for an experimental model using healthy rat
liver. In this sense the work here presented complements
others already published.1,4,5,28–31 A model taking into ac-
count the main effects occurring during PDT applications
allows us to understand the main facts for fluences lower
than 250 J /cm2. Differences observed for higher fluences
can be qualitatively explained based on a hypothesis of the
establishment of a balance between photon absorption by the
PS and the rate of molecular oxygen depletion. The photo-
degradation observed by fluorescence at the illuminated sur-
face offers a strong correlation with depth of necrosis. Be-
cause implicit dosimetry relies on a surrogate indicator of
damage to measure the photodynamic effect, rather than cal-
culation of dose, it may be that the real time monitoring of
the PS fluorescence during PDT will allow the prediction of
depth of necrosis and contribute to a real time dosimetry.
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