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A dosimetric system has been developed to measure the spatially resolved light dose absorbed by a
photosensitizer in a tissue-simulating medium. These gelatin-based dosimeters had macroscopic optical
scattering and absorption properties that are typical for homogeneous tissue and contained the photo-
sensitizer benzoporphyrin derivative monoacid ~BPD-MA!. A reporter molecule, 2979-dichlorofluorescin
diacetate ~DCF–DA!, served as an actinometer, which could be photosensitized by BPD-MA to generate
a highly fluorescent photoproduct. The relative photosensitizing efficiencies of high-intensity pulsed
and cw laser light were compared in these tissue-simulating dosimeters. These measurements demon-
strate an increase in penetration for pulsed light as compared with cw light in the dosimeters. A
numerical simulation of the light propagation based on optical diffusion theory was used along with the
energy levels of the photosensitizer molecule to examine the mechanisms involved in the absorbed dose.
The increased penetration of high-intensity pulsed light was due to a transient decrease in the absorption
of the photosensitizer, resulting from saturation of the photosensitizer optical transitions. This study
provides the first direct comparison of the photodynamic dose absorbed by a photosensitizer using both
high-intensity pulsed and cw laser light in a tissue-simulating medium. These measurements demon-
strate that a small increase in depth of treatment is possible with pulsed laser light as compared with cw
laser light simply on the basis of the unique photochemistry of the photosensitizer. However, this effect
still needs to be examined carefully in tumor tissue, where other biological or chemical effects may become
significant. © 1997 Optical Society of America
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1. Introduction

Photodynamic therapy ~PDT! is an experimental
treatment, primarily for solid tumors, involving the
systemic or local administration of a photosensitizing
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drug, which is somewhat preferentially accumulated
in neoplastic tissues.1,2 The diseased tissue is then
irradiated with light of the appropriate wavelength to
cause electronic excitation of the drug, leading ulti-
mately to tumor necrosis through a cascade of pho-
tochemical reactions. The mechanisms of cell death
are currently being studied by many researchers3–5

and clinical trials using various photosensitizers are
in progress for a variety of diseases.1,6–8 Approval
from regulatory authorities has been obtained inter-
nationally for the treatment of selected cancers with
Photofrin ~QLT Phototherapeutics Inc., Vancouver,
Canada!, and this therapy has recently been ap-
proved by the U.S. Food and Drug Administration for
treatment of advanced-stage esophageal cancer.
These approvals are likely to lead to more common
use of this treatment modality.

One of the major limitations of PDT is the limited
penetration of light in tissue, permitting effective
treatment depths of only several millimeters, de-
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pending on the wavelength used.9,10 Since red and
near-infrared light has the lowest absorption in most
tissues,11 many recent studies have focused on find-
ing second generation photosensitizers with strong
absorption bands in the 600–800 nm range12 to allow
higher penetration while maintaining high absorp-
tion by the photosensitizer. However, high absorp-
tion by the photosensitizer in tissue can actually limit
the penetration of the excitation light, lowering the
effective treatment depth by decreasing the light
transmitted to deeper tissues. This prediction has
been confirmed experimentally in normal rat liv-
er.13,14

The photosensitization process is generally
thought to result from quenching of excited triplet-
state photosensitizer molecules by molecular oxygen
to produce reactive singlet-state molecular oxygen.
Most sensitizer molecules have singlet-state lifetimes
in the nanosecond range and triplet-state lifetimes in
the microsecond range in aqueous media.15 Excita-
tion of the photosensitizer with high-intensity laser
pulses can cause a depletion of the ground state,
which would cause a transient change in the photo-
sensitizer absorption. Thus the leading edge of a
nanosecond laser pulse can excite most of the photo-
sensitizer in the surface tissue layers, and produce a
lower attenuation for the rest of the pulse traveling
through the same tissue. Okunaka et al.16 exam-
ined the average depth of tumor necrosis from PDT
with hematoporphyrin derivative in a mouse kidney
tumor model and observed an increase from 4 mm
with cw excitation to 15 mm with 11-ns pulsed irra-
diation for a fixed radiant exposure of 50 Jycm2. Re-
cent modeling by Patterson and Wilson17 predicted
increases in the light penetration from pulsed laser
irradiation with second generation photosensitizers,
where the ground-state absorption of the sensitizer
was appreciable at the excitation wavelength.

Pulsed irradiation has also been investigated re-
cently as a method of achieving oxygen-independent
photosensitization. Andreoni18 first demonstrated
that two-color excitation of a hematoporphyrin deriv-
ative could be used to photodegrade L-tryptophan from
upper triplet states as an oxygen-independent mecha-
nism. Smith et al.19 demonstrated that two-color ex-
citation of Rose Bengal in vitro caused cell death in the
absence of oxygen, presumably by toxic photoproducts
produced from higher excited states. The ability to
photosensitize tissues that are low in oxygen, such as
hypoxic tumor regions, is of great significance in the
long-term outcome for a variety of tumor treatment
modalities. These hypoxic tumor regions often
present resistance to photosensitization and radiosen-
sitization and, in some cases, to chemotherapy.20 Al-
though there has recently been interest in finding
appropriate radical-producing photosensitizers,21

there has been little study of how to exploit short laser
pulses to sensitize reactions in scattering media such
as tissue. This is a complex issue, since the PDT
absorbed light dose will depend on several effects, such
as saturation of the ground-state absorption, excita-
tion to upper excited singlet and triplet states, and
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permanent photobleaching of the sensitizer, with each
of these effects occurring at different rates at different
depths.

The goal of this study was to examine the absorbed
PDT dose, defined as the total number of photons
absorbed by the photosensitizer per unit volume, de-
livered to tissue-like media for both cw- and pulsed-
laser irradiation. A gelatin-based tissue-simulating
dosimetry system was developed with optical scatter-
ing and absorption properties similar to tissue and
containing both a photosensitizer molecule and a re-
porter molecule as a photochemical actinometer.22,23

The reporter molecule provides a fluorescent signal
when activated by the excited-state photosensitizer
or other reactive molecular species that simulate tis-
sue photosensitization. Thus, the yield of this flu-
orophore depends on both the integrated light fluence
and the local photosensitizer absorption, both of
which contribute to the PDT dose. Using these do-
simeters, the depth profile of the accumulated PDT
dose under different irradiation conditions could be
examined in a well-controlled in vitro system, avoiding
the biological variability inherent in animal experi-
ments. The parameters varied in this study include
the irradiance, the surface radiant exposure ~some-
times referred to as dose or incident fluence!, the pho-
tosensitizer concentration, and the optical absorption
and scattering coefficients of the medium. Numerical
simulations of the light propagation were used to con-
firm and interpret the experimental results.

These experiments provide ~1! direct observations
of the PDT dose in a tissue-simulating phantom for
both cw and pulsed irradiation and ~2! the back-
ground dosimetry needed to properly plan in vivo
PDT experiments with pulsed irradiation.

2. Materials and Methods

A. Dosimeter Chemistry

The reporter molecule DCF-DA ~Molecular Probes
Inc., Eugene, Oregon! has, in its original form, neg-
ligible absorption and fluorescence throughout most
of the visible spectrum. It has been used as a probe
molecule for hydrogen peroxide detection in solu-
tion24 and in cell culture.25–27 The oxidized form of
the DCF-DA molecule has a strong absorption band
~peak at 485 nm! and fluorescence ~peak at 528 nm!.
The exact chemical structure of the oxidizing species
is not known; however, DCF-DA is oxidized through
a variety of reactions, including those with excited
state photosensitizers.24–27 In this study, the pho-
tosensitizer BPD-MA ~Quadra Logic, Vancouver,
Canada! was used. The excitation of BPD-MA with
690-nm light produces singlet oxygen28 and various
other photoproducts.29

Both DCF-DA and BPD-MA were predissolved in
dimethyl sulfoxide ~DMSO! as 1-mgyml stock solu-
tions and frozen until needed. Solutions and
gelatin-based solids were made from the DMSO stock
solutions by dilution with phosphate-buffered saline
~PBS!. The relative concentrations of both BPD-MA
and oxidized DCF-DA were quantified by fluores-



cence spectroscopy. The absolute concentration of
oxidized DCF-DA produced was calculated by com-
parison with calibrated fluorescence measurements
of pure DCF ~Acros Organics, New Jersey!, measured
in solutions with the same proportion of DMSO and
PBS as in the dosimeters. Initial calibration of the
fluorescence intensities in nonscattering solutions
and gelatin solids was done on a standard fluorome-
ter system ~SPEX Industries, Massachusetts!, with
plastic cuvettes of 1-cm optical path length.

It was found that incorporating BPD-MA and
DCF-DA into the PBS-based gelatin slightly de-
creased the yield of oxidized DCF-DA produced, when
compared with the PBS solution, but did not alter the
linearity of the process. The gelatin-based mixtures
were very sensitive to temperature and ambient
light, so they were kept in a sealed, opaque container
at 5 °C before and after irradiation.

The absorption spectrum of the photosensitizer
within gelatin was measured on a Hewlett-Packard
spectrometer with standard 1-cm cuvettes. The ab-
sorption of BPD in gelatin was also determined at
high light intensities by measurement of the trans-
mission of 10-ns laser pulse energies at 690 nm
through 1-cm quartz cuvettes of gelatin, referenced to
gelatin without BPD-MA. A concentration of 7.90
mM BPD-MA was used, and transmission energies
were measured with a Laser Precision RJ-7610 radi-
ometer.

The molecular diffusion coefficient of DCF-DA in
gelatin was measured by examination, as a function
of time, of the spreading of a fluorescent spot pro-
duced in a 3-mm-thick layer of gelatin. Focusing the
cw laser to a 2-mm-diameter irradiation spot pro-
duced a localized circular region of oxidized DCF-DA.
The fluorescent image of this spot was captured for a
series of time points after the irradiation, to as long
as 2 h, with a CCD camera coupled to a fluorescence
microscope. The time to expand from a 2 mm to a 3
mm FWHM spot was approximately 1 h. The
FWHM versus time was fitted to a diffusion equation,
as described in previous studies,22 to determine the
molecular diffusion coefficient.

B. Tissue-Simulating Dosimeters

The optical characteristics of tissue can be simulated
in a medium that has the appropriate elastic scatter-
ing and absorption coefficients. The tissue-simula-
ting dosimeters were made of gelatin with 7% solids
~Knox brand! dissolved in boiling PBS, titanium di-
oxide powder, TiO2 ~Fisher Chemical, Boston, Mas-
sachusetts!, and India ink. The TiO2 provides high
scattering with relatively little absorption, while the
India Ink provides the converse.30,31 The dosimeters
were mixed in 20-ml quantities, stirred for 2 min, and
left to solidify at 5 °C for 24 hs. Cylindrical dosim-
eters 2.5 cm in diameter and 3.0 cm in length were
used for the experiments. The 1–2-mm end layers of
the gelatin phantoms were cut off, before irradiation,
to eliminate inhomogeneities in the scattering that
were due to settling and surface tension.

The optical scattering and absorption coefficients of
different types of tissue vary considerably.32 For
most of this study the reduced scattering coefficient
at 690 nm was set at ms9 5 1.4 6 0.2 mm21 by use of
0.2 g of TiO2 in 20 ml gelatin, and the absorption
coefficient ma was set at 0.010 6 0.001 mm21 by use
of 0.002% India ink volume by volume. The optical
properties of the initial phantoms were determined
with a diffuse reflectance instrument,33,34 which mea-
sured the optical reflectance as a function of radial
distance at 10 locations as far as 1 cm from the source
fiber. These measurements were used to calculate
ma and ms9 with an inverse algorithm that matched
the measured reflectance data with Monte Carlo pre-
dicted values. This system was used to measure
several individual tissue phantoms to determine the
intersample reproducibility of the optical coefficients.

C. Irradiation and Measurements

The cw light was supplied from an argon-ion-pumped dye
laser operating at 690 nm ~CR-599, Coherent!. The
pulsed light comprised 10-ns pulses from a YAG-pumped
optical parametric oscillator at 690 nm ~MOPO-700,
Spectra-Physics! at a repetition rate of 10 Hz. The max-
imum time-averaged irradiance was 300 mWycm2,
which corresponds to a peak pulse irradiance of approx-
imately 3 MWycm2. The cw beam was delivered
through a 500-mm fiber and then collimated, after exiting
the fiber, by a plano–convex lens to produce a flat-top
profile beam with a diameter of 16 mm. The pulsed
laser produced a 7-mm FWHM beam, which was cropped
with an aperture to 4 mm and expanded with a lens
system to produce a collimated 16-mm beam spot with a
radial intensity variation of less than 20%. The incident
power was measured immediately before and after irra-
diation with a calibrated powermeter ~Scientec Model
365, Colorado!. The irradiation geometry is shown in
Fig. 1~a!.

After irradiation each dosimeter was cut along the
central axis, and fluorescence measurements were
made with a fluorescence microscope having a 103
objective, which probed a 0.5-mm-diameter spot, as in
Fig. 1~b!. The excitation light was provided by an arc
lamp coupled to the microscope and filtered to either
425- or 485-nm excitation light with a 40-nm band-
pass. Part of the emission light was coupled, via a
fiber bundle, to an optical multichannel analyzer
~EG&G Model 1460!, which was used to record the
fluorescence signal. The oxidized form of DCF-DA
was excited at 485 nm and fluorescence monitored at a
533-nm wavelength; BPD-MA was excited at 425 nm
and monitored at 696 nm. Each fluorescence mea-
surement had a 1-s accumulation time, and successive
measurements were taken at 1-mm increments along
the central axis of the phantom dosimeter. Since the
microscope excitation light itself could generate oxi-
dized DCF-DA, the probe light exposure to the dosim-
eter was limited to less than 5 s to limit this systematic
error to less than 150 cps in the scattering dosimeter
measurements. The value of 150 cps was estimated
by measuring the increase in fluorescence induced
from probing several single spots for 30 s, which in-
duced an average increase in the detected signal of
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Fig. 1. ~a! Geometry of the tissue-simulating dosimeter. ~b! Fluorescence scanning of the dosimeter after irradiation.
45000 cps over 30 s. This variation was the limiting
error for each individual phantom measurement; how-
ever, intensity fluctuations of the excitation light were
thought to be the major source of error in comparing
separate dosimeters. This error will be discussed fur-
ther in Section 3.

D. Numerical Simulations

Numerical simulations of the experiment were per-
formed to model the propagation of light in the medium
with diffusion theory calculations.35–37 Three-
dimensional ~3-D! diffusion theory was used here for both
the cw and the pulsed radiation. For the cw irradiation
the photon fluence rate F~r, t!, at any point r in a scat-
tering medium is defined as the number of photons pass-
ing through a unit spherical surface per unit time, which
is given by the solution of the equation

2D~r!¹2F~r, t! 1 ma~r!F~r, t! 5 S0~r!, (1)

with the absorption coefficient, ma 5 2.303¥εxCx ~εx is
the extinction coefficient of absorber x, and Cx is the
respective concentration!, summed over all chemical
species that absorb light at the irradiation wave-
length ~primarily ink and BPD-MA!. The optical
diffusion coefficient here is defined as D 5 ~3ms9!

21

~when ms9 .. ma!, where ms9 is the reduced scattering
coefficient, which is assumed to be constant and uni-
form throughout the dosimeter. The term S0~r! is
the source of photons per unit volume per unit time.
This equation can be solved on a discrete lattice of
points by a finite difference calculation,38 given as

Fi, j,k 5 @S0,i, j,kyD 1 ~Fi-1j,k 1 Fi11, j,k 1 Fij-1,k 1 Fi, j11,k

1 Fi, j,k21 1 Fi, j,k11!y~DL!2#y@6y~DL!2

1 ma,i, j,kyD#, (2)

where Fi,j,k is the discretized fluence rate at location ~i, j,
k! on a 3-D lattice, and DL is the physical distance be-
tween points in the lattice, which was set to one mean
free scattering length, 1yms9. This calculation was done
for all points within the specified volume and was iter-
ated to yield the steady-state solution. The surface ir-
radiance, dimensions, and optical properties of the
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simulated volume were matched to the actual dosime-
ters. The absorbed light dose P~r! is defined here as the
number of photons absorbed by the photosensitizer per
unit volume of the dosimeter. P~r! is calculated as the
time integration of the fluence rate, extinction coefficient,
and photosensitizer concentration, C~r, t!, during the ir-
radiation time T,

P~r! 5 2.303ε *
0

T

F~r, t!C~r, t!dt. (3)

The discrete calculation of the dose Pn during time period
Dt after n time periods is

Pi, j,k
n 5 2.303εFi, j,k

n Ci, j,k
n Dt, (4)

where Ci, j,k
n and ε refer only to BPD-MA. This cal-

culation was repeated until the irradiation period
was finished, and the total number of photons ab-
sorbed per unit volume, Pi, j,k, was calculated by sum-
mation of Pi, j,k

n .
For cw irradiation the number of photons absorbed

per voxel was calculated with 30-s time intervals,
since the changes in photosensitizer concentration
and fluence rate were slow enough. After each time
step the absorption coefficient was recalculated at all
spatial positions,

~ma! i, j,k
n 1 1 5 ~ma!i, j,k

n 2 2.303εfPBPi, j,k
n yNA, (5)

where NA is Avogadro’s number and fPB is the pho-
tobleaching quantum yield. The cw fluence-rate dis-
tribution was then recalculated with Eq. 2. This
process was used to simulate the dynamic changes
during a cw irradiation.

Simulation of the pulsed irradiation required the cal-
culation of Pi,j,k

n to be updated during the time of each
laser pulse. The pulse propagation was simulated with
the time-dependent diffusion equation,10,39

]F~r, t!y]t 2 cD¹2F~r, t! 1 ma~r, t!cF~r, t! 5 cS0~r, t!,

(6)



where c is the speed of light in the medium. This
equation was discretized as

Fi,j,k
n 1 1 5 Fi,j,k

n 1 ~Fi 2 1,j,k
n 1 Fi 1 1,j,k

n 1 Fi,j 2 1,k
n

1 Fi,j 1 1,k
n 1 Fi,j,k 2 1

n 1 Fi,j,k 1 1
n 2 6Fi,j,k

n !

3 ~cDDt!y~DL!2 2 ma,i, j,kcDtFi,j,k
n

1 cDtS0,i,j,k
n (7)

and solved with a time step defined by Dt 5 4~DL!2y
~cD!. The number of photons from a 10-ns pulse was
followed as a function of time and space as they dif-
fused though the 3-D grid of points. During the
pulse the number of photons absorbed per unit vol-
ume, P~r!, was calculated as in Eq. ~3! at all points,
for each time-step. The absorption coefficient was
recalculated by subtraction of the number of mole-
cules raised to the excited singlet state,

~ma!i, j,k
n 1 1 5 ~ma!i, j,k

n 2 2.303εPi, j,k
n yNA, (8)

assuming that the excited singlet-state absorption is
negligible at 690 nm. At each time step the fraction of
molecules that decayed to the ground state was calcu-
lated as exp~2dtyt!, where t is the upper singlet-state
lifetime. The triplet-state production of BPD-MA in
PBS is very small28; however, here in gelatin-based
PBS with 1.25% DMSO there is a mixture of mono-
meric and aggregated species, which will result in a
mixture of triplet and singlet excited states on irradi-
ation. The precise fraction of the photosensitizer that
is aggregated is not known and is difficult to deter-
mine, as is the case in tissue. After each laser pulse
the molecules were assumed to return to the ground
state, except for those molecules permanently
bleached, so that the values of ma,i, j,k were all reset to
the original values minus the photobleached fraction.
The photobleaching quantum yield was the same as for
the cw case. With these calculations the absorbed
dose per unit volume could be estimated as a function
of both space and time for both cw and pulsed light
irradiation. Similarly, the amount of photosensitizer
bleaching could be calculated dynamically. A more
physically accurate model of the photosensitizer mol-
ecule population changes was examined in a parallel
study,40 where both the singlet and the triplet states
were incorporated into the model; however, there was
no significant increase in the light penetration pre-
dicted from the incorporation of the triplet state. This
lack of influence of the triplet lifetime is thought to be
a result of the short laser pulse width ~10 ns!, where
most of the energy passes through the dosimeter on the
time scale of the singlet-state lifetime ~5.2 ns!, espe-
cially since the photosensitizer can be continuously
repumped up to the singlet state if it decays within the
time of the pulse. In general, whether the molecules
are in the singlet state or the triplet state, there is a
reduction in absorption from the photosensitizer that
is due to the transient population change. For sim-
plicity, the model used here included only the singlet-
state lifetime.
3. Results

A. Dosimetry Calibration

DCF-DA oxidation with excited state BPD-MA was
examined by fluorimetry in non-scattering mixtures
of both PBS solution and PBS-based gelatin without
any TiO2 or India ink. The measurements plotted in
Fig. 2 were all from gelatin-filled cuvettes with 2.5
mgyml BPD-MA and 10 mgyml DCF-DA. Irradiation
of DCF-DA in PBS at 690 nm, without photosensi-
tizer, caused no measurable production of oxidized
DCF-DA beyond that produced from ambient light.
The production of oxidized DCF-DA under ambient
lighting in gelatin was higher than in PBS solution,
and there was also a small contribution from excita-
tion light at 690 nm ~in the absence of BPD-MA!.
Figure 2~a! is a plot of the fluorescence spectra from
gelatin mixtures, before and after irradiation with 80
Jycm2 at the BPD-MA absorption peak of 690 nm, for
mixtures with and without BPD-MA. The fluores-
cence increase of the DCF-DA peak that is due to
irradiation without BPD-MA was 3.5 3 105 cps above
background, which is an order of magnitude lower
than the increase of fluorescence when BPD-MA was
present, observed as 3.3 3 106 cps above background.

In separate experiments, solutions of DCF-DA and
BPD-MA were bubbled with N2 and O2 and irradi-
ated at 690 nm to examine the effect of O2 concen-
tration on the DCF-DA oxidization yield. The
production of oxidized DCF-DA was the same for both
solutions ~data not shown!, suggesting that the reac-
tion between excited-state BPD-MA and DCF-DA
was not solely mediated by O2.

The production of DCF-DA fluorescence was lin-
early proportional to both the light exposure and the
photosensitizer concentration, providing a stable ac-
tinometric measurement of the photoactivation of
BPD-MA. As is seen in Fig. 2~b!, a decrease of
BPD-MA fluorescence was observed as a result of
permanent photobleaching, which was mirrored by
an increase in the DCF-DA fluorescence. The mag-
nitude of the BPD-MA fluorescence was significantly
lower than that of DCF-DA, since the fluorescence
quantum yields for BPD-MA and DCF-DA in PBS are
0.002 and 0.90, respectively.28 The fluorescence of
DCF-DA was normalized to the concentration of
BPD-MA by dividing the DCF-DA data by the nor-
malized concentrations of BPD-MA at each point ~the
fluorescence of BPD-MA before irradiation was taken
as unity!. This calculation, which is plotted in Fig.
2~c!, demonstrates that the production of oxidized
DCF-DA is linearly proportional to the total radiant
exposure. The correspondence between the bleach-
ing of BPD-MA and the oxidization of DCF-DA sug-
gests that the reaction responsible for oxidizing
DCF-DA comes from the break-up of excited-state
BPD-MA. The production of oxidized DCF-DA was
found to be independent of the concentration of un-
oxidized DCF-DA for concentrations above 10 mgyml,
suggesting that there is an excess of DCF-DA to scav-
enge the excited species produced from BPD-MA.
The quantum yield of oxidization for DCF-DA from
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Fig. 2. ~a! Fluorescence spectra of DCF-DA ~10 mgyml! with and
without BPD-MA ~2.5 mgyml! in a 7% gelatin solid cuvette, for
excitation at 485 nm ~before and after irradiation with 80 Jycm2 cw
light at 690 nm!. The fluorescence before irradiation was identi-
cal for both cases. ~b! Measurements of fluorescence versus total
incident exposure for both DCF-DA ~533 nm! and BPD-MA ~696
nm!. Concentrations were the same as in ~a!. ~c! Data of
DCF-DA fluorescence from ~b! normalized by the relative concen-
tration of BPD-MA, as measured by the fluorescence spectrum.
The solid line is a linear regression fit to the data.
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excited-state BPD-MA was calculated from the
change in fluorescence of the DCF-DA peak for a fixed
number of BPD-MA molecules excited, calculated as

FDCF-DA5~number of DCF-DA molecules oxidized!y

~number of BPD-MA molecules excited!

5~DFobsyFDCF!y~2.203εBPDCBPDEAlDt!, (9)

where DFobs is the change in DCF-DA fluorescence
produced by irradiation of a solution of BPD-MA at
concentration CBPD, using irradiance, E, in a short
time period, Dt, and with a beam of cross-sectional
area A, in a cuvette of pathlength, l. Here εBPD is the
extinction coefficient of BPD-MA in PBS, and FDCF is
the fluorescence signal per molecule of DCF mea-
sured in a series of well-calibrated solutions. Pre-
liminary measurements indicated that fluorescence
from pure DCF as compared to oxidized DCF-DA was
equivalent to within 10%, indicating that their fluo-
rescence quantum yields are almost identical. For
practical purposes, the calibration measurement of
FDCF was done with pure DCF rather than oxidized
DCF-DA to avoid the uncertainty associated with not
oxidizing all of the DCF-DA molecules. The quan-
tum yield was calculated to be fDCF-DA 5 4 3 1026 6
0.5 3 1026. This value is lower than the photo-
bleaching quantum yield of BPD-MA, fPB~BPD-MA!
5 2.8 3 1025, as measured by Aveline et al.28

B. Diffusion Measurement

The observed value of the molecular diffusion con-
stant for DCF-DA in 7% gelatin solids was 2.5 3 1025

mm2ys, as described above, measured at room tem-
perature. These measurements indicated that the
diffusion of the molecule in the gel would not result in
a large redistribution of the fluorophore for the
spatially-resolved measurements, within 1 h of the
irradiation time. The effects of this diffusion were
also minimized by refrigeration of the sample before
and after irradiation and by measurement of each
dosimeter within 15 min of the end of each irradia-
tion.

C. Dosimeter Optical Properties

The ground-state absorption coefficient of BPD-MA
at 690 nm in 7% gelatin solids was measured in a
spectrophotometer to be 15200 cm21 M21 at 690 nm.
The absorption coefficient was expected to change
when a large fraction of the photosensitizer was ex-
cited; so the extinction coefficient was measured as a
function of laser pulse energy fluence with 7.9 mM
BPD-MA. These measurements are plotted in Fig.
3, showing that as the laser pulse fluence increased
above 10 mJycm2 ~at 106 Wycm2 peak irradiance! the
absorption of the BPD-MA decreased from 16000
cm21 M21 to near 8000 cm21 M21. This decrease in
absorption occurred because a large fraction of the
photosensitizer was excited to upper singlet and trip-
let states, which have lower extinction coefficients at
690 nm.

The optical calibration measurements of reduced



scattering coefficient versus the concentration of TiO2
in the dosimeters are plotted in Fig. 4~a!. The ho-
mogeneity of the reduced scattering coefficient was
better than 610% standard deviation, assessed by
measurement of several parts of one sample ~data not
shown!, and the intersample variation was also
610%. The best fit to the data shows that the scat-
tering coefficient at 690 nm was ms9 5 7.5 6 0.7 mm21

of TiO2 in 20-ml gelatin samples for the range of
concentrations shown. In Fig. 4~b! the variation of
the absorption coefficient with India ink concentra-
tion is plotted for 690-nm light with a fixed TiO2
concentration of 0.30 g. The corresponding best fit
for the absorption coefficient was ma 5 3.5 6 0.2
mm21yvol. % of India ink. For Figs. 5–8 the con-
centrations of TiO2 and India ink were kept fixed at
0.2 gy20 ml and at 0.002%, respectively ~i.e., ms9 5 1.5
mm21 and ma 5 0.007 mm21!. Most of the subse-
quent measurements were taken with 3.44 mM
BPD-MA in the dosimeters ~except for Fig. 8!, which
increased the absorption coefficient at 690 nm by
0.012 mm21 ~as measured in PBS-based gelatin with
a spectrometer!.

D. Dose Profile: Measurement and Simulation

Dosimeter results are shown in Fig. 5 for both cw and
pulsed irradiation. Figure 5~a! is a plot of the
DCF-DA post-irradiation fluorescence versus depth.
The fluorescence decreased nearly exponentially with
depth for both light conditions, except for pulsed ir-
radiation near the surface. The control dosimeter
without BPD-MA showed that the background gen-
eration of oxidized DCF-DA was a factor of 20–30
lower than with BPD-MA. Figure 5~b! shows the
corresponding plots for BPD-MA fluorescence. In
this case the control dosimeter included BPD-MA but

Fig. 3. Extinction coefficient versus laser-pulsed fluence with
10-ns pulses at 690 nm. Measurements of transmission through
7.9 mM BPD-MA in 7% gelatin were used to calculate extinction
relative to gelatin without photosensitizer.
was not irradiated, and the other data were normal-
ized to the average BPD-MA fluorescence from this
case. A decrease in BPD-MA fluorescence was ob-
served toward the irradiated surface, owing to per-
manent photobleaching.

The numerical simulations incorporating light
propagation, photosensitizer absorption, and photo-
bleaching are also shown in Fig. 5. Except for an
overall scaling factor, the only parameter varied to fit
the experimental BPD-MA fluorescence was the pho-
tobleaching quantum yield, and a value of 2.0 3 1025

gave the best fit. This value is close to the yield
observed by Aveline et al.28 of 2.8 3 1025 for BPD-MA
in PBS alone. However, the data in Fig. 2~b! show a
biexponential decay in the fluorescence of BPD-MA,
which is presumably due to interaction with the gel-
atin and to the molecules’ existing in monomeric and
aggregated forms. Aveline et al.28,41 showed that

Fig. 4. ~a! Measurements of reduced scattering coefficient versus
TiO2 concentration for tissue-simulating dosimeters, at 690 nm, as
calculated from diffuse reflectance measurements. Mixtures
were 7% gelatin solids and 0.002% India ink solution in 20 ml PBS.
The straight line is a linear regression fit to the data. ~b! Mea-
surements of absorption coefficient versus India ink concentration,
as percent by volume. Composition as in ~a! except with fixed
0.3 g of TiO2 in 20 ml. The straight line is a linear regression fit
to the data.
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the photobleaching quantum yield depends on the
aggregation state of the molecule as compared with
monomeric forms or when molecules are bound to
proteins such as human serum albumin. The calcu-
lated number of photons absorbed per unit volume
was fitted to the curves of DCF-DA fluorescence for
both the cw and the pulsed irradiation @shown in Fig.
5~a!# with the same scaling factor. An oxidized
DCF-DA fluorescence value of 2000 cps corresponds
to a calculated value of 1 3 1018 photons absorbed per

Fig. 5. ~a! DCF-DA fluorescence versus depth in three dosimeters
exposed to 96 6 2 Jycm2 at 690 nm, two with BPD-MA present and
one without. Average irradiances were 160 mWycm2 pulsed and
110 mWycm2 cw. The lines represent simulated absorbed doses,
with using the same concentration of BPD-MA ~2.5 mgyml! and
optical interaction coefficients ~ms9 5 1.4 mm and ma 5 0.01 mm21!,
normalized to best fit the two data sets with a single fitting pa-
rameter. ~b! BPD-MA fluorescence versus depth for the same
conditions as ~a!. The lines are calculated values for a photo-
bleaching quantum yield of 2 3 1025.
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cubic centimeter by the BPD-MA, which corresponds
to a typical PDT threshold for tissue necrosis.42

Figure 6 shows the results from three dosimeters
irradiated with the same radiant exposure of 75 Jy
cm,2 but with different irradiances. Two dosimeters
were irradiated with the pulsed laser system, corre-
sponding to pulse energies of 12.5 and 26 mJycm2

~peak powers of 1.25 and 2.6 MWycm2, respectively!,
and the third dosimeter was exposed to cw light at an
irradiance of 180 mWycm2. The cw production of
oxidized DCF-DA demonstrated a simple exponential
behavior, as was expected from the attenuation of the
light. However, the pulsed irradiations caused a de-
viation from the single exponential near the surface,
with the higher pulse energy resulting in the lower
production of DCF-DA at the surface of the dosime-
ter.

The dosimeters were used to examine the depth for
a constant level of DCF-DA fluorescence ~2000 cps! as
a function of incident light exposure and BPD-MA
concentration. The 2000 cps value provides an iso-
dose level to allow us to compare the effectiveness of
light penetration for different irradiation conditions
and also corresponds to the approximate threshold
for tissue necrosis. Figure 7 shows the results plot-
ted versus the total radiant exposure, with each point
representing a separate dosimeter. The scatter in
the data is due to light intensity fluctuations of the
arc lamp used for excitation in the microscope and
indicate that the sample-to-sample depth measure-
ment variation was 1 to 2 mm at most. However, by
taking several sample measurements over a range of
exposures, it was possible to perform linear regres-
sion on the data of Fig. 7 and to estimate the average
depth for DCF-DA fluorescence of 2000 cps versus the
logarithm of the optical exposure to better than 1
mm. The lines in Fig. 7 are the linear regression

Fig. 6. Measurements of DCF-DA fluorescence for three dosime-
ters, irradiated at 690 nm. The peak irradiances were 1.25 and
2.6 MWycm2 for the pulsed light and 180 mWycm2 for the cw. The
incident exposure was 75 Jycm2 in all cases.



fits, excluding the points of zero depth, since there is
a threshold effect at approximately 8–9 Jycm2 inci-
dent exposure. The average increase in depth for
2000 cps for the pulsed data versus the continuous
wave data is 1.5 6 0.6 mmylog of exposure, and the
probability for this difference is P > 0.032, based
upon the standard T test of the slopes from the linear
regression.

Photosensitizer concentration in the dosimeters
was varied from 0.1 to 100 mgyml, with a fixed con-
centration of unoxidized DCF-DA of 1.0 mgyml. All
dosimeters were exposed to 64 Jycm2 for cw and
pulsed irradiation with irradiances of 110 and 150
mWycm2, respectively. The measured depths for
2000 cps of DCF-DA fluorescence are plotted in Fig. 8.
The effective treatment depth increased approxi-
mately linearly with the logarithm of photosensitizer
concentration up to ;5 mgyml, and decreased for
higher concentrations. The simulation data plotted
corresponded to a best-fit value of 5 3 1017 photons
absorbed per cm3. This calculated value of the ab-
sorbed dose was chosen as a best fit to the experi-
mental data, rather than our using the same value as
above. Although the agreement between experi-
ment and theory was not exact, the features of the
data are represented by the theoretical lines.

To allow us to examine the effects of varying the
optical properties of the medium, dosimeters were
made with fixed concentrations of BPD-MA and
DCF-DA and varying concentrations of TiO2 and In-
dia ink. Each dosimeter was irradiated with a total
incident exposure of 84 Jycm2. The range of scatter-
ing and absorption coefficients corresponded to typi-
cal tissue values.32 The experimental values are
plotted in Fig. 9. The simulation results in Fig. 9

Fig. 7. Depth for fixed DCF-DA fluorescence of 2000 cps versus
incident fluence. Each point represents a separate dosimeter,
and the error bars represent the intensity and positioning uncer-
tainties. The average irradiances were 110 mWycm2 for cw and
150 mWycm2 for the pulsed ~i.e., 1.5 MWycm2 peak irradiance!.
correspond to a best fit of 5 3 1017 photons absorbed
per cubic centimeter.

4. Discussion

The PDT dose from photosensitizer absorption has
been experimentally determined through the use of
tissue-simulating dosimeters and has been confirmed
by theoretical modeling. The results are consistent
with the hypothesis that oxidized DCF-DA fluores-
cence is proportional to the PDT absorbed light dose
and serves as a true reporter of the photodynamic
effect. In all experiments the penetration of light
into the dosimeters was higher for pulsed laser light
than for cw light, which is consistent with transient
population changes’ lowering the average absorption
coefficient of the medium and is consistent with data
of Fig. 3.

The production of oxidized DCF-DA in clear gelatin
samples shown in Fig. 2 shows a linear dependence
on the product of the photosensitizer concentration
and the total light exposure. All the preliminary
calibration measurements were consistent with the
oxidization of DCF-DA resulting from interaction
with excited-state BPD-MA. Since the quantum
yield of the reaction was lower than the quantum
yield of BPD-MA photobleaching, it is possible to hy-
pothesize that the reaction is a result of BPD-MA
intermediate photoproducts chemically reacting with
the DCF-DA. If the production of DCF-DA were en-
tirely due to the photoproducts of BPD-MA, only 14%
of the permanently photobleached BPD-MA would
result in production of oxidized DCF-DA. However,
the exact reaction chemistry pathway is not fully un-
derstood and is difficult to examine because of the low

Fig. 8. Depth of penetration for DCF-DA fluorescence of 2000 cps
versus concentration of BPD-MA, for DCF-DA fixed at 10 mgyml.
Irradiation was at 690 nm with 1.4 MWycm2 peak pulsed, 102
mWycm2 cw, for a total incident exposure of 84 Jycm2 for both.
The lines are calculated values for 5 3 1017 photons absorbed per
cm3 using the same values of ma and ms9 as the dosimeters.
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quantum yield of the reaction. Despite this limita-
tion, the DCF-DA molecule provides a robust and
accurate method of recording the spatially resolved
relative PDT dose in an environment that optically
simulates tissue.

Since the data of absorbed dose in Fig. 5~a! follow

Fig. 9. Depth of penetration for DCF-DA fluorescence of 2000 cps
versus ~a! a variation in the India ink concentration and ~b! a
variation in the TiO2 concentration in the dosimeters. The lines
are calculated for 5 3 1017 photons absorbed per cubic centimeter
for the same ma and ms9 values. Irradiation was at 690 nm with
1.4 MWycm2 peak pulsed and 102 mWycm2 cw, for a total incident
exposure of 84 Jycm2 for both cases.
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the predicted light fluence in the medium ~lines in the
same figure!, these data demonstrate the linear de-
pendence of the oxidization process with local fluence
for cw irradiances. The fluence distributions in
highly scattering medium are well predicted by dif-
fusion theory modeling, and here the calculated ab-
sorbed dose varied linearly with the local light
fluence. In an optically diffuse medium the fluence
is attenuated exponentially with the effective atten-
uation coefficient, meff 5 ~3ms9ma!1y2, which is meff 5
0.30 6 0.05 mm21 for these dosimeters. The mea-
sured slopes from the experiment in Fig. 5~a! have
best-fit meff values of 0.26 6 0.03 and 0.31 6 0.02 for
cw and pulsed irradiation, respectively, which are in
good agreement with the predicted value ~the data
points between 0 and 5-mm depths were neglected in
this calculation, since there was high photobleaching
in this region, creating an additional nonlinearity!.

The hypothesis that light penetration increases
with pulsed excitation is consistent with most of the
results observed in Figs. 5–9 for a range of incident
irradiances and total exposures. For cw irradiation
there was no significant change in DCF-DA fluores-
cence versus depth for irradiances from 50 to 200
mWycm2 for the same total incident exposure ~data
not shown!. With pulsed irradiation, with average
irradiances in the range of 50–300 mWycm2 for the
same incident fluence, the dosimeters showed a non-
linear response in the surface regions for peak inci-
dent irradiances above 1 MWycm2 ~Fig. 6!. The
pulse energies at which the dosimeter response be-
comes nonlinear agrees well with the saturation of
the triplet state observed by Aveline et al.28 and co-
incide with the pulse fluence at which a lowering of
the extinction coefficient occurs ~Fig. 3!. At these
high peak radiance exposures the excited states can
be saturated by the 10-ns laser pulse, causing less
absorption in the surface layers of the dosimeter.
This saturation should cause a plateau in the
DCF-DA fluorescence versus depth in the surface re-
gions, which can be observed in Fig. 6 for the 2.6-
MWycm2 peak pulse irradiance data. In the surface
regions of these dosimeters, the highest concentra-
tions of excited-state photosensitizer are produced,
which could result in nonlinear processes. Another
possible reason for the observed saturation at high
pulse intensities could be a nonlinear response of the
DCF-DA dosimeter owing to competing routes of pho-
tosensitizer decay, which results in a lower produc-
tion of oxidized DCF-DA. In any case, the yield of
the dosimeter was not affected at greater depths, and
the profiles of DCF-DA fluorescence versus depth
were consistent for the two different pulsed irradi-
ances ~Fig. 6!, with cw irradiation producing signifi-
cantly less oxidized DCF-DA than pulsed irradiation.
The numerical simulation plotted in Fig. 5~a! does not
exhibit the same level of saturation as the experimen-
tal data; however, at high simulated optical doses
there is increased saturation in the upper 5 mm of the
dose profile. It is likely that this discrepancy is due
to a mismatch between the predicted light fluence in
the phantom and the real light fluence, possibly from



uncertainties in the anticipated optical properties of
the dosimeters. This discrepancy between theory
and experiment is still not fully understood, yet the
qualitative aspect of saturation is similar for both
cases.

To quantitatively compare the PDT dose profiles
for different irradiation conditions and different op-
tical properties, a specific value of DCF-DA fluores-
cence was chosen to represent the effective PDT
treatment depth. Several authors demonstrated a
distinct threshold for the product of light exposure
and photosensitizer concentration required for tissue
necrosis,13,14,42–45 corresponding to a lower limit of
the absorbed dose by the photosensitizer necessary to
generate sufficient singlet-state oxygen to kill the
tissue, assuming ubiquitous oxygen supply. This
threshold value depends upon many variables, such
as tissue type, oxygenation, photosensitizer micro lo-
calization, and other photosensitizer properties, so
there is no universal value of the threshold dose. In
the case of these dosimeters, a specific level of
DCF-DA fluorescence would correspond to a particu-
lar absorbed light dose, similar to a threshold value.
A comparison of the measured results and computer
calculations shows that the level of 2000 cps in the
dosimeters corresponds to an absorbed dose, P~r!, of
approximately 1018 photonsycm3, which is close to
the predicted threshold for tissue necrosis observed
by Farrell et al.42 for Photofrin in rat liver tissue.
The variations in the depth measurement were of the
order of 1–2 mm, resulting from intensity fluctua-
tions in the arc lamp, so that multiple measurements
were taken to ensure the accuracy of the results.
Figure 7 shows the depth for 2000 cps measured from
24 separate dosimeters and the lines of best fit for
each irradiation condition. The coefficient of linear
correlation for the two lines are r 5 0.91 and r 5 0.80
for the pulsed and the cw irradiation data, respec-
tively. The pulsed light produced greater depth pen-
etration than the continuous irradiation on average,
which is much more obvious and statistically signif-
icant in the data of Fig. 9.

At high concentration, absorption due to the pho-
tosensitizer itself can limit the observed depth of ne-
crosis in PDT,13,14,46 owing to decreased light
penetration, as shown in Fig. 8. For BPD-MA con-
centrations below 1 mgyml the dominant optical prop-
erties were the intrinsic scattering and absorption
coefficients of the medium, and the additional absorp-
tion resulting from the photosensitizer decreased
during irradiation owing to permanent photobleach-
ing. Above ;5 mgyml the light fluence is signifi-
cantly attenuated. It is interesting to note that
typical clinical drug levels are, coincidentally, similar
to the optimal concentrations of photosensitizer for
light penetration and that the results here are in good
agreement with in vivo animal data.13,14,47 The con-
centration giving the maximum treatment depth
should increase with the tissue absorption coefficient.

The final parameters examined were the intrinsic
optical properties of the medium. Varying either
the scattering or absorption coefficient caused similar
effects in the measured depth of penetration, as is
observed from the DCF-DA fluorescence ~Fig. 9!.
Changes in the absorption affected the penetration
roughly equally for both pulsed and cw irradiation.
However, lower scattering coefficients caused an in-
crease in the light penetration of the pulsed irradia-
tion more than for cw irradiation. The simulations
were in best agreement with the measured data when
the theoretical value of 5 3 1017 photons absorbed
per cubic centimeter was used. This value differed
slightly from the value used in the previous fits in
Fig. 5 but gave a better fit to the experimental data.
In the limit of zero scattering, the excitation of pho-
tosensitizer molecules to the triplet state would be
maximized, since scattering would not limit the in-
tensity at deeper depths and hence the transient de-
crease in absorption would be most effective in
allowing light to penetrate through the sample.
Thus lower scattering in tissues could enhance the
effectiveness of the pulsed light and increase the
treatment depth by a factor of 2 over cw irradiation
@see Fig. 9~b!#, for BPD-MA in tissues with ms9 , 0.5
mm21 for a peak pulse irradiance greater than 1
MWycm2.

Typical tissue scattering and absorption coeffi-
cients were simulated in the initial dosimeters ~data
plotted in Figs. 5–8!, where the increase in depth of
penetration was determined between 1 and 2 mm for
the given photosensitizer dose. It is possible that
permanent photobleaching of the photosensitizer
may also play a significant role in increasing the
depth of necrosis; however, permanent photobleach-
ing will occur at the same rate for both pulsed and cw
irradiation for the same average irradiance. The ef-
fect observed here is distinct for pulsed irradiation
and can be simulated well with a computer model
mimicking the transient change in absorption that
should occur in the tissue. It may be possible to
optimize the PDT absorbed dose by choosing a pho-
tosensitizer that has a rapid, permanent photo-
bleaching rate that eliminates absorption in the
upper tissue layers after photosensitizing has taken
place to the degree appropriate to cause tissue necro-
sis. This effect could be examined by measuring the
photobleaching rates of different photosensitizers
and comparing them to the light dose needed to cause
tissue necrosis.

Dosimeters were used here to observe the light
penetration in an ideal tissue simulating system, free
from inhomogeneities such as blood vessels, oxygen
distributions, skin layers, and skin lesions. As such,
they have the advantage that they can provide fun-
damental information about the absorbed PDT dose.
The ability to vary the parameters affecting treat-
ment depth independently is particularly valuable.
The experiments reported here are consistent with
the in vivo necrosis depth measurements observed by
Okunaka et al.16 in mouse kidney sarcoma tissue,
using hematoporphyrin derivative. They observed a
threefold to fourfold increase in treated depth by us-
ing 0.55 MWycm2 peak pulse irradiance in 10.9-ns
pulses compared with 100 mWycm2 cw irradiation.
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The highest increase in depth for a fixed absorbed
dose in our measurements was twofold ~in Fig. 8, for
ms9 5 0.25 mm21!. On the basis of these measure-
ments, it is difficult to explain the higher increase in
depth of necrosis observed by Okunaka et al.,16 espe-
cially considering that they were using hematopor-
phyrin derivative rather than a second-generation
photosensitizer, which would have exhibited higher
differences between pulsed and cw light owing to the
larger difference in extinction between ground and
excited states at the excitation wavelength. It is un-
likely that other natural chromophores would have
significant permanent or transient changes with
high-intensity irradiation, yet it is not possible to rule
out biological effects in these experiments. Tran-
sient changes in the population of hemoglobin are not
expected to be significant, since the excited singlet-
state lifetime is in the picosecond range.

In conclusion, in addition to demonstrating the use
of this PDT dosimeter, these studies indicate that
pulsed irradiation can in principle be beneficial in
allowing deeper light penetration in tissue, given the
proper peak pulse powers and photosensitizer.
Clearly the practical utility of this observation may
be limited by the modest effect and by the added
complexity of pulsed irradiation sources with appro-
priate parameters. The dosimeter and numerical
analysis presented here should be useful in investi-
gating the more complex PDT sensitization methods
available with high-intensity pulsed laser sources.
Future extensions of this research will examine the
excited-state spectrum of BPD-MA and other photo-
sensitizers both in solution and in tissue slices to better
explain the changes in the absorption spectra.
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