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Background and Objective: Photodynamic therapy (PDT) based 
on topical application of photosensitizers has been under devel- 
opment over the last years. Typical applications are treatment of 
basal cell carcinoma of the skin and photoablation of the endo- 
metrium. The dosimetry for topically administered photosensitiz- 
ers must take a time-dependent inhomogenous drug distribution 
into account together with the conventional parameters such as 
optical scattering, absorption, and photobleaching. 
Study DesignlMuterials and Methods: This study presents a do- 
simetry model where the cytotoxic dose is calculated in a step- 
wise procedure. The first step calculates the time-dependent dis- 
tribution of 5-aminolevulinic acid GALA) from diffusion theory. 
In skin this distribution is dependent on drug permeability 
through the stratum corneum, on the diffusivity of dermis and 
epidermis, on the drug clearance time, and on the conversion rate 
from 5-ALA to protoporphyrin IX (PpIX). In the second step the 
distribution of PpIX is calculated from the 5-ALA distribution 
found in the first step taking the dynamics of the biosynthesis of 
5-ALA to PpIX and the clearance time of PpIX into account. In 
the third step the generation of cytotoxic singlet oxygen is calcu- 
lated from the optical distribution during irradiation, taking a 
photobleaching mechanism into account. 
Results: The distribution of cytotoxic oxygen is predicted from 
the optical dose, the drug dose, and the time between the appli- 
cation of the drug and the irradiation. 
Conclusion: The presented dosimetry model is made as simple as 
possible, yet composite enough to enable all relevant parameters 
to be taken into account. The model that is based on a linear 
theory in a semi-infinite medium can, if required, be extended to 
take nonuniform and nonlinear phenomena into account. 
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INTRODUCTION 

The rationale of the therapeutic eficacy of 
photodynamic therapy is based On cflotoxic prod- 
ucts generated by excited photosensitizers [I]. 
The excited sensitizer can react with tissue con- 
stituents through the so-called type I process, 
yielding radicals or radical ions or through the 
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type I1 process in which energy is transferred to 
singlet oxygen [21. 

A variety of photosensitizers has demon- 
strated good results, e.g., hematoporphyrin deriv- 
ative, chlorines, and phthalocyanins. In recent 
years very promising results have been obtained 
with the use of 5-aminolevulinic acid (5-ALA). 
This compound, which is a precursor in the bio- 
synthesis of heme, stimulates the production of 
the photodynamically active compound protopor- 
phyrin IX (PpIX) [3,4]. 

The photosensitizers can be administered ei- 
ther systemically or topically. Topically adminis- 
tered sensitizers have been used clinically in pho- 
todynamic treatment of basal cell carcinomas and 
experimentally in animal models for destruction 
of the endometrium [4,51. The human endome- 
trium may be ideally suited for photodynamic 
therapy because the thickness can be varied be- 
tween 2 mm and 9 mm by manipulating the hor- 
monal state. It should therefore be possible to op- 
timize the thickness with respect to drug and 
light penetration. 

The traditional dosimetry for photodynamic 
therapy has been developed for the case of sys- 
temic injection. In this case it is appropriate to  
assume a uniformly distributed drug dose in the 
target tissue [6,7]. The decay of the cytotoxic dose 
with distance from the irradiated surface is there- 
fore only due to  optical properties. 

The assumption of a uniform drug distribu- 
tion is certainly not valid for the case of topically 
applied sensitizers. The distribution of the drug 
with distance from the surface is then dependent 
on time after application, diffusion properties of 
the tissue, and on the vascularity. The nonunifor- 
mity in the drug distribution is an important fac- 
tor in the dosimetry for photodynamic therapy of 
topically applied sensitizers. 

The complete cytotoxic process for topically 
administered 5-ALA to  the skin is very composite 
and can be divided in three stages: (1) diffusion of 
5-ALA through the stratum corneum and into the 
epidermis and dermis, (2) metabolic synthesis of 
the photosensitizer (PpIX), and (3) generation of 
cytotoxic singlet oxygen (or possibly also radicals) 
by optical irradiation of PpIX. The diffusion of 
5-ALA has been described for a two-layer model 
consisting of a diffusion barrier, i.e., the stratum 
corneum, on top on layers where the diffusion 
properties are assumed to be the same, i.e., the 
epidermis and dermis. The time required for the 
drug to diffuse to a certain depth is proportional 
to the square of the distance from the surface and 

inversely proportional to  the diffusivity. The time 
required for a drug to diffuse to 1 mm depth is for 
a diffusivity in the range of K = 10p9-10-10 m2/s, 
ranging from 15 min to 3 h. The corresponding 
times required to  reach 2 mm and 3 mm depths 
are, respectively, four times and nine times 
larger. 

The diffusion barrier formed by the stratum 
corneum is characterized by a permeability. The 
effect of the barrier on the drug distribution is 
maximum immediately after application of the 
drug to  the skin, and the relative importance of 
the barrier decreases with time. Thus if advan- 
tage of selective uptake of drug in regions where 
the stratum corneum layer is broken down, i.e., in 
regions of basal carcinoma, is to be taken, the 
irradiation should start as soon as possible. Suf- 
ficient time must, of course, be allowed for 5-ALA 
to diffuse to the required depth and for PpIX to be 
formed. 

The generation of PpIX from 5-ALA is char- 
acterized by a transfer relaxation time. Corre- 
spondingly, the loss of PpIX due to  decomposition 
and clearance from the tissue is characterized by 
a loss of relaxation time. The local buildup of pro- 
toporphyrin concentration will stabilize, if the 
local concentration of 5-ALA is constant and dif- 
fusion of PpIX can be neglected, after a time cor- 
responding to  the lost relaxation time. The situa- 
tion is much more composite in the actual case 
where the 5-ALA concentration gradually builds 
up during the diffusion process. However, an or- 
der of magnitude estimate of the total buildup 
time for PpIX can be obtained just by adding the 
diffusion time to the loss relaxation time. 

Optical irradiation of PpIX initiates energy 
transfer to the cytotoxic agent, i.e., to singlet ox- 
ygen. However, PpIX will also decompose during 
irradiation. The photoproducts can be photody- 
namically inactive, or some can be active when 
excited at longer wavelengths. Thus the bleach- 
ing process basically represents a loss mechanism 
for the active compound. The decay of the active 
compound can be described by a bleaching fluence 
parameter that corresponds the fluence required 
to reduce the concentration of l / e=  0.37 of the 
initial value. The bleaching fluence of PpIX mea- 
sured in vivo during treatment of human basal 
cell carcinoma has been reported to  17.2 J/cm2, 
when referred t o  the incident irradiation at 635 
nm wavelength [16]. The residual active PpIX 
concentration in the upper part of the epidermis is 
therefore reduced to - 0.3-5% of the initial con- 
centration after a typical optical dose in the range 
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of 50-100 J/cm2. Bleaching will therefore be a 
predominant phenomenon down to depths corre- 
sponding to  1-2 times the optical penetration 
depth, i.e., down to - 2-4 mm. 

The limiting factor for the depth of therapeu- 
tic response for topically applied drugs is the dif- 
fusion of the sensitizer rather than the optical 
penetration d9pth. The situation is somewhat re- 
versed compared to the case of systemically ad- 
ministered drugs, where the optical penetration 
usually is the limitation. 

This report presents the framework for an 
appropriate dosimetry. The idea has been to de- 
velop a model that is as simple as possible, but 
still composite enough to  allow all relevant pa- 
rameters to  be taken into account. 

MATERIALS AND METHODS 
Transport Mechanisms 

Transport of solutes in tissues is governed by 
diffusion due to concentration gradients (Ficks 
law) and convection due pressure gradients (Dar- 
cy's law) [8,91. The net flow of a solute can be 
expressed by a driving force equation of the form, 

4 

j = -~gracuV - yNgradp (1) 

wherej is flux vector and N is the concentration. 
The parameters p and K are, respectively, the 
pressure and the diffusivity . The convection pa- 
rameter y is given by y =  RWq, where R is the 
ratio between the velocity of the solute to that of 
the solvent, k is the Darcy constant, and is the 
viscosity of the solvent. The transport of a solute 
across vessel walls or through the interstitium of 
tumors is for low molecular weight hydrophilic or 
lipophilic solute molecules primarily determined 
by diffusion. For larger molecules both diffusion 
and convection are important [SJ. 

The continuity equation can be expressed as 

+ 

t dN N 
divj = -- - - + q 

at 

where t is the time. The source term that charac- 
terizes the rate of generation per unit volume, 
is given by q. The rate of loss is assumed to be 
proportional to the instantaneous value of the 
concentration, and total loss relaxation time 
is T. 

The relaxation of a photosensitizer such as , 
e.g., 5-aminolevulinic acid can be caused by a 

range of mechanisms. Among these is decomposi- 
tion due to  participation in the biosynthesis of 
heme, i.e., generation of protoporphyrin IX and 
clearance due to lymphatic flow and blood perfu- 
sion. The total relaxation time can be expressed 
as 

(3) 

where and T , ~  are, respectively, the relax- 
ation time due to  transfer from ALA to  PpIX 
and the relaxation time due to all other mecha- 
nisms. 

The diffusion of topically administered pho- 
tosensitizers can be limited by a diffusion barrier. 
The stratum corneum layer that partly blocks 
transcutaneous transport is an example of such a 
barrier. The boundary condition for a diffusion 
barrier can be expressed as 

where j, in the flux vector through the barrier. 
The densities No = N,  = o- and N,= + are, respec- 
tively, the concentration outside the inside of the 
diffusion barrier. The barrier is located at  x = O  
where x is the distance from the layer. The trans- 
mission through the barrier is characterized by 
its permeability K. 

Topical Application 
The distribution in the case of a negligible 

convective flux, such as for drugs with small mo- 
lecular weights, can be expressed from Eqs. (1) 
and (2) as 

(5) 

where y in Eq. (I) has been made equal to zero. 
It now will be assumed that the drug is ap- 

plied to the tissue surface at time t=O, and the 
concentration thereafter is kept constant. The 
boundary condition at  x = 0- is then No = const. for 
t>O. Furthermore, since no drug is injected, the 
bulk source density q is equal to  zero. The equa- 
tion can be solved easily by the method of Laplace 
transforms. The transform of Eq. (5) together 
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with the boundary conditions in Eq. (41, can be 
expressed as 

where N(s)  is the Laplace transform of the den- 
sity. 

The time-dependent solution that follows 
from the inverse Laplace transform, can be ex- 
pressed [lo] as 

The diffusivity of 5-ALA in tissue has not 
been reported. However, an order of magnitude 
estimate can be obtained by using the diffusivi- 
ties for compounds with approximately the same 
molecular weight. The molecular weight of 
5-ALA is 168 and typical values for the diffusivity 
of glucose (mol.wt. 180) at 37°C are 0.69-10-10 
m2/s (brain), 1.7.10-10 m2/s (human aorta-intima) 
and 0.88-10-' m2/s (plasma) [91. The correspond- 
ing values for oxygen, acetic acid (mol.wt. 601, 
and sucrose (mol.wt. 342) in water at  20°C are, 
respectively, 1.8.10-9, O.88.1Op9, and 0.45-10-' 
m2/s. [11] 

The values for permeability of 5-ALA in the 
stratum corneum layer of intact skin and of skin 
overlaying basal cell carcinomas are equally not 
reported. However, the ratio between the PpIX 
fluorescence in regions with basal cell carcinoma 
and normal adjacent skin has been found to  be - 10-15. If it is hypothesized that this ratio cor- 
responds to the concentration ratio of ALA in the 
layer just below the diffusion barrier and that the 
barrier is strongly reduced in the tumorous re- 
gion, it is possible to  make an estimate of the 
permeability. A concentration ratio of 10-15 ob- 
tained 2-4 h after topical application on a tissue 
with diffusivity in the range of K =10-9-10-10 
m2/s corresponds, according to Eq. (7), to a perme- 
ability of an intact stratum corneum in the range 
of K = 10 7-10-s m / s .  The lower limit for the cor- 
responding permeability in the tumorous region 
is then about K = lop6 m/s (see also Fig. 6). The 
values can, however, be significantly higher if 
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0 

Fig. 1. Density profile vs. time (in hr) and depth (in mm). 
Maximum value is normalized to  unity, i.e., No = 1 mp3. 
K =  lop6 mis, T = 24 h. (a) (upper graph): K = 10-l' m2/s; (b) 
(lower graph): K = lo-' m2/s. 

permeability enhancing compounds such as 
DMSO and Azone are used. 

Examples of predicted spatial and temporal 
dependence of density profiles are shown in Fig- 
ure 1. The calculations that are based on Eq. (7) 
are shown for two different diffusivities, K = lo-' 
m2/s and K = 10-l' m2/s. The relaxation time is 
~ = 2 4  h, and the permeability corresponds to the 
value estimated for tumorous regions, i.e., K = 

m / s .  The graphs demonstrate that the bar- 
rier blocks the diffusion efficiently for a period up 
to 1 h. The effect of the barrier is, however, insig- 
nificant after 2 h, and the concentration at the 
inside of the barrier in then more than 80% of the 
outside value. After a 4-h period, - 50% of the 
value is reached at a depth of 1 mm for K =  10-l' 
m2/s, whereas the corresponding depth for 
K =  lo-' m2/s is in the range of 2.5 mm. 

In the time region where t<<T, the expres- 
sion for the density of ALA as given in Eq. (7) can 
be approximated to  

N(t)  = No (erfc ( z, - e 7 e T  K K Z  erfc ( 
+ &) ) . 2m fi 

(8) 

If, however, the time scale is much larger than 
the diffusion time, i.e., t>>x2/K, the distribution 
can be approximated by the steady-state solution: 
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The factor (1 + l/KV&)-' represents the steady- 
state depletion of the drug concentration across 
the diffusion barrier. The barrier is only signifi- 
cant for permeabilities in the range where 
K G V'&, For example, in the case of a diffusivity 
of K = m2/s together with a relaxation time of 
T =  24 h, this condition corresponds to a perme- 
ability much less than K = lop7 d s .  The expo- 
nential factor in Eq. (9) represents the steady- 
state decay with distance from the surface. The 
penetration depth of the drug, i.e., the distance 
corresponding to a decay of the concentration by a 
factor of l/e=0.37, is given by the parameter a,, 

6 d  = 6. (10) 

High values for the penetration depth are 
found in tissues with high diffusivity and low 
clearance rate, e.g., the values K = m2/s and 
T =  24 h give a penetration depth of 6,=9 mm. 
Correspondingly low values are found in tissues 
with low diffusivity and high clearance rate, e.g., 
the penetration depth in the case of K = 10-l' 
m2/s and T = 4 h is only 6, = 1.2 mm. 

Generation of Protoporphyrin IX 

rin can be expressed as 
The equation of continuity for protoporphy- 

+ 
where P is the local concentration of PpIX,jp is 
the corresponding flux vector, T~ is the protopor- 
phyrin relaxation time, and qp is the source den- 
sity. In the case of negligible diffusion and con- 
vection this equation can be expressed as 

where source term has been expressed by 
N 

7,-p 
q p  = Ep-- 

The parameter eP characterizes the yield of this 
process. 

The Laplace transform P(s) of the time-de- 
pendent protoporphyrin concentration follows 
from Eq. (12): 

where N(s) is the Laplace transform of the ALA 
concentration given in Eq. (6). The time-depen- 
dent concentration can be expressed by a convo- 
lution integral of the form [lo] as 

t t-t' t -- 
e ' p  * N(t) = - e N(t')dt'. P(t) = - 

(14) 
E p  s o  

EP -- 

Ta-p Ta+p 

In regions with a strongly reduced diffusion bar- 
rier such as in a basal cell carcinoma where the 
stratum corneum is broken down, the 5-ALA con- 
centration in the upper part of the epidermis can 
be taken to be constant and equal to  No. In such a 
case, Eq. (14) can be simplified to 

When the protoporphyrin relaxation time is large 
compared to the relevant time scale, i.e., to the 
diffusion time t ( T ~  9 t) Eq. (14) reduces to 

If, however, the relaxation mechanism of PpIX is 
fast compared to  the diffusion time for ALA, i.e., 
T~ -=s t the equation reduces to 

The protoporphyrin concentration is thus propor- 
tional to the time integral of the ALA concentra- 
tion when the relaxation of PpIX is slow com- 
pared to the diffusion time t, whereas it is 
proportional to the instantaneous value of the 
ALA concentration in the case of fast relaxation. 
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Selectivity 

The selectivity of the photodynamic response 
to normal and malignant tissues may be depen- 
dent of a variety of parameter such as different 
conversion efficiency of ALA to PpIX, different 
localization of PpIX with the cell, and differ- 
ent diffusiodclearance properties. A major mech- 
anism for the increased photosensitizer concen- 
tration in the region of the skin with basal cell 
carcinoma is, as discussed earlier, believed to be 
the breakdown of the stratum corneum. The 
present discussion is therefore limited to this par- 
ticular mechanism. The impact of a diffusion bar- 
rier on the sensitizer concentration is maximal 
immediately after the topical application, and the 
influence decreases with time until the steady- 
state value is reached. The maximum ratio be- 
tween the sensitizer concentration in the tumor- 
ous region and in the normal skin is given by the 
ratio between the permeabilities (see Eq.7). The 
corresponding steady-state ratio follows from Eq. 
(9). The upper and lower limits of the time-depen- 
dent ratio can thus be expressed as 

- 
1 

1 - L -  1: 
(17) 

where N, and K, are, respectively, the drug con- 
centration and the epidermal permeability in the 
tumorous region. The corresponding parameters 
in normal skin are N ,  and K,. The diffusivity and 
relaxation time are both assumed to  be the same 
in the two regions. 

The steady-state ratio is, under these condi- 
tions, independent on depth. The ratio approaches 
unity if the permeabilities - are much larger than 

the quantity ,/:, whereas it approaches - for 

small permeabilities. 
Figure 2 shows an example of the concentra- 

tion ratio between regions where the permeabili- 
ties differs by a factor of 10. The figure shows the 
ratio versus time and distance from the surface 
(Eq.7). The diffusivity is assumed to  be the same, 
and the relaxation time is taken to be infinitely 
long. A maximum ratio of 10 is obtained immedi- 
ately after the topical application, and the ratio 
decreases monotonously with time to the steady- 
state value of 1 as follows from Eq. (17). The 

Kt 
KIl 

Fig. 2. Ratio of photosensitizer concentration. The time scale 
is from 30 s to 5 h after topical application of ALA. K, = 
mis, K,= i O P  m/s, K = 1O-l '  m'is, T =  30. 

graph that covers the time scale from 0.5 min to 5 
h also demonstrates the very rapid decrease in the 
ratio close to the surface. 

The fact that the maximum concentration 
ratio is obtained immediately after application 
does not, however, mean that the optimum time 
for treatment is shortly after application. It is, of 
course, necessary to  wait until an adequate quan- 
tity of the drug has diffused to the relevant depth. 
The order of magnitude of this time delay, At, is 
provided so that the distance x is smaller than the 
penetration depth 6, given by the diffusion 
time for a lossless medium, [12] 

X2 
At -. 

K 

Typical delays in the case of 1-mm and 2-mm- 
thick lesions are, respectively, -3 h and 12 h for 
a diffusivity of K = m2/s. The corresponding 
delays in the case of a diffusivity of K = lo-' m2/s 
are - 15 min and 1 h for, respectively, 1 and 2 mm 
thicknesses. 

The time required to establish the drug con- 
centration at depths larger than the penetration 
depth is approximately 1121 

X 
At ~ (19) ITI' 

The transit time A t  over a distance corresponding 
to the penetration depth, i.e., x = 6 is thus 
approximately equal to the relaxation time T. Cor- 
respondingly, the transit time for a distance equal 
to  n times the penetration depth is equal to n 
times the relaxation time. The concentration will 
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be, as discussed previously, significantly depleted 
for depths larger than the penetration depth. The 
penetration depth of the drug might therefore 
represent an upper limit for the thickness of le- 
sions that can be treated. 

Optical Distribution 
The optical distribution in dermis is very 

complex. The optical properties such as absorp- 
tion and scattering coefficients are quite different 
in the various skin layers. A detailed analysis of 
the light distribution in the epidermis and in the 
upper part of the dermis requires an optical model 
that takes the multilayered structure into ac- 
count 1171. However, the cytotoxic dose delivered 
to  regions close to the site of irradiation will be 
limited by the photo-bleaching of the drug rather 
than by the optical dose. The present discussion 
therefore uses a simplified optical model where 
the light distribution is approximated by a single 
exponential term [7,13,141. This model, which has 
very limited validity in the epidermis/papillary 
dermis region, has proved to be quite good at 
depths larger than - 1 mm from the irradiated 
surface. The optical fluence rate can then be ex- 
pressed as 

X 

where cp is the in situ optical fluence rate and I is 
the incident irradiation. The optical penetration 
depth, i.e., the distance corresponding to a decay 
in the fluence rate by a factor l/e=0.37, is given 
by 6. The parameter kp, which is dependent on the 
optical boundary conditions at  the aidtissue in- 
terface and on the detailed optical structure of the 
upper dermal layers, serves as a dimensionless 
coupling coefficient relating the fluence rate to 
the incident irradiation. The total in situ optical 
dose, i.e., the fluence delivered locally during the 
irradiation, can be expressed as 

x t  I _ _  t 
I) = J+dt' = kpe -s J Idt' = FzpI)ince ti (21) 

0 0 

where \Clint is the incident optical fluence. The flu- 
ence in the surface layer of the tissue is because of 
backscattering and total internal reflection at the 
surface, usually a factor 2-3 times larger than the 
incident optical fluence. Typical values for the op- 
tical penetration depth in the wavelength region 
from 600-800 nm are in the range of 6 = 2-4 mm 

for most tissues. The penetration depths in mel- 
anotic melanomas are, however, only about one- 
tenth of the values, i.e., in the range of 6 = 0.3- 
0.5 mm.[14] 

Photosensitizer Bleaching and Generation 
of Photoproducts 

Photobleaching of a sensitizer depletes the 
photodynamically active compounds simulta- 
neously with the formation of new photoproducts. 
Provided that clearance and diffusion are negligi- 
ble during irradiation, this process can be ex- 
pressed by 

where + is the optical fluence (or dose). The con- 
centrations P and II are, respectively, the concen- 
tration of PpIX and of one of the generated pho- 
toproducts. The yield of the conversion process 
from protoporphyrin to the photoproduct is char- 
acterized by cPp. The bleaching fluence that cor- 
responds to a reduction of PpIX to  l /e  = 0.37 of its 
initial concentration is given by 8. This parame- 
ter can be subdivided into a parameter 8, charac- 
terizing transfer to one particular photoproduct, 
together with a parameter 8, characterizing all 
other photo-induced loss processes. The parame- 
ter O3 characterizes the total relaxation fluence of 
the photoproduct. The solution of Eq. (22) can be 
expressed as 

c - _  
P = Poe 

where Po is the in situ concentration of PpIX be- 
fore optical irradiation (see Eq. 14). 

The available data on the photo-decomposi- 
tion parameters are very limited. However, the 
bleaching fluence of hematoporphyrin derivative 
has been reported as 8 = 75 J/cm2 at 630 nm 
wavelength [71, and in vivo measurements on 
bleaching of PpIX during treatment of human 
basal cell carcinoma have been reported to be 17.2 
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Fig. 3. Normalized concentration of protoporphyrin IX and of 
a photoproducts versus optical dose in J/cm2. Parameters 
O1 = O2 = 100 J/cm2 and O3 = 100 J/cm2. 

J/cm2, when referred to  the incident irradiation. 
The treatment was done with a copper vapor 
pumped dye laser at 635 nm wavelength, and the 
bleaching was determined from measuring fluo- 
rescence excited with 405 nm radiation. This 
bleaching value will, when corrected for the 2-3 
times higher epidermal fluence rate than the in- 
cident irradiation, correspond to a bleaching flu- 
ence in the range 0 = 35-50 J/cm2 [161. 

An example of the depletion of the initial 
sensitizer together with generation of a photo- 
product, is shown in Fig. 3. The fluence parame- 
ters and 82 are both taken equal to 100 J/cm2 
and e3 = 100 J/cmZ. The sensitizer concentration 
decreases exponentially in accordance to  a total 
bleaching fluence of 8 = 50 J/cm2, whereas the 
photoproducts reaches a maximal value at a flu- 

003 83 

8 3 - 0  8 
ence of 6 = ~ In -, i.e., 6 = 69 J/cm2. 

This analysis describes how the creation and 
destruction of a particular photoproduct can be 
followed. It should be pointed out, however, that 
the creation of a photoproduct does not imply that 
it will be absorbed at  the same wavelength as the 
excitation light, nor that it will be necessarily 
photodynamically active. However, the contribu- 
tion to  the singlet oxygen production from the 
photoproducts that generally have absorption 
peaks at longer wavelengths might be important 
when broad-banded light sources are used during 
therapy. 

RESULTS 

can be expressed as 
The question of continuity for singlet oxygen 

where S is the local concentration of singlet oxy- 
gen, j, is the flux vector, 7, is the total singlet 
oxygen relaxation time, and q, is the source den- 
sity. 

The generation rate of singlet oxygen is pro- 
portional to  the sensitizer concentration and to 
the optical fluence. The source term can therefore 
be expressed as q, = &,Pq, where 8, characterizes 
the efficiency of the porphyrin to singlet oxygen 
process. The lifetime of singlet oxygen in tissue is 
in the order of microseconds [151. The generation 
of singlet oxygen and the cytotoxic reaction will 
therefore take place within the same cell, or at 
least in the immediate proximity of that cell. The 
diffusion of singlet oxygen is therefore of no im- 
portance and the flux vector can be neglected [71. 
The term containing the time derivative can fur- 
ther on also be neglected since the relaxation of 
singlet oxygen is very fast compared to the irra- 
diation time during PDT. The singlet oxygen con- 
centration can therefore be expressed (Eq. 24) as 

The amount of singlet oxygen generated dur- 
ing an interval of time, dt, during irradiation is 
given by q,. The total amount of singlet oxygen, 2, 
being generated during the entire irradiation pe- 
riod can then be expressed as 

t + A t ,  t t At, 

2 = s qsdt = s @pdt = @(1 - e$)Po (26) 
t t 

where t is the time between the application of the 
drug and the onset of the irradiation, and At,. is 
the duration of the irradiation. In the integration 
of Eq. (261, it is assumed that no diffusion or clear- 
ance of PpIX takes place during irradiation. The 
only depletion mechanism for protoporphyrin 
during the delivery of the optical dose 6 is there- 
fore photobleaching (Eq. 23). The concentration 
before irradiation, Po, is given by Eq. (14) when t 
in that equation is interpreted as the interval of 
time between the application of the drug and the 
irradiation. 

The cytotoxic dose experienced locally by the 
tissue will be proportional to the total amount of 
singlet oxygen generated in that region. The in 
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situ cytotoxic dose, D(z) ,  can therefore be ex- 
pressed, Eqs. (7), (14), and (26) as 

where (Y is a normalization constant. This param- 
eter can be chosen in such a manner that a dose 
equal to  unity, i.e., D = l ,  corresponds to 50% 
probability for local tissue necrosis. 

The distribution of the cytotoxic dose in tis- 
sue is visualized in Figure 4. The maximum value 
of the cytotoxic dose, i.e., the amount of singlet 
oxygen that will be generated after applying an 
infinite large optical dose to regions with maxi- 
mal photosensitizer concentration, is, in Figures 
4-6, normalized to unity. The relaxation time of 
5-ALA is further on assumed to be much larger 
than the time t (see also Eq. 81, and the PpIX 
concentration is taken to be proportional to the 
ALA concentration (see also Eq. 16). The value of 
K = m2/s that corresponds to the diffusion 
constant for glucose in serum is selected for the 
diffusivity. The value for the permeability, i.e., 
K = lop6 m/s, corresponds to regions with an in- 
significant diffusion barrier. This value is pre- 
sumably representative for regions of the skin 
where the diffusion barrier is broken down by 
basal cell carcinomas. The distribution is shown 
versus distance from the surface and versus irra- 
diant optical dose. Figure 4a gives the distribu- 
tion in the case of a 2-hr period between the top- 
ical application and the irradiation, and Figure 
4b gives the corresponding values for a 4-h period. 

The corresponding results for a high diffu- 
sion barrier such as in the case of an intact stra- 
tum corneum are shown in Figure 5. Figure 5a 
gives the distribution in the case of K = m / s  
and Figure 5 b gives the results for K = lo-' m/s .  
The presence of a diffusion barrier significantly 
reduces the cytotoxic dose: the dose in Figure 5b is 
about a factor of about 20 less than the dose given 
in Figure 4b. 

The distribution shown in Figure 6 is calcu- 
lated for the same parameters as given in Figure 
4b with the exception of the diffusivity, which has 
been reduced from the serum value to  a value 

0.6 
0.4 
0.2 

0.6 
0.4 
0.2 

Fig. 4. Distribution of normalized cytotoxic dose. K = 
m/s, K = lo-' m2/s, 0 = 50 J/cmZ, 6 = 2 mm, k,  = 3. (a) (upper 
graph): t=2 h tb) (lower graph): t = 4  h. 

characteristic for brain and human aorta-intima, 
i.e., K = 10-l' m2/s [8] .  The reduced diffusivity 
slightly enhances the dose close to the surface. 
However, it causes a much stronger fall off with 
distance. The dose shown in Figure 6 is reduced to  
approximately the half at a depth of 1 mm, 
whereas the corresponding distance is - 3 mm for 
the case shown in Figure 4b. 

CONCLUSION 

The discussed dosimetry model with a single 
diffusion barrier on a semi-infinite medium is, of 
course, a very simplified approach to  the actual 
clinical situation. However, even a simple model 
can be very useful for improving the dosimetry. 
For example, by monitoring the time dependence 
of the drug concentration in the surface layer by 
fluorescence, it should be possible to evaluate the 
permeability of the stratum corneum together 
with the diffusivity of the underlying tissue. 
These values can then be used to predict the dis- 
tribution in deeper layers. 

The model can, however, be extended easily 
to the more complex multilayer case. Such an ex- 
tension might be necessary in the case of endo- 
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0.03 
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Fig. 5 .  Distribution of normalized cytotoxic dose. t= 4 h., K = 
lo-’ m’is, 8 =  50 Jicm‘, 6 =  2 mm, k p = 3 .  (a) (upper graph): 
K = lop7 d s ;  (b) (lower graph) K = lo-@ mis. 
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Fig. 6. Distribution of normalized cytotoxic dose. K= lop6 
mis, ~ = 1 0 - l ’  m’is, 8 =  50 Jicm’, 6 =  2 mm, 12,= 3, t = 4  h. 

metrial ablation since the diffusion properties as 
well as the protoporphyrin generation efficiency 
might differ in the endometrium and in the myo- 
metrium. 

The simplified optical model, which gives an 
adequate description of the optical distribution in 
the deeper layer, might be equally extended to  a 
more precise model [17]. This extension is neces- 
sary in particular in the case of high drug concen- 
tration and low light doses. In such a case bleach- 
ing might be unimportant and the more precision 
will be required in the determination of the opti- 
cal dose. 

In conclusion, the presented simplified do- 
simetry model might be useful in understanding 
the relevance of the different mechanisms. Fur- 
ther on it should also serve to  draw attention to 
the various parameters that have to  be deter- 
mined before a reliable dosimetry model is avail- 
able in the clinic. 
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