Journal of

Biomedical Optics

BiomedicalOptics.SPIEDigitalLibrary.org

Comparison of three light doses in
the photodynamic treatment of actinic
keratosis using mathematical
modeling

Anne-Sophie Vignion-Dewalle
Nacim Betrouni

Jean-Baptiste Tylcz
Maximilien Vermandel
Laurent Mortier

Serge Mordon

SPIE.



Journal of Biomedical Optics 20(5), 058001 (May 2015)

Comparison of three light doses in
the photodynamic treatment of actinic
keratosis using mathematical modeling

Anne-Sophie Vignion-Dewalle,? Nacim Betrouni,*** Jean-Baptiste Tylcz,® Maximilien Vermandel,P*

Laurent Mortier,>® and Serge Mordon®

3INSERM, U1189, ONCO-THAI, 1, avenue Oscar Lambret, F-59037 Lille Cedex, France
PUniversity of Lille Nord de France, 365 bis, rue Jules Guesde, BP 50458, F-59658 Villeneuve d’Ascq Cedex, France
°CHRU de Lille, Hopital Huriez, Service Dermatologie, 2, avenue Oscar Lambret, France

Abstract. Photodynamic therapy (PDT) is an emerging treatment modality for various diseases, especially for
cancer therapy. Although high efficacy is demonstrated for PDT using standardized protocols in nonhyperker-
atotic actinic keratoses, alternative light doses expected to increase efficiency, to reduce adverse effects or to
expand the use of PDT, are still being evaluated and refined. We propose a comparison of the three most
common light doses in the treatment of actinic keratosis with 5-aminolevulinic acid PDT through mathematical
modeling. The proposed model is based on an iterative procedure that involves determination of the local fluence
rate, updating of the local optical properties, and estimation of the local damage induced by the therapy. This
model was applied on a simplified skin sample model including an actinic keratosis lesion, with three different
light doses (red light dose, 37 J/cm?, 75 mW/cm?, 500 s; blue light dose, 10 J/cm?, 10 mW/cm?, 1000 s; and
daylight dose, 9000 s). Results analysis shows that the three studied light doses, although all efficient, lead to
variable local damage. Defining reference damage enables the nonoptimal parameters for the current light doses
to be refined and the treatment to be more suitable. ® 2015 Society of Photo-Optical Instrumentation Engineers (SPIE)[DOI: 10.1117/1

.JBO.20.5.058001]
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1 Introduction

Photodynamic therapy (PDT) is an emerging cancer therapy
combining light of an appropriate wavelength, a nontoxic photo-
sensitizer, and sufficient molecular oxygen to generate reactive
oxygen species and destroy tumors. Many reports on PDT
using 5-aminolevulinic acid (5-ALA-PDT)*” have been pub-
lished since the early work of Kennedy et al.® 5-ALA is a pre-
cursor of the heme biosynthesis and exogenous administration
of 5-ALA leads to accumulation of the photosensitizer protopor-
phyrin IX (PpIX), preferentially in neoplastic tissues.” As it
can be applied topically for dermatological indications, 5-ALA
brings several benefits over other photosensitizers such as
porphyrin derivatives, which have to be systemically applied.”
In dermatology, PDT using 5-ALA or its methyl ester (MAL-
PDT) has proven to be an efficient topical treatment for numer-
ous (pre) malignant conditions™'* including actinic keratosis
(AK),"!'"12 Bowen’s disease,'>'* and superficial basal cell
carcinoma. >

Several studies have reported that MAL-PDT with red light
using a total light dose of 37 J/cm? and a fluence rate of
75 mW /cm? is an effective treatment option for AK and results
in similar response rates and improved cosmetic outcomes com-
pared with standard therapies.'>!” However, with these light
dose parameters, the treatment appears to be very painful'®!”

*Address all correspondence to: Nacim Betrouni, E-mail: nacim.betrouni@
inserm.fr
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and concurrent use of cold air analgesia may be required to
relieve discomfort and pain.'”'® Recently, Apalla et al.”* dem-
onstrated that red light PDT using a fluence rate between 25 and
50 mW /cm? was as effective in the treatment of AK as using
a fluence rate of 75 mW/cm?, but much better tolerated by
patients. When using blue light at a dose of 10 J/cm? delivered
at a fluence rate of 10 mW /cm?, topical ALA PDT has also
been demonstrated to be a highly effective and safe treatment
for multiple actinic keratoses of the face and scalp.!'”!
Finally, PDT of AK using daylight activation has proven to be
as effective as and more manageable in clinical practice than
conventional red light PDT.>> With pain scores significantly
reduced compared to conventional red light illumination, day-
light exposure was also found to be better tolerated and more
convenient for the patient.

Looking at these various light doses with similar efficiencies
but variable tolerabilities, a mathematical modeling of the PDT
process was clearly felt to be necessary to obtain a better under-
standing of the process and of the relationship between process
parameters and process performance (in terms of efficiency and
tolerability).>*> This better understanding should result in an
improved determination of the optimal treatment parameters.>®?’

In this paper, we propose to model the PDT process for AK
treatment based on the study of Farrell et al.?® and using a skin
sample model resulting from the inclusion of an AK to the sim-
plified skin model of Liu et al.>* The proposed model involves
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an iterative procedure alternating between updating the local flu-
ence rate and updating the PpIX absorption coefficient. The
local fluence rate is calculated by solving the one-dimensional
diffusion equation ***° while the PpIX absorption coefficient is
estimated considering biological elimination and continuous
accumulation of the PpIX in the AK as well as photobleaching.
Standard models are used for biological elimination and
continuous accumulation whereas an original simplified model
based on an unlimited availability of oxygen and depending
both on the local fluence rate and the incident wavelengths is
proposed for photobleaching. Finally, a photodynamic dose
defined as a function of the singlet oxygen molecules generated
during the treatment is used to quantify the local damage
induced by PDT.

The proposed model was applied with the three most
common light doses for PDT of AK:

1. Dose 1: red light dose, 632 nm, 37 J/cm?, 75 mW/
cm?, 500 s;°03!

2. Dose 2: blue light dose, 417 nm, 10 J/cmz, 10 mW/
cm?, 1000 ;3233

3. Dose 3: daylight dose, the fluence rate for the daylight
was set to the solar spectral irradiance downloaded
from Ref. 34 (this fluence rate was consistent with the
one used in Campbell et al.35), 9000 s;??

Epidermis

Fig. 1 Representation of the skin sample model perpendicularly irra-
diated by a planar beam S,. The sampling of the skin sample model is
partially illustrated and the deepest point of the AK is identified as the
darkest cuboid of the central stack of cuboids.

Analysis of the resulting photodynamic doses allowed for a
comparison of the doses in terms of local damages and the deter-
mination of a reference local damage, defined as the minimum
of the three local damages obtained at the deepest part of the
actinic keratosis sample. Then it allowed for the estimation of
the treatment times required with the fluence rates of the three
above-mentioned light doses to achieve this reference damage in
the deepest part of the actinic keratosis sample.

2 Material
2.1 Skin Sample Model

As AKs are confined to the epidermis (the basement membrane
is intact), the simplified skin sample model we used consists of
an epidermis section with a thickness of 100 gm>* including an
AK, designed as an ellipsoid. The epidermis and AK tissues are
both assumed to be homogeneous. To account for the thickening
of the epidermis generally observed in AK, the diameter in depth
of the ellipsoid is set to 150 ym. According to the curettage usu-
ally performed prior to PDT, the skin sample model displayed
on Fig. 1 is finally assumed.

A primary planar beam with fluence rate S, is assumed to
perpendicularly irradiate the surface of the skin sample model
(Fig. 1).

Let Z be the beam direction, which is also the depth direction
of the skin sample model.

Let Q be a cuboid with base surface dS and depth dz, located
at depth z in the AK (Fig. 1).

2.2 Light Doses

22,30-33 and

Three effective light doses as reported in literature
with parameters summarized in Table 1 are studied.

Usual 3-h and 30-min incubations with 5-ALA under occlu-
sive dressing are assumed for the red and blue light doses and

for the daylight dose, respectively.

3 Method

3.1 Local Total Fluence Rate Determination

The local total fluence rate, ¢, at location 7 in the skin sample
model, is given by the sum of the local diffuse fluence rate, ¢,
and the local incident fluence rate, ¢; [Eq. (1)]

Table 1 Description of the three light doses.

Red light dose

Blue light dose

Daylight dose

References Moseley et al.** Tyrrell et al.'

DUSA Pharmaceuticals®

Wiegell et al.??

Warren et al.®®

Gaussian distribution. Mean:
632 nm FWHM: 19 nm

Fluence rate spectrum

Gaussian distribution. Mean:
417 nm FWHM: 30 nm

Solar emission spectrum. Downloaded from
Ref. 34. Consistent with Campbell et al.®®

Fluence 37 J/cm? 10 J/cm?

Exposure time 500 s 1000 s 9000 s

Fluence rate 75 mW /cm? 10 mW/cm?

Journal of Biomedical Optics 058001-2 May 2015 « Vol. 20(5)



Vignion-Dewalle et al.: Comparison of three light doses in the photodynamic treatment of actinic keratosis. . .

() = hpa(7) + @;(7). ()

Due to both the biological elimination of PpIX, the conver-
sion of 5-ALA into PpIX and the photobleaching, the PpIX
absorption coefficient and, therefore, the local total fluence rate
change during treatment. Similarly to Farrell et al.”® based on
a PpIX concentration varying only with depth, z, below the
irradiated surface, we have deduced Eq. (2) from Eq. (1)

?(2) = 94(2) + 9i(2)- 2)

From Farrell et al.?® and Carp et al.,” the local diffuse
fluence rate, ¢4, can be expressed using Eq. (3),

¢a(z) = So{#@exp {— /)Zﬂeff<w)dW:|
+ P(z)exp [— /O zu;(w)dw] } 3)

where

o The total absorption coefficient, y,, is the sum of the
actinic keratosis absorption coefficient, p, g, and the
PpIX absorption coefficient, y, ppix,

o The total transport coefficient, y;/, is the sum of the total
absorption coefficient, p,, and the actinic Kkeratosis
reduced scattering coefficient, y; oy,

o The effective attenuation coefficient, .y, is defined
as \/3uq (2 (2),

e The two parameters, b and P(z), depending on both the
optical properties of the actinic keratosis and the boundary
conditions at the actinic keratosis surface, are computed as
described in Farrell et al.®

For a planar beam irradiation, the local incident fluence rate,
@;, is written in the form of Eq. (4),%%%

0.0) = 5o exp |- [“urian]. @

3.2 Evolution of the Protoporphyrin IX Absorption
Coefficient

Because the three different above mentioned processes affect
the PpIX absorption coefficient, the change in the number of
PpIX molecules can be expressed as follows:

dMpix (2. 2)

Pdit = ~Mppix (1, 2) + Mppix o (1. 2) = Mppix (2, 2),
(5)

where

o Mpyix(t, z) is the number of PpIX molecules contained in
Q at time ¢,

. MPpIX.b(t7 Z), MPpIX.C(t’ Z), and MPpIX.p(t7 Z) are the num-
ber of PpIX molecules biologically eliminated, generated
by conversion from 5-ALA, and eliminated by photo-
bleaching, respectively, at time t.
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3.2.1 Biological elimination of protoporphyrin IX

The biological elimination of PpIX leads to an exponential
decay of the number of PpIX molecules such that Mp,x , (2, z)
can be expressed through Eq. (6),

M |4
Mppix (1. 2) = %), (6)

where 7, is the time constant for the biological elimination of
PpIX for actinic keratosis.

3.2.2 Conversion of 5-aminolevulinic acid into
protoporphyrin IX

To model the conversion of 5-ALA into PpIX, we use the fluo-
rescence data reported in Wiegell et al.”> These data, measured
from actinic keratosis within 3 h incubation after MAL appli-
cation, suggest an exponential increase with time of the number
of PpIX molecules leading to Eq. (7)

Mppix(2,2)
Mppix (1, 2) = —, @)

Te

where 7, is the time constant for the conversion of 5-ALA
into PpIX.

3.2.3 Photobleaching

As shown by Dysart et al.,* the change in the concentration of
PpIX molecules due to the singlet oxygen-mediated photo-
bleaching can be expressed by a differential equation. This dif-
ferential equation can be written in terms of the number of PpIX
molecules, Mpyx (1, )

K

Mppix (1, 2) = NxdS xdz

XMPpIX(t’Z) XMlo(t, Z), (8)

where

¢ K is the bimolecular rate constant for the reaction of singlet
oxygen with PpIX,

e N is the Avogadro number,
e Miy(t,z) is the number of singlet oxygen molecules
contained in € at time 7.

The change in the number of singlet oxygen molecules
contained in Q at time ¢ can be expressed as [Eq. (9)]:

dMi (1, 2)

o - +M; (1, 2)

— Miy(1.2), ©)

where

o M; (1, z) is the number of PpIX molecules generated in
at time ¢ when the PpIX molecules, excited by the absorp-
tion of photons, return to the ground state,

o M TO(I, z) is the number of PpIX molecules consumed in
Q at time 7.

Using the first-order approximation of the derivative,
Eq. (10) is obtained:
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Mio(t,2) = Mig(t—dt,z) + dt x M (t,2) —dt X M7 (1, 2).
10

According to the short lifetimes of the excited states of the
PpIX (~nanoseconds), simultaneity between the absorption of
a photon and the subsequent production of singlet oxygen
molecules is assumed such that Mfo(t, z) can be estimated as
follows:

1,2,4) xdS < -
M#»O(I,Z):/{}/zx%xﬂmpplx(r,z,ﬂ)XdZ}dﬂ,
A yl

(11)
where

o The (dimensionless) singlet oxygen quantum yield, y;, is
the number of singlet oxygen molecules generated for
each photon of wavelength 1 absorbed by a PpIX mol-
ecule when the PDT process is not limited by the avail-
ability of oxygen concentration,

e Computed from the local total fluence rate reaching dS
at time ¢, ¢(t,z,1), and from the energy of a photon of
wavelength A, E;, the term ¢(t, z,;l) x dS/E; represents
the number of photons of wavelength A reaching dS
per unit of time.

Moreover, regarding the short singlet oxygen lifetime in bio-
logical media (~hundredths of microseconds*®) compared to the
interval of time df usually used for computations (~hundred
microseconds), all the singlet oxygen molecules present in
at time t—dt, Miy(t—dt,z), are assumed to be consumed
during dt such that M7, (t,z) can be approximated by M, (t —
dz, z) /dt leading to Eq. (12),

Mio(1,2) =drx MT(1,z) =dt
1,7,2) xdS - B
X/{yzxuxﬂa’pplx(h&/‘[)XdZ}d/l.

7 E;
(12)

Finally, the number of PpIX molecules eliminated by photo-
bleaching can be obtained through Eq. (13),

K
Mroncs (02) = a5 %z

1,2,4) x dS < y
X/{}/ZX%X/’%,PNX([?Z’&)Xdz}dl
7 yl

X MPpIX(t’ Z) X dl

K

N
’ 71 1 it
XA{VZX%Xﬂamlx(ﬁzvﬁ)}dl (13)

A

X Mpyix (1, z) x dt

3.2.4 Overall evolution

Inserting Egs. (6), (7), and (13) into Eq. (5) gives
Eq. (14)
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dMpyix (1,2)

dr =Mp,ix(t.2)
1,1« $(1.2.7) N
X ——F+——XdrX VLA Shiitld o taal
{ Tb+TC N A{yﬂ EZ ><ﬂ[t,l}’pIX( <y )} }

(14)

Based on the relation  p,pyix(2,2,4) = eppix (4) X
Crpix (1.2) = €ppix (4) X Mppix (1,2) / (R X dSXdz), where epyix (1)
and CPPIX(I, z) are the PpIX molar extinction coefficient for
wavelength 4 and the PpIX concentration at depth z and time
t, respectively, Eq. (14) leads to Eq. (15),

d,ua,PpIX(t»Z’)“)
dr

1 1 « #(t,2,2) < .~
X ——+———XdtX PX———X t,z,A) pdA ».
(-t [t}

15)

= Happix (1,2,4)

3.3 Photodynamic Dose

Because damage induced by PDT is a result of the generation of
singlet oxygen, the photodynamic dose can be defined as the
total cumulative singlet oxygen produced during treatment
time, denoted 7. From Eq. (11), it follows:

PD(z):/)TMTO(t,z)dt

T t,z,2)xdS - B
:/ /{yzxuxﬂayplx(l,&l)XdZ}dﬂdl.
o Ji E;
(16)

Using the sampling times {#; = i X dt}, .7, PD(z) can be
approximated as in Eq. (17)

PD(Z)zZ{dtxA{yzx‘m’Z;E;’?xcw

1
X g pprx (12 2. 2) Xdz}dl}. (17)

Thus, the calculation of PD(z) requires the determination of
both the PpIX absorption coefficient and the local total fluence
rate as treatment progresses.

Assuming an initial PpIX absorption coefficient,
Happix (0,2, 4), the initial local total fluence rate, ¢(0, z, 1), at
any point of the skin model (Fig. 1) can be calculated from
Egs. (2)—(4). The PpIX absorption coefficient at time ¢; = dt
can then be obtained considering the following approximation
of Eq. (15)

/’ta,PpIX(t + dty 2, l) = ”a,PpIX(t7 Z, l) + d[ X ﬂa,PpIX(t’ Z, l)
I 1« (1,2, 7)
——+ -5 Xdr NG AR
x{ 5 o R x/z{nx E;
Xﬂa,PpIX(tyZ,z)}dj.}. (18)

From this new PpIX absorption coefficient, the new local
total fluence rate, ¢(t,,z,4), is calculated. The process is
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reiterated to calculate all the necessary PpIX absorption coeffi-
cients and local total fluence rates.

3.4 Initialization

According to the initial PpIX absorption coefficient, similarly to
Liu et al.,** an initial exponential distribution of PpIX with
depth, related to the progressive skin penetration of 5-ALA,
is assumed

Happix (0.2, 4) = p,ppix (0.0, 2) X exp(—nz). (19)

where 7 is the depth decay constant.

Moreover, from the above-mentioned relation
Happix (1,2, 4) = eppix(4) X Cppix (t.2), Eq. (19) becomes
Eq. (20),

Happix (0,2, 4) = eppix (1) X Cppix(0,0) X exp(—nz).  (20)

3.5 Parameters Specification

The optical properties for epidermis are derived from the data
obtained by Salomatina et al.*’ from normal human skin and the
ones ;fg)r actinic keratosis from the data reported in Garcia-Uribe
et al.’

Regarding the time constant for the biological elimination of
PpIX, denoted above as 7, [Eq. (6)], we used the value of 1.29 h
obtained by Star et al.* for normal human epidermis.

From the actinic keratosis data reported in Wiegell et al.,??
the time constant for the conversion of 5-ALA into PpIX, 7,
[Eq. (7)], is deduced to be 1.1575 h, which is consistent with
previously published values.***

Regarding the bimolecular rate constant, x [Eq. (8)], we use
the value of 5.3 x 10° 1/mol/s reported in Ref. 41 as the bimo-
lecular rate constant for quenching of protoporphyrin IX by
a given conjugated fused tricyclic compound.

According to Wilkinson et al.*> and Fernandez et al.,* the
singlet oxygen quantum yield for PpIX, y; [Eq. (11)], is set
to 0.56 for all 4.

For the sake of consistency in Eq. (11) (the number of PpIX
molecules in their singlet excited state cannot exceed the num-
ber of available PpIX molecules), the time increment, dt, is set
to 1 X107 s.

Based on the ratio of PpIX concentration at 0.2 mm to that on
the surface of about 81% (respectively, 63%) obtained by Star
et al.*? for normal human epidermis after 3 h (respectively,
30 min) ALA administration, we deduce from Eq. (19) that
the depth decay constant 7 is equal to 1.05/mm (respectively,
2.31/mm) for the red and blue light doses (respectively, for
the daylight dose) with the above assumed 3 h (respectively,
30 min) incubation.

Regarding the initial concentration at the skin surface in
Eq. 20, CPpIX(O,O), we use the value 11.8 pmol/ml obtained
by Smits et al.** from 11 patients with AK incubated with
20% ALA for 3 h. This value, which is suitable for the red
and blue light doses with 3 h incubation, is not appropriate
for the daylight dose with 30 min incubation. Based on a fluo-
rescence intensity after 30 min incubation graphically deduced
to be approximately 10 times lower than the one after 3 h incu-
bation from Wiegell et al.?? and Christiansen et al.,* we set the
initial concentration at the skin surface for the daylight dose
to 1.18 pmol/ml.
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The PpIX molar extinction coefficients, {epyix (4) },, are esti-
mated from the PpIX absorption spectrum, {4, pprx.cran(4)} ;s
measured by the Research Center for Automatic Control
of Nancy (CRAN) from a PpIX concentration Cpyx cran-
The estimates, derived from the relation p,ppx.cran(4) =
eppix (4) X Cpprx crans are deduced using the value of
1.24 ><6105 I/mol/cm for £(405 nm) reported in Natarajan
et al.*

Ha.p IX,CRAN()“)
EppIx (4) = acpi
PpIX,CRAN
HMa PpIX,CRAN (/1)

B Happix cRAN(405 nm)

X 8PpIX (405 nm). (21)

The published values for the model parameters that do not
depend (respectively, that depend) on the light source are listed
in Table 2 (respectively, in Table 3).

4 Applications

By down-sampling the skin model into Q cuboids with
dS = 10x 10 gum? and dz = 10 ym as partially illustrated in
Fig. 1, the photodynamic doses for each cuboid are computed
for the three light doses according to Eq. (17).

We assume that, whatever the position in the AK of the skin
sample model, the three obtained photodynamic doses are lethal
for any cancer cells. It follows that the minimum of the three
photodynamic doses at the deepest point of the AK, the darkest
cuboid of the stack of cuboids shown in Fig. 1 that we denote by
PD,, is also assumed to be lethal.

Based on the assumption that, whatever the light dose, a pho-
todynamic dose equal to PD, is sufficient to destroy any cancer
cells, the treatment times and, therefore, the light doses required
with the three light sources and their corresponding fluence rates
reported in Table 1 to obtain a photodynamic dose equal to PD ¢
are computed.

All the computations were performed using a Matlab™
program on a standard personal computer (Intel Xeon CPU
E3-1240 V2 3.40 GHz-8Go of RAM-Windows 7 64 bits).

5 Results

The photodynamic doses obtained in the skin sample model for
the three different light doses are presented according to the cen-
tral cross section of the skin sample model in Fig. 2 and along
the above-defined central stack of cuboids (Fig. 1) in Fig. 3.

From Fig. 3, the depth evolution of the photodynamic doses
for the red light dose (solid curve), the blue light dose (dashed
curve) and the daylight dose (dotted curve) seems to be linear.
With a slope of —1.76 x 10* from the linear regression, the
depth evolution of the photodynamic dose for the daylight
dose is approximately twice (respectively, 4.5 times) as rapid
as the one for the blue light dose (respectively, the red light
dose) with a slope of —8.89 x 103 (respectively, —3.89 x 10°)
(Fig. 3). From the last two slope values, the photodynamic
dose for the blue light dose is found to decrease in depth approx-
imately 2.3 times as fast as that of the red light dose.

Figure 4 shows the time evolution of the cumulative singlet
oxygen produced at the deepest point of the AK for the three
different light doses. This cumulative parameter was approxi-
mated at the above defined sampling times similarly to Eq. (17).

An exponential rise to a maximum [f(7) =AX
[1 —exp(—1/7)], where A is the amplitude of the curve and
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Table 2 Specification of the model parameters not depending on the light sources. For each reference, the photosensitizer and cells for which the

values were obtained are reported in parentheses.

Parameters Value Reference (photosensitizer, cells)

Optical properties for epidermis Salomatina et al.3”

Optical properties for actinic keratosis Garcia-Uribe et al.®®

7p 1.3 h Star et al.®® (PpIX, normal human epidermis)

75 1.1575 h Wiegell et al.?? (PplX, actinic keratosis)

K 5.3x10° I/mol/s Bonda et al.*' (PpIX)

7 0.56 Wilkinson et al.*? (PpIX) Fernandez et al.*® (PpIX)
dat 1x10%s

£ (405 nm) 1.24 x 10% I/mol/cm Natarajan et al.*® (PplIX)

Table 3 Specification of the model parameters depending on the light sources. For each reference, the photosensitizer and cells for which the

values were obtained are reported in parentheses.

Parameters Light source Value Reference (photosensitizer, cells)

n Red and blue light doses 1.05/mm Star et al.*® (PplX, normal human epidermis)
Daylight dose 2.31/mm Star et al.®® (PplIX, normal human epidermis)

Crpix(0,0) Red and blue light doses 11.8 pmol/mi Smits et al.** (PplX, actinic keratosis)
Daylight dose 1.18 pmol/ml Smits et al.* (PplX, actinic keratosis) Wiegell et al.??

(PplX, actinic keratosis)

7 is the delay constant] was fit to each curve of Fig. 4. With a
delay constant estimate of 746.73 s, the caumulative singlet oxy-
gen produced for the blue light dose is found to increase about
1.3 times as fast as the one produced for the red light dose with
a delay constant estimate of 985.65 s. With a delay constant esti-
mate of 10356.57 s, the production rate of singlet oxygen for
the daylight dose appears more than 10 times slower than those
for the two others light doses.

From the three photodynamic doses of 5.67 x 10°,
1.45 x 107, and 1.19 x 107 obtained at the deepest point of
the AK with the red light dose, the blue light dose and the day-
light dose, respectively (given by the last point of the curves in
Figs. 3 and 4), the minimum one denoted PD,.; was determined
to be the red one.

-

1.53x10’

BT

Fig. 2 Photodynamic doses in the central cross section of the skin
sample model for the red light dose (row 1), the blue light dose
(row 2) and the daylight dose (row 3). The doses are displayed,
using the gray look-up table (row 4), in percent of the overall maximum
photodynamic dose of 1.53 x 107 that was obtained at the skin sur-
face with the blue light dose (see the y-intercept of the dashed curve in
Fig. 3).
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From Fig. 4, using the blue light with a fluence rate of
10 mW/cm2 (Table 1), a treatment time of about 254 s,
which correspond to a light dose of 2.54 J/cm?, is required
to obtain a photodynamic dose equal to PD,; at the deepest
part in the AK. For the daylight dose (Table 1), a photodynamic
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Fig. 3 Depth evolution of the photodynamic doses for the red light
dose (solid curve), the blue light dose (dashed curve) and the daylight
dose (dotted curve) along the central stack of cuboids of the skin sam-
ple model defined in Fig. 1.
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Fig. 4 Time evolution of the cumulative singlet oxygen produced for
the red light dose (solid curve), the blue light dose (thick dashed
curve) and the daylight dose (dotted curve) at the deepest point of
the AK. The thin dashed line was used to determine the treatment
times required with the blue light and the daylight as described in
Table 1 to obtain a photodynamic dose at the deepest part of the
AK equal to PD,.

dose equal to PD, is achieved at the deepest part of the AK
using an exposure time of 3385 s.

Figure 5 shows examples of the evolution in time of the PpIX
absorption coefficient obtained using the proposed model
[Eq. (15)]. The corresponding evolutions in time of the PpIX
absorption coefficient obtained by replacing the proposed model
for photobleaching [Eq. (13)] by the common first order photo-
bleaching model are also depicted in Fig. 5 for information
purposes only. The exponential decay of the number of PpIX
molecules assumed by the first order photobleaching model
[Eq. (22)]**%% leads to Eq. (23) in place of Eq. (15)

Mpyix p(t,2) = —Aﬂz X (1.2, 2) X Mpyix (2, 2)di, (22

Happix (t +dt,2,4) = pappix (1,2, 4) + dt X pg ppix (7,2, 4)

1 1 o~
X{—a-’-z—éﬂzxqﬁ(l,z,/{)dﬂ},
(23)

where the photobleaching dose constant parameters {f;}; are
set to 0.05 cm?/J for all 1.2

From Fig. 5(b) (obtained for the 417 nm wavelength and the
blue light dose), the time evolution curve obtained using the pro-
posed model (solid curve) and the one obtained by considering
the first order photobleaching model (dashed curve) follow
somewhat similar trends. This similarity is not found for the
632 nm wavelength and the red light dose [Fig. 5(a)]. This
may be explained by the use of a single value for all the photo-
bleaching dose constant parameters {f;}; that may be more
appropriate for specific wavelengths. Furthermore, we can note
a very rapid decrease of the dashed curve in Fig. 5(a), which
presupposes a very (maybe too?) rapid consumption of PpIX.
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Fig. 5 Time evolution of the PpIX absorption coefficient at the deep-
est point of the AK obtained: (a) at wavelength 632 nm with the red
light dose and (b) at wavelength 417 nm with the blue light dose (row
2). The solid curves represent the results obtained using the proposed
model [Eq. (15)] while the dashed ones represent the results obtained
by considering the first order photobleaching model 2328% Eq. (23).

6 Discussion

In this paper, three light doses commonly used in the PDT treat-
ment of actinic keratosis are compared using a mathematical
modeling of the PDT process: the red light dose (632 nm,
37 J/em?,75 mW/cm?, 500 s),%%3! the blue light dose (417 nm,
10 J/cm?, 10 mW/cm?, 1000 s),** and the daylight dose
(9000 s,%) (Table 1).

The comparison is performed using a skin sample model
consisting of an epidermis section with a thickness of 100 ym
including an AK designed as a partial ellipsoid with a thickness
of 150 um (Fig. 1). Although similar high response rates have
been reported for PDT treatment of AK using the three above
introduced lights doses,'>*'*247 the deeper tissue penetration of
red light compared to light with shorter wavelengths is known to
make the red light dose more appropriate for the PDT treatment
of thick lesions and deeper targets.*® Nonetheless, regarding the
thin actinic keratosis of the skin sample model used in this study,
the blue light and the daylight can reasonably be assumed to
allow sufficient tissue penetration to make the blue light and
daylight doses efficient.

To perform the comparison of the three light doses, a photo-
dynamic dose defined as the total cumulative singlet oxygen
produced during treatment is introduced [Eqs. (16) and (17)].
This photodynamic dose depends on the local total fluence
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rate which is obtained by the sum of the local diffuse fluence rate
and the local incident fluence rate’®* [Egs. (1)~(4)], and on the
PpIX absorption coefficient. The three common kinds of
changes in the PpIX absorption coefficient, namely the biologi-
cal elimination of PpIX, the conversion of 5-ALA into PpIX and
the photobleaching, are considered in the model [Egs. (5)—(15)].
While usual exponential models are used for the biological
elimination and the 5-ALA conversion, we proposed a new
model for the photobleaching. The two commonly used models
for photobleaching which are the first order photobleaching one
in which PpIX is bleached exponentially by local total fluence
rate*>?® and the second order one using standard photochemical
reaction kinetics>*% seem not to be appropriate for the present
study. Regarding the first order photobleaching model, few pub-
lished values are available for the involved photobleaching dose
constant parameter and these values that are mainly obtained
with a red light illumination**> may not be suitable for the
blue light and daylight illuminations and may, therefore, bias
the comparison. The photobleaching model we proposed allows
us to get rid of this photobleaching dose constant parameter and
to make explicit the photobleaching dependence on wavelength
[Eq. (13)]. Moreover it is adapted to the multispectral case and
involves relatively few parameters compared to the complex sec-
ond order photobleaching model.

The proposed model has been developed so as to involve
only parameters for which empirical data are available and has
required some assumptions and simplifications, especially in the
change in the number of singlet oxygen molecules [Egs. (9)-
(12)]. These approximations are acceptable in the context of
a comparison of light doses and may, in the current trends of
low or blue dose, be suitable to define an experimental protocol
to determine optimal treatment parameters.

All the parameters [Egs. (1)—(20)] are set to published values,
which were obtained with PpIX and with either normal human
epidermis or AK (Table 2).

A first limitation of our model is the fact that the PpIX con-
centration is assumed to vary only with depth below the irradi-
ated surface as in Ref. 28. Nonetheless, given the very small
thickness of the skin sample model (100 pm), this assumption
can be tolerated. A second limitation concerns the assumption
of unlimited availability of oxygen (oxygen depletion due to
photobleaching is not incorporated in the model). This
assumption, made through the singlet oxygen quantum yield
in Eq. (11), can be considered reasonable under light illumina-
tion with low fluence rates,*>° which is not the case for the red
light dose. However, it is difficult to ascertain how the singlet
oxygen quantum yield, y;, would change during treatment
and due to the lack of well-established empirical data and
the variations of intrinsic parameters, constant y, is usually
assumed.?® According to Ref. 51, this assumption does not seem
to be inconsistent within the present study in which the skin sam-
ple model consists of an epidermis section with a thickness of
100 ym including an AK. In fact, Stiicker et al.>' have reported
that the upper skin layers to a depth of 0.25 to 0.40 mm (includ-
ing the epidermis layer) are almost exclusively supplied by dif-
fused oxygen from the atmosphere, whereas the oxygen transport
by blood capillaries extending to the upper layers of the dermis
has a minor influence. It follows that the unlimited source of
atmospheric oxygen allows unlimited oxygen availability in the
skin sample model to be reasonably assumed.

Using red light and standard dose (fluence, 37 J/cm?;
fluence rate, 75 mW/cm?2; exposure time, 500 s°°*!) a
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photodynamic dose of about 5.67 X 10° was obtained at the
deepest part of the AK (i.e., at 95 ym from the skin surface).
For a standard blue light dose (light dose, 10 J/cm?; fluence
rate, 10 mW/ cm?; exposure time, 1000 s32’33), a photodynamic
dose of about 1.45 x 107 was estimated at the deepest part of the
AK. With the daylight dose (exposure time, 9000 s****), a pho-
todynamic dose of about 1.19 x 107 was obtained at the deepest
part of the AK.

The minimum of these three photodynamic doses, which
were considered as sufficiently lethal for AK cancer cells,
was obtained with the red light dose (Fig. 4). The maximum
of these three photodynamic doses was the blue one. This result
can be explained by the small thickness of the tissue to be treated
(100 um) that makes the above mentioned deeper tissue penetra-
tion of red light compared to light with shorter wavelengths
(illustrated by the lowest slope of the red line in Fig. 3) useless
and illustrates the better match between the absorption spectrum
of the PpIX and the blue light spectrum (PpIX has its largest
absorption peak in the blue region). The daylight photodynamic
dose was close to the blue one, which can be supported by the
fact that all the PpIX absorption peaks are within the daylight
spectrum.

The treatment time required with the blue light and a fluence
rate of 10 mW /cm? (Table 1) to obtain a photodynamic dose
equal to the red one at the deepest part of the AK was then esti-
mated to be 254 s, which is equivalent to a quarter of the usual
value of 1000 s.°**' This exposure time corresponds to a light
dose of 2.54 J/cm?. With daylight (Table 1), about 3385 s were
required to obtain a photodynamic dose equivalent to the red
one. A reduction of about 62% is found between the 3385 s
and the 9000 s reported in Ref. 22. These results tend to high-
light that the usual light doses (Table 1) are probably not well
adapted and that the treatment parameters could be better deter-
mined to obtain a similar efficiency, but with an improved tol-
erability and a more manageable clinical practice (reduction in
bed occupancy).

7 Conclusion

In this paper, we have proposed an original mathematical model
for the photodynamic treatment of actinic keratosis. Applied
with the three most common light doses reported in the litera-
ture, this model allows (1) a comparison of the local damage at
the deepest part of the AK and (2) a comparison of the treatment
times required to carry the same local damage to the deepest
part of the AK to be made. These comparisons demonstrated
that an optimization of the light doses parameters could lead to
a similarly efficient and more suitable treatment.
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