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A B S T R A C T

Background: Daylight-activated PDT has seen increased support in recent years as a treatment method for actinic
keratosis and other non-melanoma skin cancers. The inherent variability observed in broad-spectrum light used
in this methodology makes it difficult to plan and monitor light dose, or compare to lamp light doses.
Methods: The present study expands on the commonly used PpIX-weighted effective surface irradiance metric by
introducing a Monte Carlo method for estimating effective fluence rates into depths of the skin. The fluence rates
are compared between multiple broadband and narrowband sources that have been reported in previous studies,
and an effective total fluence for various treatment times is reported. A dynamic estimate of PpIX concentration
produced during pro-drug incubation and treatment is used with the fluence estimates to calculate a photo-
dynamic dose.
Results: Even when there is up to a 5x reduction between the effective surface irradiance of the broadband light
sources, the effective fluence below 250 μm depth is predicted to be relatively equivalent. An effective threshold
fluence value (0. J cm70 /eff

2) is introduced based on a meta-analysis of previously published ALA-PpIX induced
cell death. This was combined with a threshold PpIX concentration (50 nM) to define a threshold photodynamic
dose of 0.035 uM J cm/eff

2.
Conclusions: The threshold was used to generate lookup tables to prescribe minimal treatment times to achieve
depth-dependent cytotoxic effect based on incubation times and irradiance values for each light source.

1. Introduction

Photodynamic therapy (PDT) for treatment of actinic keratosis (AK)
and other non-melanoma skin cancers has been an approved clinical
practice for decades [1–3], and just in the past few years daylight-ac-
tivated PDT for AK has gained support as an approved treatment
method [4–6]. With the shift from conventional PDT use of blue
(415 nm) or red (633 nm) lamp sources, to daylight-PDT, where
broadband sources like the sun or other artificial white lights have been
explored, the complexity of light dose estimation is increased.

Prescribing a sufficient photodynamic dose requires knowledge of
both how light interacts with tissue as well as how the clinical pre-
sentation can influence the tissue morphology. As clinical context for
the current study, Fig. 1 shows histopathology examples of actinic
keratosis (AK) and other non-melanoma skin cancers, where Table 1

provides the corresponding depth profile of each lesion. From these
case examples it can be observed there is a range over which the
photodynamic dose must be effective, and this dose will vary based on
both PpIX production and light fluence reaching the entirety of the
lesion. Yet, most treatments only consider the light dose at the skin
surface.

While there have been proposed methods to estimate the spectrally-
weighted light dose relative to the PpIX spectrum [4,7–10], these ap-
proaches do not account for the spectral attenuation in the skin. Using
Monte Carlo modeling, the present study aims to provide clinically
relevant methods to understand how surface irradiance measurements
can be used to estimate the light fluence rate at depth in tissue, which
should allow informed decisions about treatment time and appropriate
light sources, thus improving the ability to tailor PDT treatments based
on the clinical presentation of the disease.
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In Europe, Metvix® or MAL is the common form of ALA used for
topical PDT, whereas Levulan® is used in the United States [2]. More
recently, Ameluz® has been approved in both markets for treatment of
AK and tissue debridement. MAL-equivalent Luxerm® and Ameluz® are
also approved in Europe for daylight-PDT. For conventional lamp ac-
tivated PDT, all formulations are applied and let to incubate for a
period on the order of hours and then activated with a blue (415 nm
10–25 J/cm2) [11,12] or red (633 nm, 37 −125 J/cm2) [13,14] light.
But, in the daylight PDT protocol, this can differ slightly depending on
the drug formulation, but generally the incubation is minimized to be
near 30min and the activation solar irradiance is much lower
[4,8,10,15–18]. In conventional PDT, the PpIX production has been
reported to penetrate up to depths of 2mm with 3 h incubation [19],
whereas during daylight-PDT PpIX is thought to be produced con-
tinuously during the treatment [4,5,7,15,20] and few reports on depth
are known. The shorter ALA incubation time combined with the lower
irradiance and longer PpIX activation time is thought to be the driving
factor in reports of lower pain with daylight PDT [4,16,21,22].

The spectral characteristics of light dictate the depth of potential
PpIX activation. Due to tissue optical properties blue light will have a
much more superficial activation profile than red light. However, PpIX
has peak absorption in the blue (˜410 nm), but also in Q-bands at
505 nm, 540 nm, 580 nm and 635 nm [23,24]. Optimizing these factors,
depth of activation and peak absorption, can be easily accomplished
with narrowband light sources such as LEDs by altering the irradiance.

This optimization becomes slightly more challenging when broad-
spectrum light sources are used, especially when using a natural light
source such as the sun. The consensus method for comparing broad-
spectrum light sources is to weight the measured spectrum by the
normalized PpIX spectrum resulting in a measure of effective irradiance
[4,7–10]. Briefly, this is accomplished by first measuring the spectrally
resolved irradiance at the skin surface (Fig. 2A). This spectrum is then
multiplied by a normalized PpIX absorption spectrum, [24] resulting in
a measure of effective irradiance (Fig. 2B). The effective irradiance
provides a weighting factor for the probability of PpIX activation so that
different light sources can be more easily compared. However, in the
presence of tissue attenuation, the light fluence rate will vary drasti-
cally as a function of both wavelength and depth.

Previous Monte Carlo studies have investigated the interactions of
light, tissue and PpIX from a variety of perspectives. Comparisons of
clinical fluorescence measurements with tissue models have been used
to estimate the depth distribution of PpIX [25]. Expanding on this idea,
a model using three excitation sources was developed to study the
oxygen concentration and resulting reactive oxygen caused by PpIX
activation [26]. The most similar work to the present study was con-
ducted by Campbell et al., who modeled both daylight and red-light
activation of PpIX for a skin tumor model, and in subsequent work
modeled the continuous production of PpIX during both conventional
and daylight-PDT treatment [20,27]. The work presented here expands
on the previous studies by using a 7-layer skin model with the ability to

Fig. 1. Representative skin lesions (H&E 40×). The black line represents the distance from the surface of the corneal layer to the surface of the lesion. The yellow line
represents the distance from the surface of the corneal layer to the base of the lesion. An example of an actinic keratosis (A), basal cell carcinoma, superficial type (B),
squamous cell carcinoma in situ (C), basal cell carcinoma, nodular type (D), invasive well-differentiated squamous cell carcinoma (E), and a hypertrophic actinic
keratosis (F).

Table 1
Depths of Representative Skin Lesions from Fig. 1.

Measurement from surface of corneal layer to surface of lesion
(μm)

Measurement from surface of corneal layer to base of lesion (μm)

(A) Actinic keratosis 189 222
(B) Hypertrophic actinic keratosis 1419 1708
(C) Squamous cell carcinoma in situ 305 1038
(D) Invasive squamous cell carcinoma 287 692
(E) Basal cell carcinoma, superficial type 214 403
(F) Basal cell carcinoma, nodular type 70 1108
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Monte Carlo model any light source in the 350–900 nm spectral range
at 10 nm spectral resolution. The resulting light fluence information is
then combined with estimates of PpIX production and photobleaching
as well as light fluence thresholds to tabulate clinically-relevant treat-
ment times based upon the applied light source and the desired depth of
activation in tissue.

A simplified model to determine the potential for PpIX activation
may consider only light fluence in tissue, which assumes a sufficient
and uniform distribution of PpIX. However, recent models have shown
the importance of accounting for PpIX distribution when determining
the photodynamic dose [20,25–27]. As such, estimates of PpIX dis-
tribution have been considered using both incubation times of 30min
or less, commonly used in daylight-PDT protocols, and incubation times
of over an hour which better represent conventional-PDT. Since the
irradiance used in these protocols cover a wide range, photobleaching
will occur over differing time-scales. The present model assumes
oxygen concertation remains sufficient throughout the treatment
period.

2. Materials and methods

2.1. Monte Carlo model

Using the Monte Carlo software GAMOS [28,29], a 7-layer skin
model (Figs. 3 and 4) was defined based on the work of Meglinski [30].
Tissue optical properties (μa, μs, g, n) were defined between
350 nm–900 nm at a 10 nm spectral spacing (Fig. 3 and Supplementary
Data: S1) using the tissue-optics plugin for GAMOS [31]. The tissue
optical properties assume lightly pigmented skin, which correspond to
approximately 1% melanin in the epidermis (Skin layer 2 in Fig. 3). A
custom Python script (S2) converted the input file (S1) into a baseline
template for a GAMOS geometry file. The total tissue volume was
placed in a 20 cm x 20 cm x 2 cm box where the top 7.9 mm contained
the explicitly defined skin model. A voxelized parallel geometry was
defined with 1 cm×1 cm×10 μm voxels within the skin to measure
the fluence. A 5 cm diameter disc-shaped light with 1° divergence was
modeled as the source 60mm above the skin surface. The voxelized
geometry is only defined as a single XY volume per 10um Z-step to
reduce the analysis complexity. The overall XY dimensions of the tissue
volume are much larger than the voxelized geometry to better simulate

a semi-infinite slab geometry. PpIX absorption is not considered in the
current model, since it is assumed the concentration would not be large
enough to have a substantial impact on the overall tissue optical
properties [25]. Simulations were run using 107 photons for each of the
defined wavelengths.

The simulations were run using Amazon Web Services (AWS) Batch
service. Briefly, a simulation template was created and uploaded to and
AWS S3 bucket. This template contained a zip file (S3) with the ne-
cessary input files and a bash script that processed simulation input
arguments (source wavelength, number of photons, and random seed).
An AWS Batch job definition was generated programmatically, which
specified compute parameters for each simulation job (1–3 virtual
CPUS, and 2000-4000MB memory). The jobs were then added to the
queue and run in parallel using AWS EC2 instances (c4.large –
c4.8xlarge). Simulation outputs were stored in sub-directories of the S3
Bucket and retrieved using the AWS command line interface for ana-
lysis on a local computer. All analysis was done using custom Python
scripts (S2).

2.2. Light fluence

The following sections compare narrowband blue and red light at
clinically relevant surface irradiance with broadband sources that have
been reported in previous daylight and low-fluence-rate PDT models
[10,18]. The narrow-band sources are modeled based on clinically
available sources, such as the Blue-U (Sun/DUSA) and the RhodaLED
(Biofrontera). The broadband sources are based on measurements taken
by a spectroradiometer (Apogee SS-110), as reported previously [18].

Like the PpIX effective surface irradiance, the effective fluence rate
was calculated by weighting the fluence rate by the PpIX absorption
spectrum. Using the PpIX-weighted effective fluence rate at various
depths in tissue, the effective light dose could then be determined for
each source.

In broad-spectrum PDT applications, the effective light dose is often
reported as a product of the normalized PpIX absorption spectrum and
the source spectrum [4,7–10]. This idea was applied to the fluence rate
estimates by first taking the idealized case where each modeled wa-
velength had the same number of photons (107), and then extended to
match measured light sources by first weighting the model by the
measured spectrum (1) and then applying the PpIX absorption

Fig. 2. (A) Spectrum of 6 light sources. The simulation (dotted) is based on a theoretical uniform spectrum, whereas the other white light sources (solid) are of equal
irradiance but based on measured spectral distributions. The narrow-band sources (dashed) are based on clinically-relevant irradiance used in conventional PDT and
the spectrum is nearly equivalent to the FDA-approved Blue-U (Sun/DUSA) and the RhodaLED (Biofrontera) light sources. (B) PpIX-weighted spectrum showing wide
variation in effective irradiance.
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weighting (2). The estimated spectral fluence rate at depth z, was:

=( )z mW
cm E z( , ) ( , 0)* ( , )meas model2

(1)

Where Emeas is the spectrally measured irradiance at the surface and
φmodel is the spectral attenuation due to tissue as modeled for the de-
fined wavelength (λ) at depth z.

Then the effective spectral fluence rate was calculated as:

=( )z mW
cm E z A( , ) ( , 0)* ( , )* ( )eff

eff meas model PpIX2
(2)

Where APpIX is the normalized spectral attenuation of PpIX.
The effective fluence is the product of the effective fluence rate and

the treatment time. The effective threshold fluence is based on pre-
viously reported fluence values for studies using at least 0.6 mM ALA
and a laser or LED light source [32–34], as summarized by Gonçalves de
Faria (Table 2) [35]. Since the wavelength for each study was reported
for each cytotoxic probability distribution with mean fluence (DP) and
FWHM of the distribution (ΔD) [35], the equivalent effective fluence
could then be calculated using the PpIX absorption spectrum weighting
(3–5).

=
+

A d( )
µ

µ

PpIX
3

3
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= =D DP eff P D eff D, , (4)

=
ND eff pooled

D n
, ,

,

(5)

Where APpIX is again the normalized spectral attenuation of PpIX over
the wavelength range of interest and σD is the standard deviation cal-
culated from the probability distribution ΔD.

2.3. PpIX production and photobleaching

Since the Monte Carlo model only considers light fluence, and not
PpIX production or photobleaching, Python scripts (S2) were developed
to perform this portion of the analysis. PpIX production was estimated
based on the model that is well summarized by Campbell et al. [20] and
the parameters used in this study match those presented by Campbell.

Briefly, the PpIX concentration is based on the diffusion rate of the pro-
drug (6), and the rate and efficiency the drug is converted to PpIX (7).

The pro-drug concentration M is first calculate at depth z and time t
using:

=M z t M erf z
Dt

( , ) 1
40

(6)

Where M0 is the initial concentration of the pro-drug applied to the
surface (z= 0) at time t= 0 and is assumed to be 6×1016 cm−3. D is
the diffusion coefficient and assumed to be 6.9× 10-7 cm2 s-1. The
resulting PpIX production at depth z and time t can be calculated using:

=P z t e M z t dt( , ) ( , )p

ap

t t t

0
' 'p

'

(7)

Where εp is the yield or proportion of pro-drug converted to PpIX,
which is assumed to be 0.5, and τap is the relaxation time or rate of
conversion of the pro-drug and is assumed to be 8640 s. The rate of
PpIX clearance is reflected in τp and is assumed to be 4680 s. The result
of this calculation is the number of PpIX molecules per cubic cen-
timeter. In the current study, this was converted to molar concentration
to allow for better comparison with clinical findings.

Photobleaching was estimated as a simple exponential decay based
on the initial PpIX concentration and fluence rate [20,25,27], but with
two modifications:

=C z t C z e( , ) ( ) z t
0

( ) /eff (8)

first, φeff(z) is the PpIX-weighted effective fluence, and second, the
photobleaching dose constant (ß) is calculated for the peak PpIX ab-
sorption at 410 nm (0.65 J cm−2) using the method presented by
Campbell to determine the wavelength-dependent photobleaching
dose constant, assuming ß(630 nm) to be 14 J cm−2, as reported by
Valentine25. C0(z) is the initial PpIX concentration at the specified
depth, z.

PpIX concentrations resulting from different incubation periods,
when light is assumed to be negligible, are first calculated using Eqs. 6
and 7. Then, both PpIX production and photobleaching must be con-
sidered during the light treatment phase. The PpIX concentration at
depth is updated iteratively to account for both processes during
treatment.

Fig. 3. A representation of the GAMOS geometry is shown in the upper left. Tissue optical properties μs (middle) and μa (right) were defined between 350 nm and
900 nm for each of the 7 tissue layers. A constant refractive index (n) and anisotropy (g) were assumed for each layer and are provided in the table.
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2.4. Photodynamic dose

Initial incubation times of 5, 30, 60, and 120min were assumed. For
each light source the fluence rate at depths in tissue was linearly scaled
to represent a range of surface irradiance values. Through iteratively
calculating the PpIX distribution based on these input parameters, the
photodynamic dose can be determined over a range of times and re-
sulting effective fluence values. An effective photodynamic dose is de-
fined as the product of the threshold effective fluence and a PpIX

concentration of 50 nM.

3. Results

Using the normalized PpIX absorption spectrum as a weighting
factor is common method to compare the effective irradiance of dif-
ferent broadband light sources. For the light sources considered in the
present work, even though the broadband sources have an equal irra-
diance, the PpIX-effective irradiance demonstrates up to a 5x difference
(Fig. 2). Similarly, the blue and red LED sources have respective ef-
fective fluence rates of just 73% and 2% of the unweighted values

While PpIX-weighting improves the ability to compare surface ir-
radiance, it does not consider tissue optical properties. Fig. 4A shows
how the fluence rate of a spectrally uniform light source is attenuated
by tissue, as simulated with the 7-layer skin model. Furthermore, when
the normalized PpIX absorption is used as a weighting factor, the
spectral characteristics of effective fluence rates are again modified
(Fig. 4B). This fluence rate can be estimated for each light source at a
spacing of the 10 μm voxels throughout the depth of the model by

Fig. 4. (A) Fluence rate at various depths in 7-layer tissue model, based on a simulated spectrally uniform light source. (B) The PpIX-weighted effective fluence rate in
the same model. (C) Geometry of 7-layer skin model, where arrows indicate depths used in A and B.

Table 2
Light dose distribution parameters used to calculate effective cytotoxic
threshold.

Wavelength (nm) 405 405 514 514 630 634

DP (J/cm2) 0.14 0.14 0.16 1.11 0.79 1.54
D(J/cm2) 0.13 0.13 0.09 0.24 0.27 1.49

DP eff, (Jeff/cm2) 0.12 0.12 0.01 0.07 0.01 0.03
D eff, (Jeff/cm2) 0.11 0.11 0.01 0.01 0.01 0.02
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summing over the spectral range of interest (350 nm–700 nm). Simi-
larly, the effective fluence rate can be calculated by considering the
normalized PpIX absorption weighting factor. The results are the flu-
ence rate and effective fluence rate as a function of depth, φ(z) and
φeff(z), respectively (Fig. 5).

To determine an appropriate effective threshold fluence, a scalar
value ( ) was determined based on the reported central wavelength
and assumed a 10 nm or 20 nm full-width half maximum (FWHM)
distribution for laser and LED sources, respectively. The scaling can be
thought of as the integral of the normalized PpIX spectrum in this
spectral range. The PpIX-weighted equivalents of the dose distributions
were calculated using (4), where ΔD was first converted to standard
deviation (σD). Then the effective pooled standard deviation ( D eff pooled, , ,
0.2 J cm1 /eff

2) was determined using (5). The mean effective threshold
fluence (0.0 J cm6 /eff

2) was summed with 3x the effective pooled stan-
dard deviation to give the effective fluence threshold (0. J cm70 /eff

2) used
as shown in Fig. 6.

However, the effective fluence threshold only accounts for the
availability of light to activate a sufficient amount of PpIX. Since the
photodynamic dose is the product of the light fluence and photo-
sensitizer availability, the PpIX concentration is needed to calculate the
threshold photodynamic dose.

The PpIX concentration at depth in the tissue model was found
using Eqs. 6–8. The incubation time dictates the initial concentration
before photobleaching (8) is considered. Diffusion of the pro-drug
during both incubation and treatment allows for deeper PpIX produc-
tion. Assuming an incubation period of 30min, which is common in
many daylight-PDT protocols, Fig. 7 shows how the PpIX distribution
changes over the treatment period, from 30min to 2 h. The con-
centration spikes shown in this figure, which are mainly observed in the
blue light source, are due to the low-fluence in this tissue layer due to
the higher concentration of blood. Using blue-light treatment, with
PpIX concentration is higher around 1mm because of the minimal light
penetration, whereas the red-light treatment has lower PpIX

Fig. 5. A comparison of the fluence rate (A) and effective fluence rate (B) as a function of depth for the uniform simulation, Sun, CFL, Halogen, Blue LED and Red
LED.

Fig. 6. Effective light fluence as a function of time and depth for two different treatment times show how deeper light activation can be achieved by either extending
treatment durations or using alternate light sources. The black line shows the expected threshold for PDT response at 0.7 Jeff/cm2.
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concentrations at depth because the red light is able to propagate fur-
ther into the tissue and cause additional photobleaching.

A threshold PpIX concentration was considered based on literature
reports of in vitro and ex vivo studies, which indicate effective cell
killing can occur when nano-molar concentrations of PpIX are present.
[36,37] As a conservative measure, a threshold concentration of 50 nM
PpIX was chosen for the current study and is shown as the black line in
Fig. 7.

The product of effective fluence threshold (0. J cm70 /eff
2) shown in

Fig. 6 and the threshold PpIX concentration (50 nM) was then calcu-
lated. The resulting photodynamic dose of 0.035 uM J cm/eff

2 is used as
the threshold of cytotoxicity for the current study.

Using the effective fluence estimates, PpIX depth distribution and
threshold photodynamic dose, the maximal depth of effective PpIX-
activated cell death can be tabulated for each source and at various
treatment times (Table 3). Even though the light sources investigated
have very different effective surface irradiances, over a 20-min treat-
ment window all light sources are able to activate PpIX at a depth of
approximately 1mm, while the blue LED is just shallow of this and the
red LED has a much deeper effect. If only the light fluence is considered
for all light sources except the red LED, the depth to reach the fluence
threshold within 30min of treatment is approximately 50–60% less
than if the photodynamic dose is considered, whereas for the red LED,
the opposite is true and the light fluence over-reports the depth of ac-
tivation by a similar amount.

The duration of the incubation time will impact the initial depth
distribution of PpIX. Depending on the spectrum and fluence rate of the
treatment light, as well as the duration of light treatment, the PpIX
distribution will dynamically change during treatment. Fig. 8 shows a
representation of how incubation time and treatment time can impact
the depth of activation. Longer incubation and treatment times allow

for more PpIX diffusion and result in deeper photodynamic effect. The
depth of the threshold photodynamic dose is similar for the 30min
incubation with 2 h treatment, compared to the 2 h incubation with
30min treatment, however the surface photodynamic dose is slightly
higher with the longer incubation.

If the desired depth of activation can be estimated, lookup tables for
treatment time needed for cytotoxic effect at various depths can also be
tabulated (S4 and summarized in Table 4). The inputs required to
generate this table are the light spectrum, fluence rate, incubation time
and desired depth of activation. Table 4 shows a representative example
of such a lookup table for the Sun spectrum irradiance values typically
seen in different seasons, and for incubation times of 5 or 30min.

4. Discussion

As daylight PDT continues to gain clinical adoption, it will be in-
creasingly important to develop a standard for reporting the adminis-
tered light dose, especially in the settings where the solar spectrum is
known to vary. While the actual absorption spectrum used is not yet
fully agreed on, resulting in slight variations in effective irradiance
estimates reported by different groups [16,18,39], the method of using
the normalized PpIX-weighting factor is the first step to improve re-
peatability, both clinically as well as between studies.

With narrowband excitation performed during conventional PDT, a
simple photodiode-based power meter (Thorlabs PM100D) can be used
to measure surface irradiance which should remain relatively constant
in the clinical setting. However, the increased variability of broad-
spectrum irradiance combined with outdoor treatments have led to the
introduction of numerous methods to estimate the spectral irradiance.
These data collection techniques have utilized wearable photodiodes
[21,40–42], regional weather patterns [5,8,22,43,44], lux meters

Fig. 7. A model of PpIX concentrations at treatement times of 30min and 2 h for light treatments with a fluence rate of 35mW/cm2 for broadband sources, and
100mW/cm2 for the red and blue sources, where both were incubated for 30min. The black line represents the threshold PpIX concentration (50 nM).

Table 3
Depth (μm) of threshold photodynamic dose for different treatment times after 30min incubation.

Light Source Surface Irradiance (mW/cm2) Effective Surface Irradiance (mWeff/cm2) 10min 20min 30min 60min 90min 120min

Uniform 35.0 5.0 930 1170 1270 1530 1720 1830
Sun 35.0 4.0 920 1160 1270 1530 1720 1830
CFL 35.0 1.6 940 1190 1290 1560 1760 1900
Halogen 35.0 0.9 940 1190 1310 1590 1790 2000
Blue 100 73.4 760 880 930 1030 1090 1150
Red 100 1.7 1260 1600 1730 2100 2400 2650
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[4,9,15], and spectroradiometers [15,18,39], or simply set a treatment
time irrespective of the irradiance [45–47].

While a wearable photodiode seems like an ideal solution for the

accurate measure of continuous irradiance, placement of the device
proximal to the treatment field can be difficult, and wrist-based systems
can introduce additional error. Additionally, the ability to acquire a

Fig. 8. The photodynamic dose will differ between 30min (left) and 2 h (right) treatments, for incubation tames of 30min (top) and 2 h (bottom).

Table 4
Minimum treatment times needed for PpIX-induce cytotoxicity for various Sun irradiance
(350 nm–800 nm) values based on uniformly scaled irradiance measurements taken with Apogee
SS-110 and reported previously by Marra et al. 18 Yellow-highlighted cells indicate treatment
times between 2–2.5 h, whereas red is treatments over 2.5 h. Additional data is provided in S4.
(For interpretation of the references to colour in this table legend, the reader is referred to the web
version of this article.)
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commercially available device suitable for the clinic is currently lim-
ited. Many groups have turned to weather reports and almanac data to
provide a generalized estimate of sunlight available at a given location
throughout the year, however transient localized weather confounds
the ability to predict treatment times. Illuminance measurements with a
lux meter have been used by many groups, but illuminance is a measure
of light intensity perceived by the human eye, with a peak sensitivity at
555 nm and a weighting of nearly 0 in the UV/blue region. While there
has been work to relate solar irradiance with illuminance measure-
ments [9], the current complexity is prohibitive for most clinical uses.
Additionally, illuminance measurements are not ideal for comparing
different broadband sources, especially those with a significant UV/
blue contribution. We have previously reported collecting continuous
measurements using a field-portable spectroradiometer (Apogee SS-
110) commonly used in agricultural studies [18]. Measurements of
spectrally-resolved irradiance provide the ability to perform PpIX
weighting without the introduction of an additional arbitrary weighting
inherent in illuminance measurements, however patient positioning
relative to the light can still confound results. A study by Manley et al.
reported spectroradiometer measurements introduce the least error
(13%) when calculating the effective light dose, whereas other methods
can introduce 22–83% error [23].

Moving further, the tissue optical properties should be considered in
addition to PpIX-weighting when estimating the effective light fluence.
Even though the PpIX absorption has already been considered at the
surface, other tissue chromophores will absorb and scatter light. This
fact is further complicated by broad-spectrum light sources.

In the current study, while equivalent surface irradiance was con-
sidered for each broadband light source, the resulting effective irra-
diance showed up to a 5x difference as shown in Fig. 2. Even so, with
these substantial differences in effective irradiance at the surface, below
the more superficial skin layers (˜250 μm), the effective fluence of these
lights are similar. PpIX absorption is not explicitly addressed in the
Monte Carlo simulations because of its negligible effect, so instead a
normalized PpIX weighting factor is applied. While inter-patient and
intra-patient PpIX production can vary greatly, PpIX production was
considered based on the work summarized by Campbell. [20] The ef-
fective fluence rate within the tissue model can then be used to estimate
the photobleaching effect that occurs during treatment. This was
combined with the fluence data generated by Monte Carlo simulations
to estimate the photodynamic dose.

The multi-layer tissue model provides the ability to define different
optical properties due to the stratified anatomy observed in the skin as
shown in Figs. 3 & 4 . One result of this stratified model is observed in
Figs. 5 & 6, where there are two sharp drops in the fluence rate at
depths of 250 μm and 1.83mm. This is due to the higher concentration
of blood assumed in these layers. While modeling the blood content as a
thin sheet is an over-simplification of the actual anatomy, it shows how
various chromophores concentrations can impact the tissue fluence
rates. Additionally, the build-up region after each of these regions can
be attributed to the increase in refractive index, as observed between
the air and skin surface.

It is worth noting the model for the red LED excitation has a more
pronounced buildup region in the most superficial layers of skin than
the other light sources, which is expected and was summarized in detail
by Moes et al. [48] Due to the dose buildup observed with longer wa-
velengths, fluence rates at a depth of 150–500 μm are 57% higher than
within the first 10 μm. While this higher fluence rate may be able to
activate more PpIX, it also results in increased photobleaching, so for
long treatments the total photodynamic dose in this range is not greatly
increased.

The incident beam size will also impact the tissue fluence rate. This
effect is depth-dependent and more pronounced with longer wave-
lengths, where our model indicates a 21 cm [2] beam at the surface,
corresponding to 25mm radius source, will have 1.1 - 1.7x greater
fluence within the same voxel space than a beam with surface area of

1 cm [2]. This study used the larger spot size (25mm radius source) to
better simulate field illumination as used in daylight-PDT protocols.
While clinically, actual field illumination area may be larger, for this
simulation the 21 cm [2] illumination area is sufficiently larger than the
1 cm [2] voxel area used to track photon interactions.

Considering both the available light and the dynamically changing
PpIX concentration at depth in tissue, is a complex procedure in clinical
practice. The complexity of considering these factors needs to be re-
duced to a clinically digestible format. To that end, we propose the use
of a lookup table that can be used in the clinic to modify light treat-
ments. While Table 3 provides an estimate of the depth of potential
PpIX activation as a function of treatment time for each light source
considered in the current study, the example in Table 4 is likely more
clinically applicable. Since it is likely the light irradiance will fluctuate,
Table 4 and S4 provide clinically-relevant dose planning information to
define treatment times required to achieve activation at specific depths
for each of the light sources over a range of irradiance values and PpIX
incubation times. Table 4 also has a column to indicate the seasons most
commonly associated with the given irradiance for latitudes between
45° and 60° based on measurements reported by Morton et al, [38]
where lower latitudes would have a higher average irradiance. These
seasonal variations are based on historical data for specific locations, so
daily weather patterns should still be considered when planning day-
light-PDT treatments.

The proposed clinical workflow involves the clinician determiing
the type of skin lesions that needs treatment and using their judgment
to estimate the depth. Using the depth estimate, a specific light source,
and a simple measurement of the total irradiance, the information in S4
can be used to estimate a desired incubation and minimum treatment
time. If conventional-PDT is desired, longer incubation times with
narrowband light sources may be considered, whereas for daylight-PDT
shorter incubation times would be used. From these lookup tables it can
be observed that blue light is unable to have a photodynamic effect
much beyond 1mm, irrespective of incubation time. However, for
deeper lesions (> 1mm) longer incubation may be required to allow
activation within a 2 h window. Ultimately, it is up to the clinician to
understand the clinical presentation and determine which light or light
combination would be appropriate for treatment. For example, a more
superficial AK may benefit from light with additional light dose de-
posited superficially, whereas a nodular BCC could benefit from a boost
of red light to activate PpIX at deeper layers.

While pathology examples presented in Fig. 1 and Table 1 show AK
and BCC with depths of less than 500 μm, which according to the
lookup table, would take minimal time to treat, it is important to re-
member the times reported in S4 are to reach the minimum threshold
photodynamic dose. So longer treatment times would still be appro-
priate. While not all the lesions shown in Fig. 1 are commonly treated
with PDT, it provides evidence that the effective photodynamic range in
tissue could be sufficient to cause some cell death. So further in-
vestigations may be appropriate.

Further dermopathologic characterization of AKs and BCCs could
help improve the Monte Carlo geometry used in the current study.
Chromophore concentrations observed in neoplastic tissues, along with
more refined stratification of layers, may prove useful in improving
fluence estimates. Additionally, detailed investigation of pro-drug dif-
fusion rates and PpIX production rates in these tissue samples could
help better estimate the photodynamic dose.

The lookup tables presented in the present study could be further
modified to include factors such as lesion type, estimated depth, mel-
anin content and PpIX production rate. The choice would then be to
measure the surface irradiance of a light source with known spectrum
and estimate the desired depth of activation. Using these two values the
treatment time of a single light source or light combination could then
be prescribed. This type of lookup table is something that could easily
be included in a web or phone-based application or further automated
in a tool used to measure spectral irradiance.

E.P.M. LaRochelle, et al. Photodiagnosis and Photodynamic Therapy 25 (2019) 425–435

433



5. Conclusions

The current study presented the application of a 7-layer Mote Carlo
model to estimate the light fluence in tissue for multiple light sources
that have been previously reported for use in PpIX-PDT. The commonly
used weighting factor based on the PpIX absorption spectrum was used
to find both the effective irradiance at the skin surface as well as the
effective fluence rate in tissue. The effective fluence rate was then used
to find the total effective fluence for various treatment times. An ef-
fective fluence threshold (0. J cm70 /eff

2) was introduced based on a
meta-analysis of previously published ALA-PpIX induced cell death. The
PpIX concentration was estimated for various incubation and treatment
durations for a range of fluence rates. Using the product of this fluence
threshold and an estimate for the threshold concentration of PpIX
(50 nM), a photodynamic dose of 0.035 uM J cm/eff

2 is used as the
threshold of cytotoxicity. The depth of PpIX-induced cytotoxicity was
estimated for various treatment times for each light source at the in-
vestigated irradiance values. Even though there was up to a 5x reduc-
tion between the effective surface irradiance of the broadband light
sources, the effective fluence below 250 μm was relatively equivalent.
Clinically-relevant lookup tables were introduced to provide a simpli-
fied method to estimate treatment times for various light sources over a
range of irradiances. From these lookup tables it can be observed that
blue light is unable to have a photodynamic effect much beyond 1mm,
irrespective of incubation time. However, for deeper lesions (> 1mm)
longer incubation may be required to allow activation within a 2 h
window. The data provided in the lookup tables is compared to clini-
cally relevant histopathology samples to provide context on clinical
applications. Moving forward, this model could be extended to include
common disease morphologies, melanin contents and PpIX production
rates.
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