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BASIC SCIENCE ARTICLE

Modeling pulsed dye laser treatment of psoriatic plaques by
combining numerical methods and image-derived lesion
morphologies

Leah S. Wilk PhD">3 | Meagan Doppegieter MSc'* | Nick van der Beek MSc” |
Ton G. van Leeuwen PhD"®’ | Maurice C. G. Aalders PhD'**
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of Amsterdam. Amsterdam, The Netherlands treatment and hence also in maximizing in its disease-modifying potential.
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Amsterdam, The Netherlands physical effects (for laser wavelengths of 585 and 595nm), with the aim of
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segmenting blood vessels from a confocal microscopy image of a fluorescently
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Amsterdam Cardiovascular Sciences, Heart labeled section of a 3mm punch biopsy of a psoriatic lesion). The resulting
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Netherlands predictions of the generated temperature field within the lesion were then used to
"Cancer Center Amsterdam, Imaging and assess the possibility of stalling or arresting some suspected pathogenic processes.
Biomarkers, Amsterdam, The Netherlands Results: According to our results, it is conceivable that perivascular nerves are
thermally denatured, as almost all locations that reach 60°C were found to be
Correspondence within 18 um (at 585nm) and 11um (at 595nm) of a blood vessel wall.
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temperature of 52°C is reached by locations within 80 um (at 585 nm) and 30 um
(at 595 nm) of a vessel wall and sustained for up to 100 ms (at 585 nm) and 30 ms
(at 595nm). Finally, we found that the blood vessel coagulation-inducing
temperature of 70°C is sustained in the vascular epithelium for up to 19 and 5 ms
at 585 and 595nm, respectively, rendering partial or total loss of vascular
functionality a distinct possibility.

Conclusions: The presented approach constitutes a useful tool to provide realistic
estimates of the photothermal effects of PDL treatment of psoriatic plaques (as
well as other selective photothermolysis-based treatments), yielding information
that is essential in guiding future experimental studies toward unraveling the
remedial mechanisms of these treatments.
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INTRODUCTION

Psoriasis is a chronic inflammatory skin disease charac-
terized by erythrosquamous plaques, which affects
1%-5% of the population in the Western world." The
condition has a pronounced effect on the quality of life of
patients, both due to the often accompanying pruritus’
as well as the psychological-emotional burden from the
actual or perceived risk of rejection by others.® Treat-
ment strategies typically consist of topical or systemic
administration of drugs, such as corticosteroids, metho-
trexate, biologic agents, and calcineurin inhibitors. These
strategies require continuous treatment, constituting a
substantial burden on patients and healthcare systems.
Moreover, while there is some evidence that these drugs
aid in the clearing of psoriatic lesions,*> there are also
indications of limited efficacy and side effects.®” Alter-
natively, narrow band 311 nm ultraviolet-B (UV-B) light
therapy has been found to alleviate symptoms of severely
affected psoriasis patients.® Despite its significant
disease-modifying potential,” this approach, however,
potentially carries a risk of inducing skin cancers.'®'?
Earlier experience with laser therapy'® and dermatome
shaving'® suggest that NB-UVB is not the only physical
modality that can achieve durations of remission that are
indicative of disease modification, for example, another
light-based technique, the use of pulsed dye lasers (PDL)
at visible wavelengths between 577 and 595 nm, offers the
promise of long-term remission (one to multiple years)
while causing little or no side-effects,'*'>'¢ by exploiting
the process of selective photothermolysis (SPL)."’

SPL comprises the targeted heating of blood vessels
by means of the photo-thermal effect.'® Here, specific
target molecules (chromophores) absorb radiant energy
(light) and convert it to thermal energy (heat). Selecting
chromophores (by tuning the wavelength of the light)
that are located exclusively inside blood vessels (e.g.,
hemoglobin, the main constituent of red blood cells) then
allows targeted heating of vascular structures. Moreover,
through the subsequent dissipation of this heat, SPL can
also affect some perivascular regions (depending on the
laser pulse duration, vessel size, and location).'”” In
addition to direct effects of heating, such as coagulation
or rupture of blood vessels, SPL can also induce
secondary effects which may include suspending several
of the processes that characterize psoriasis, such as
angiogenesis,”’ inflammatory cytokine production,*!
leukocyte-infiltration via endothelial adhesion mole-
cules,”> and keratinocyte proliferation.”> Furthermore,
SPL may reduce the peripheral nerve fiber density and
secretion of neuropeptides, which are both known to
regulate the pathogenesis of psoriatic lesions.* It is not
yet known which (combination) of these potentially SPL-
arrested processes achieves local disease modification in
psoriatic lesions, which currently stymies the creation of
patient-tailored PDL-treatment protocols. Consequently,
clinicians urgently require an improved understanding of

the underlying physiology of the remedial process, to
provide optimal care to each patient (i.e., achieving
long-lasting remission of psoriatic lesions using few
treatments).

Unraveling how PDL treatment achieves long-term
remission of psoriatic plaques requires the identification
of pathogenic agents and processes most likely affected
by it. Toward this goal, estimates of the physical effects
of SPL in psoriatic lesions (i.e., light distribution and
resulting temperature increase throughout the tissue as a
function of space and time) should be used in conjunc-
tion with a priori knowledge about the immuno-
pathology® 2’ (i.e., location and heat sensitivity of
pathogenic agents) to determine for which pathogenic
processes these conditions may be critical (e.g., by
effecting ablation of skin-resident immune cells, protein
denaturation,”®?’ or activation of heat-sensitive ion
channels’®) and therefore warrant further lab-based
investigation. We will refer to the associated tempera-
tures as critical temperatures in the remainder of the
manuscript.

Providing realistic estimates of these PDL-induced
physical effects requires spatiotemporal modeling of the
light propagation and subsequent photothermal heating
within a psoriatic lesion. As a result of the geometric
complexity and inter-personal variation of the model
domain (i.e., the psoriatic lesion), no closed form
analytical model exists for this purpose. Consequently,
numerical solutions to the governing light and heat
transport equations are required, rendering Monte Carlo
modeling or the finite element method (FEM) suitable
approaches.

While Monte Carlo modeling is a conceptually
straightforward method to model light transport in
turbid media, its application within complex geometric
domains has long been challenging. Recently, however,
substantial gains in the achievable model complexities
(albeit on a larger length scale than the one studied here)
as well as in the achievable computation speeds have
been made.?' Notwithstanding, the finite element method
provides some advantages for example, simultaneous
solution of coupled multiphysics problems such as the
one discussed in this paper. Moreover, the finite element
method can be combined with adaptive mesh refinement
and moving mesh techniques used to reduce numerical
errors and model geometries undergoing time-dependent
deformations, respectively.

In this study, we therefore use FEM in conjunction
with an image-derived lesion morphology to provide, for
the first time, realistic estimates of the PDL-induced
physical effects within a psoriatic lesion. By solving both
the transient photon diffusion and heat equations
simultaneously, we compute the local photon density
(and thereby the absorbed radiant energy) and the
subsequent generation and dissipation of heat within a
psoriatic lesion. We study the resulting spatiotemporal
temperature field as a function of the (i) lesion
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morphology (depth and distance from vascular struc-
tures of the heated locations) and (ii) laser wavelength
(by adjusting the optical properties of optically active
lesion constituents).

MATERIALS AND METHODS

Psoriatic lesion morphology used for the FEM
calculations

To generate a FEM geometry closely resembling the
lesion morphology (i.e., size, shape, and distribution of
blood vessels), we used a confocal microscopy image of a
fluorescently labeled section of a psoriatic skin specimen.
To this end, a 3mm punch biopsy was taken from a
psoriatic lesion (under local sedation) of a patient with
psoriasis vulgaris. The biopsy was obtained as part of a
parallel MEC-approved clinical study which allowed for
subsequent scientific use of the collected tissue material
(MEC-U Medical Ethical Committee, METC, MEC-U,
R20.10, NL75576.100.20, NCT05079256). The biopsy
was fixed for 24 h in Zamboni fixative, washed twice in
Sorrenson's buffer (0.1 M, Na,HPO,, KH,PO,4, pH 7.6 at
4°C) for 5 min and stored at 4°C in a 20% glycerol buffer
(20% glycerol, 20% Sorrenson's, 60% MilliQ). Then, the
biopsy was embedded in TissueTek (Sakura Finetek
USA Inc.) and sectioned at 80um with a Cryostat
(Cryostat Cryostar NX70, Thermo Fischer Scientific
Inc.). Individual sections were submerged in 30%
antifreeze buffer (Ethylene Glycol, MilliQ) at —20°C
until they were used. The staining protocol consisted of a

10 min wash in phosphate-buffered saline (PBS), fol-
lowed by a 2h blocking step in 4% normal goat serum
and 0.1% Triton X-100 (Sigma Aldrich) in PBS to
permeabilize the tissue. Next, the sections were incubated
with 1:500 mouse anti-human CD31 conjugated to Alexa
Fluor 647 dye (561654, BD Pharmingen) and 1:300
rabbit anti-human PGP9.5 (ab108986, Abcam) in a 1:1
ratio of PBS and blocking solution overnight at 4°C.
Sections were rinsed twice in PBS for 5min, and then
incubated with 1:500 Cy3-goat anti-rabbit (111-165-144,
Jackson ImmunoResearch Europe Ltd) for 2 h on a mild
shaker at room temperature. Then, slides were rinsed in
MilliQ to remove salt crystals and mounted in DAPI-
containing Vectashield (Vector Laboratories Inc.). These
slides were then imaged using a confocal fluorescence
microscope (SP8-X DLS, Leica Camera AG), equipped
with a X40/1.3 oil objective, using a 0.5 um z-step size and
10% tile overlap. The left panel in Figure 1 shows such a
confocal fluorescence microscopy image (of the endothe-
lial staining) of a section of the psoriatic lesion biopsy.
These images were segmented into a model geometry
(consisting of blood vessels, dermis, and epidermis) using
a custom-written, fully automated script (MATLAB
2020a, The MathWorks Inc.). The script comprises the
following steps. As a first step, the 8-bit gray-scale
confocal fluorescence microscopy image (of the en-
dothelial staining) is loaded. Next, to facilitate segmen-
tation of the blood vessels, the background (in this case
the dermis and epidermis) is removed by a thresholding
operation, followed by the application of a median filter
to remove noise. The resulting image is then binarized
using locally adaptive thresholding, where a threshold is

FIGURE 1 Psoriatic lesion morphology used for the finite element method calculations. Confocal fluorescence microscopy image of a psoriatic
lesion biopsy, fluorescently labeled using the endothelial marker CD31 conjugated to Alexa Fluor 647 dye (left). Triangular mesh generated from the
confocal fluorescence microscopy image consisting of 87,518 elements (right).
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computed for each pixel using the local mean intensity
around the pixel in a neighborhood approximately one-
eighth of the size of the image.>* Next, the script detects
all connected components (8-connectivity) within this
binarized image. This is followed by a flood fill
operation to fill small holes in the blood vessels resulting
from the endothelial staining. A Moore-Neighbor
tracing algorithm (in conjunction with Jacob's stopping
criteria)® is then used to trace the inner (in the case of
loops) and outer boundaries of the segmented blood
vessels. This step is necessary to correctly recognize the
arecas within vascular loops as dermal tissue. The
epidermis is added as a layer of pixels at the top of
the image in accordance with the epidermal thickness
determined in the microscopy image. Finally, the
resulting segmented image (comprising multiple regions
of three distinct tissue types, namely epidermis, dermis,
and blood vessels) is then discretized into a triangular
mesh (such as the one shown in the right panel of
Figure 1) using an open-source MATLAB toolbox.**
This triangular mesh is then loaded into the FEM
software and used as a model geometry.

Light-transport modeling

To predict the light distribution throughout the
psoriatic lesion as a result of the pulsed laser
irradiation, we employ the time-dependent diffusion
equation®:

0
5¢()€, z, t) - VD[V¢(X, Z, t) = _Ci/ua,i¢(xs Z, [),

where

Cj

D; = .
l 3[:ua,i + (1 - gi)/us,i]

Here, ¢(x, z, t) denotes the photon fluence rate and
carries the unit m2s™', D; is the optical diffusion
coefficient of tissue region i (i.e., e=epidermis, d=
dermis, b = blood vessel) and carries the unit m*s™", Mo i
and u; represent the absorption and scattering
coefficient of tissue region i and carry the unit m™ !, g;
is the dimensionless optical anisotropy factor of tissue
region i, and ¢; is the speed of light in tissue region i and
carries the unit ms~'. The values of these optical
properties used in this study (i.e., at 585 and 595 nm)
are listed in Tables 1 and 2. Most clinically used PDL
devices (e.g., the Candela V-beam and DEKA Synchro
VasQ or their predecessors) operate at these two
wavelengths. We model the incident laser pulse as a
photon flux across the skin-air boundary using the
following boundary condition:

511
TABLE 1 Optical properties of the different tissue regions at
585 nm.
Tissue region Mo (7Y s (m™h n(-) g(=)
Blood 19,100 46,700 1.33 0.995
Dermis 24 12,900 1.37 0.79
Epidermis 1800 47,000 1.37 0.79
Note: Optical properties correspond to a Fitzpatrick skin type 2 with
6% melanosomes.>*’
TABLE 2 Optical properties of the different tissue regions at
595 nm.
Tissue region Mo (7Y s (m™h n(-) g(=)
Blood 4930 46,600 1.33 0.995
Dermis 24.5 12,000 1.37 0.8
Epidermis 1550 48,000 1.37 0.8

Note: Optical properties correspond to a Fitzpatrick skin type 2 with
6% melanosomes.**’

cA=R PO __posin. .
Ep

Here, P(r) denotes the temporal profile of the laser
pulse irradiance incident on the tissue as a function of the
pulse time and carries the unit Wm™2, R is a dimension-
less reflection factor measuring the fraction of the laser
light that is reflected by the lesion surface, c is the speed
of light in vacuum, and E,, represents the energy of a
single photon at the chosen wavelength and carries the
unit J. Here, we model P(¢#) as a single, continuous
0.45ms pulse with a radiant exposure of 8 Jem 2 The
pulse duration is in accordance with current clinical
practice in laser therapy for psoriasis vulgaris. Finally, to
virtually extend the tissue beyond the model geometry we
employ the following boundary condition at the
tissue—tissue boundary:

¢d(x,z,t) = —D;Vh(x, z, t).
Heat-transport modeling

To compute the generated temperature field throughout
the lesion as a function of space and time, we numerically
solve the heat equation, where the absorbed light
distribution predicted by the diffusion equation serves
as the source term:

.G, oT (x, z,t)

; o - ViiVT (x,z,t) = p,C;

uP(R - T(X, Z, Z))
+ lua,i¢(x’ z, t)EpE/,l
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TABLE 3 Thermal properties of the different tissue regions.

Tissue region k(W m'K™") p&kgm™) C,(Jkg'C™h
Blood 0.55 1100 3600
Dermis 0.53 1200 3800
Epidermis 0.21 1200 3600

Here, w,;¢(x,z, t)E,Er; denotes the heat source
resulting from the absorption of radiant energy by the
chromophores of the different tissues and carries the unit
Wm™; E;; refers to the volume fraction of the
chromophores, for example, 0.45-0.25 for hemoglobin
(depending on the hematocrit of different vessel types)
and 0.16-0.04 for melanin (depending on the skin type);
T (x, z, t) represents the spatial temperature field as a
function of time; p, denotes the density of the tissue
region i and carries the unit kgm™>; k; refers to the
thermal conductivity of tissue region i and carries the
unit Wm™ ' K™%; Uup is a mass transport coefficient with
the unit 0.028 kgm s~ ' and accounts for heat transport
through perfusion®; T, is the core body temperature at
t=0; and C; refers to the specific heat capacity of tissue
region i with unit Jkg~'°C™',

We model the initial spatial temperature distribution
as 37°C everywhere except at the air-tissue boundary (the
skin) where the initial temperature is set to 26°C, that is,
T(z>0)=37°C and T (z = 0) = 26°C. Convective heat
transport at the lesion surface is modeled as

—kVT = hs(T = Tymp)-

Here, the convective heat transfer coefficient A, was
set to 150 W°C~'m™2 in accordance with the value for
free convection across a flat plate®® outside the irradiated
zone, where T,,,=26°C. Similarly, we describe
perfusion-mediated transport of heat at the intra-
lesional boundaries (i.e., the sides) of the modeled
geometry as

~kVT = up,C,(Ty - T),

where u is the bulk blood flow velocity taken as
0.0003 ms™".** The values of all thermal properties used
for the simulations in this study are listed in Table 3.

Evaluation of the resulting intralesional
temperature field

To evaluate the spatiotemporal characteristics of the
resulting temperature field we numerically solved the
transient diffusion and the transient heat equation
simultaneously, subject to their respective boundary
conditions, within the image-derived, discretized domain

(COMSOL Multiphysics® v. 5.4, COMSOL AB). The
predicted temperatures were saved at all mesh nodes, for
times ranging from 0 to 1s, where the saved timepoints
were separated by 1 ps intervals from the beginning until
the end of the laser pulse (i.e., for 0s < 7<0.45 ms) and by
1 ms intervals thereafter (i.e., for 0.45ms <r¢<15).

As a first step we selected only intervascular and
vessel wall locations for further analysis, yielding two
types of locations in total, which we refer to as tissue and
epithelium in the remainder of this manuscript. We then
determined whether the predicted temperatures of the
selected locations exceeded any of four given critical
temperatures (43°C, 52°C, 60°C, and 70°C), at any point
in time and if so, noted the maximum temperature
reached at these locations. These four critical tempera-
tures are associated with the activation of cellular ion
channels*** (43°C and 52°C), neuronal cell death
(60°C), and vascular coagulation®® (70°C), respectively.
Next, we computed the consecutive (i.e., continuous)
duration of the temperature exceeding any critical
temperature. Finally, we determined the location's
smallest Euclidian distance to any vessel wall (which is
zero for the epithelial locations) as well as its depth as
measured from the skin surface.

RESULTS

Figure 2 shows the computed spatial temperature field
following a 0.45ms continuous laser pulse at 585nm
(left) and 595 nm (right) and 8 Jecm™? radiant exposure.
Here, the irradiated epidermis reaches a maximum
temperature of 46.3°C in both cases. The intra-vascular
temperature exhibits a spatial dependence, with higher
temperatures at the top and lower temperatures at the
bottom (with respect to the skin surface).

Figure 3 comprises boxplots of the following metrics
for locations at which the predicted temperature exceeds
any of the five critical temperatures at any point in time
(for a laser wavelength of 585nm): (i) the consecutive
duration of temperatures exceeding the critical tempera-
tures, (ii) the depth of these locations (as measured from
the skin surface), (iii) the maximum temperature reached
at these locations, and (iv) the distance from any vessel
wall at these locations (which is zero for the vascular
epithelium). The results are divided into two categories
according to their location within the lesion, namely:
between separate blood vessels (denoted as Tissue, panels
A-D) or within a vessel wall (denoted as Epithelium,
panels E-G), and presented as a function of the critical
temperature. Figure 4 shows the same metrics for a laser
wavelength of 595 nm.

For both location categories (i.e., Tissue and Epithe-
lium), the maximum temperatures reached at a laser
wavelength of 585 nm exceed those reached at 595 nm
(Figures 3C,G,4C,G). Of these, the overall maxima
correspond to ~200°C and ~120°C at 585 and 595 nm,
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during which the temperature at these locations exceeds the critical temperatures. (F) Depth of locations whose temperature exceeds the critical

temperature at any point in time. (G) Peak temperature reached at locations whose temperature exceeds the critical temperature at any point in time.

respectively. The upper quartiles of the peak temperature
distributions for all critical temperatures exceed 50°C.
Finally, the maximum temperatures for all locations
increase with increasing critical temperature.
Conversely, the depth of the locations exceeding the
critical temperatures decreases with increasing critical
temperature for both laser wavelengths and location
categories (Figures 3B,F,4B,F). Overall, larger depths are
achieved at a laser wavelength of 595 nm (Figure 4B.F).

Here, maximum depths exceed 500 um (median 225 pm)
for a critical temperature of 70°C and 1050 pm (median
625 um) for a critical temperature of 43°C for the tissue
locations (Figure 4B) and 900 um (median 300 um) for a
critical temperature of 70°C and 1100um (median
750 um) for a critical temperature of 43°C for the
epithelial locations (Figure 4F). At 585nm, maximum
depths exceed 600 um (median 250 um) for a critical
temperature of 70°C and 1050 um (median 500 um) for a
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FIGURE 4 Heating characteristics of blood vessel-adjacent tissue and epithelial locations exceeding 43°C, 52°C, 60°C, and 70°C during (and up
to 1 s after) a continuous 0.45 ms laser pulse at 595 nm and 8 J cm 2. All characteristics are shown as a function of the critical temperature. Tissue and
Epithelium refer to locations between blood vessels and the blood vessel walls, respectively. Tissue: (A) Consecutive duration of the period during
which the temperature at these locations exceeds the critical temperatures. (B) Depth of locations whose temperature exceeds the critical temperature
at any point in time. (C) Peak temperature reached at locations whose temperature exceeds the critical temperature at any point in time. (D) Distance
from any blood vessel wall of locations that exceed the critical temperature at any point in time. Epithelium: (E) Consecutive duration of the period
during which the temperature at these locations exceeds the critical temperatures. (F) Depth of locations whose temperature exceeds the critical

temperature at any point in time. (G) Peak temperature reached at locations whose temperature exceeds the critical temperature at any point in time.

critical temperature of 43°C for the tissue locations
(Figure 3B), and 600 um (median 350 um) for a critical
temperature of 70°C and 1100 um (median 625 pum)
for a critical temperature of 43°C for the epithelial
locations (Figure 3F). The upper quartiles of all depth
distributions exceed 300um for both wavelengths
(Figures 3B,F,4B,F).

The distances from any vessel wall for tissue locations
exceeding the critical temperatures exhibit a similar trend
as the depth data by decreasing with increasing critical
temperature (Figures 3D and 4D). At 595 nm, maximum
distances of ~350um (median 7um) and ~10pum
(median 2 um) are achieved at tissue locations for critical
temperatures of 43°C and 70°C, respectively (Figure 4D).
For a laser wavelength of 585 nm and critical tempera-
tures of 43°C and 70°C, the maximum distances achieved
at tissue locations correspond to ~350 um (median 7 pm)
and ~20 um (median 4 um), respectively (Figure 3D).

The consecutive duration for which the temperatures
at a given location exceed the critical temperatures also
decreases with increasing critical temperature (for both
tested laser wavelengths, Figures 3A,E,4A E). At 595 nm,
the maximum consecutive durations of temperatures
exceeding 43°C and 70°C (at tissue locations) correspond
to ~400 ms (median 40ms) and 5ms (median 2ms),
respectively (Figure 4A), and (for epithelial locations) to
~500ms (median 30 ms) and 6 ms (median 0.2 ms),

respectively (Figure 4E). Overall, the consecutive dura-
tions achieved at 585nm exceed those achieved at
595nm, with all upper quartiles exceeding 5ms
(Figure 3A). At tissue locations with temperatures
exceeding 43°C and 70°C, maximum achieved consecu-
tive durations correspond to ~700 ms (median 80 ms) and
~15ms (median 5ms), respectively (Figure 3A), and at
epithelial locations to ~800ms (median 10ms) and
~15ms (median 2 ms), respectively (Figure 3E).

Figures 5 and 6 show spatial maps of the consecutive
durations for which the pre-set critical temperatures are
sustained and the maximum temperatures reached at
these locations at 585nm (panels A-D) and 595nm
(panels E-H), respectively.

DISCUSSION

The main objective of this study is to provide estimates of
PDL-induced photothermal effects within psoriatic
lesions (for laser wavelengths of 585 and 595 nm), with
the aim of identifying pathogenic processes likely
affected by these conditions. To this end, we used FEM
in conjunction with an image-derived psoriatic lesion
morphology. First, we defined the model geometry by
segmenting blood vessels from a confocal microscopy
image of a fluorescently labeled section of a psoriatic skin
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FIGURE 5 Spatial maps showing the consecutive durations for which the pre-set critical temperatures (columns) are sustained from the
beginning of a 0.45 ms continuous laser pulse at 585 nm (panels A-D) and 595 nm (panels E-H) and an incident radiant exposure of 8 J cm™>

Note the different color scales indicating the consecutive duration in ms.
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FIGURE 6 Spatial maps showing the maximum temperatures reached at the locations for which the pre-set critical temperatures (columns) are
exceeded using a 0.45 ms continuous laser pulse at 585 nm (A—D) and 595 nm (E-H) and an incident radiant exposure of 8 J cm 2. Note the different

color scales indicating maximum temperatures in °C.

specimen (see Figure 2). Next, we modeled the laser light
propagation and subsequent photothermal heating by
numerically solving the transient diffusion and heat
equations simultaneously. The resulting high-resolution
spatiotemporal predictions of the generated temperature
field within the lesion, in turn, allowed computation of
the following quantitative measures. Locations reaching
pre-set critical temperatures were characterized in terms
of (i) the consecutive duration of their exceeding the

critical temperatures, (ii) their depth (from the skin
surface), (iii) their maximum temperature, and (iv) their
distance from any blood vessel wall (see Figures 3-6).
The overall increased maximum temperatures and
reduced penetration depths achieved at 585nm corre-
spond with the vastly increased absorption coefficient and
slightly reduced scattering coefficient of blood at this
wavelength. As a result of the higher intra-luminal and
epithelial temperatures, critical temperatures are achieved
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at greater distances from the blood vessels and sustained
for longer consecutive durations.

The PDL-induced heating of blood vessels may play a
role in the remission of psoriatic plaques in several ways.
Photothermal changes to the local nerve structure and
function have been suggested as a possible remedial
pathway,** following observations of denervation caus-
ing a spontaneous remission of psoriatic lesions.*> These
changes may comprise direct and indirect forms of nerve
damage, such as thermal denaturation of the perivascular
nerves or a depletion of the molecular microenvironment
through compromised vascular functionality, respec-
tively. In the following, we discuss these direct and
indirect changes and their potential association with the
PDL-induced photothermal effects in more detail.

Thermal nerve damage

Thermal damage to nerves may occur through neuronal
denaturation upon heat dissipation from the nearby
blood vessels. In a study from our lab (which will be
presented in a forthcoming manuscript "Sub-minute
thermal damage to cell types present in the skin"), we
observed that neuronal cell viability is substantially
reduced at a critical temperature of 60°C. Perivascular
nerves can be found in close proximity (on the order of
micrometers) of the blood vessel walls***” (also substan-
tiated by a fluorescently labeled biopsy section shown in
Figure 7). Our simulations predict that almost all
locations that reach 60°C are within 18 um (at 585 nm)
and 11 pum (at 595 nm) of a blood vessel wall, indicating
that neuronal cell viability of perivascular nerves may be
affected by PDL treatment. Free sensory nerves,
however, can also be found at much larger distances,
where they are less likely to be affected by the vascular
heat dissipation.

A second pathway by which nerves may experience
PDL-induced thermal damage is mediated by two heat-
sensitive transient receptor potential vanilloid (TRPV)
channels, namely TRPV1 and TRPV2. These channels
are present on neuronal and immune cells to regulate the
cellular influx of Ca®* ions and the release of inflamma-
tory cytokines. TRPVI and TRPV2 activate (open) at
43°C and 52°C, respectively. Extended activation of
these channels may cause cytoplasmic calcium concen-
trations to reach non-physiological levels, in turn,
inducing cell swelling and neuronal death.*® Further-
more, it has been found that TRPV1 is upregulated in
pruritic psoriatic lesions* and that topical application
of capsaicin, a molecular agonist (activator) of TRPV1,
achieved reduction in psoriatic lesion severity and
inflammation,” substantiating the role of TRPVI in
psoriasis remission. In our computations, a critical
temperature of 43°C is generated at locations within
up to 140 pm of a vessel wall (at both wavelengths) and

FIGURE 7 Section of a confocal microscopy image of a 3 mm
punch biopsy of a psoriatic lesion. The red pixels depict a blood vessel
(labeled via the endothelial marker CD31) and the green pixels indicate
a perivascular nerve (labeled via the peripheral nerve marker PGP9.5).
The distance indicated by the line d equals 5.4 pm).

sustained for up to 0.7s (at 585nm) and 0.4s (at
595 nm), while a critical temperature 52°C is reached by
locations within 20 um (at 585nm) and 13um (at
595 nm) of a vessel wall and sustained for up to 130 ms
(at 585 nm) and 23 ms (at 595 nm). These results render
activation of TRPV1 and TRPV2 channels in perivas-
cular nerves and immune cells highly likely (further
substantiated by the pain sensation experienced by many
patients treated with PDLs’'%). It has yet to be
determined, however, what the extent of the induced
channel opening would be (given these temperatures and
activation times) and whether it is sufficient to induce
cytotoxic Ca" levels. Furthermore, there is experimen-
tal evidence that TRPV1 channels can be thermally
irreversibly inactivated,” potentially inhibiting this
pathogenic pathway. A forthcoming study from our
lab will therefore characterize the heat sensitivity of
several cell types (neuronal cells, keratinocytes, endothe-
lial cells, and smooth muscle cells) associated with
various suspected therapeutic and pathogenic pathways
(e.g., neurogenic inflammation, angiogenesis, partial or
total loss of vascular functionality), which in conjunc-
tion with the results of the present study may yield new
insights on the remedial mechanisms of the laser-based
treatment of psoriatic lesions.
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Compromised vascular functionality

Coagulation of blood vessels may lead to compromised
blood vessel functionality, resulting in local hypoxia,
depletion of nutrients, waste accumulation, and changes
in the extracellular matrix.>*>® By creating such an
unfavorable environment®’ for nerve regeneration and
angiogenesis, compromised vascular functionality may
therefore extend the remission period. Similarly, a partial
or total loss of the functionality of blood vessels may stall
infiltration of activated T cells, which are suspected to
mediate plaque formation by the release of growth
factors and inflammatory cytokines.”® Our results indi-
cate that the coagulation-inducing® temperature of 70°C
is sustained in the vascular epithelium for up to 19 and
5 ms at 585 and 595 nm, respectively. Whether these time
scales are sufficient to induce vessel wall coagulation has
yet to be determined experimentally. However, our
predictions of the maximum and mean depths at which
a temperature of 70°C is reached in the vascular
epithelium (at 585 nm irradiation), namely 620 um and
(348 £ 127) um, respectively, are in excellent agreement
with a previous experimental study, which found that the
overall vessel-wall coagulation depth was limited to a
maximum of 650 um (mean 370 um).>” The same study
also found complete coagulation of vessels smaller than
150 um in diameter for the laser settings used in our
simulations, rendering at least a partial reduction in
vascular functionality of the small vessels studied here
possible. Note that while these are compelling similari-
ties, our findings are based on a single biopsy and some
variation in these measures is possible between lesions
and donors. Moreover, all quantitative measures investi-
gated in this study depend on the specific spatial
configuration of the blood vessels, as can be seen in
Figures 5 and 6. Here, temperatures and consecutive
durations in the intervascular space between four
superficial blood vessels at 585nm (three at 595nm)
exceed those on either side of the grouping. This is a
result of the intervascular distance matching the length
scale of the heat diffusion from the surrounding blood
vessels, thereby achieving an additive effect. Conse-
quently, high-resolution in vivo imaging of blood vessels
will likely be necessary for the creation of maximally
individualized treatment protocols. Similarly, using our
approach to investigate treatment effectiveness would
require noninvasive tomographic in vivo imaging tech-
niques (e.g., optical coherence tomography® or photo-
acoustic imaging®') to be able to assess the tissue before
and after treatment.

Notwithstanding that the approach developed in this
study constitutes a significant advance in our ability to
study the therapeutic mechanisms of photothermal
treatments of a variety of tissue pathologies in a
patient-tailored manner, there is scope to further extend
the technique's applicability and usefulness to answer
relevant biological questions. Moreover, to unravel the

remedial process of laser-based treatments of psoriatic
lesions, the pathogenic processes identified in this work
as likely affected by the laser-induced photothermal
effects should be the focus of future experimental studies.

First, our computational approach currently utilizes
constant values for the optical and thermal properties of
the different tissue regions. These, however, are most
likely temperature-dependent.®” * While these depen-
dencies are easily implemented computationally, their
exact form is subject of some debate and notoriously
difficult to determine experimentally (particularly in
vivo).®> Accordingly, there is an urgent need for the
development of novel methods which allow rigorous
experimental characterization of these properties (ideally
in vivo). Second, arguably, the assumption of spatially
uniform bulk optical properties within the blood vessels
in our model may not be valid, since at our model scale
the diameters of the blood vessels and their enclosed
erythrocytes become comparable. Again, while resolving
this issue computationally is relatively simple, the lack of
non-bulk optical properties (e.g., of individual erythro-
cytes) renders this solution challenging. Similarly, we
currently do not model several tissue constituents of
interest explicitly (e.g., vascular epithelium, nerves
fibers). While the addition of such tissue constituents as
separate model domains may increase the accuracy of
our computations, their relative size with respect to the
entire model domain would vastly increase the required
number of finite elements and hence the computational
cost. Moreover, including these tissue constituents in the
heat transfer calculations necessitates knowledge of their
thermal properties, which, much like the optical propert-
ies, are difficult to determine experimentally, particularly
in vivo. Third, in this study, we numerically solve the
diffusion approximation to the radiative transfer equa-
tion to model the photon distribution within the tissue.
As a result, the fluence rate in highly light-absorbing
regions such as the blood vessels may be underestimated.
Since in this study, however, the physical dimensions of
these regions are on the order of a few mean free paths,
the effect of this underestimation is arguably not
substantial.°®® For geometries containing large absorbing
regions, the radiative transfer equation can be solved
directly in a FEM environment using the discrete
ordinates methods,’” % at a significantly increased
computational cost.

Fourth, in this study, we used a fluorescently labeled,
fixed tissue section to define our model geometry. It is,
therefore, conceivable that the imaged tissue section was
subject to shrinkage, incurring inaccuracies in the
physical extent of the model domain. This, in turn,
would impact the amount of absorbed light and hence
generated heat, as well as the computed quantitative
measures. Similarly, since the biopsy sections were not
fixed at physiological pressures, it is possible that the
imaged blood vessel diameters are smaller than their in
vivo diameters. Simulations carried out for 1.7-fold
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increased blood vessel diameters, however, showed no
substantial effect on the temperature distribution (data
not shown). Fifth, our approach currently employs a
static model geometry. The heat-induced structural
changes (e.g., collagen denaturation, blood vessel coagu-
lation, increase in interstitial fluid volume fraction,
thermal tissue expansion, liquid evaporation), however,
may correspond to a dynamic tissue morphology. Such
effects can be modeled using moving meshes and
adaptive finite element methods,”® again at an increased
computational cost. Likewise, our method does not
explicitly model dynamic fluid flow. Such fluid flow may
play a role in the heat transport in the form of
convection. Furthermore, blood flowing out of the
irradiation zone may result in a reduction in the locally
generated heat by reducing the irradiation duration of
the chromophores. While for the small blood vessels
studied here blood flow velocities are sufficiently low to
assume a static chromophore distribution, for morphol-
ogies comprising larger blood vessels the effects may not
be negligible. In that case, computational fluid dynam-
ics”' could be added to the existing framework, which
would substantially increase the computational cost
(particularly at this microscopic scale) and model
complexity. Finally, we represent the thin tissue section
computationally using a two-dimensional model geome-
try, which does not include light or heat diffusion in the
third dimension, potentially yielding elevated tempera-
tures. To overcome this limitation, future work will focus
on an extension of our approach to larger three-
dimensional geometries generated from stacks of consec-
utive sections.

In this study, we simulated the PDL-induced temper-
ature change within a psoriatic lesion of Fitzpatrick skin
type 2. We expect that all four quantitative measures
considered in this study would be lower for darker skin
types, as some of the incident radiation would already be
absorbed in the more strongly pigmented epidermis
(where reached peak temperatures would be higher
compared with lighter skin types). Moreover, the
location of the lesion and the corresponding epidermal
thickness’> may affect the considered quantitative
measures in a similar way by reducing the amount of
light reaching the blood vessels for locations with
increased epidermal thickness. Furthermore, the effect
of varying density, tortuosity, and distribution of blood
vessels at different body locations”® may be two-fold.
Hotspots like the one shown in Figures 5 and 6 require
vessels in close proximity, that is, increased vascular
tortuosity or denser vascular networks. Denser networks
of superficial vessels, however, may also prevent heating
of more deeply located vessels, creating a trade-off
between achievable depths and inter-vascular distances
of the heated perivascular regions. Finally, the age of the
patient may affect a variety of factors, notably through a
reduction in epidermal thickness for older patients’>
(arguably increasing achievable depths of the heated

perivascular regions), but also in the collagen content
and hydration state of the skin (which may affect the
thermal properties of the skin, which, in turn, govern the
heat transport) and potentially an impaired perfusive
thermoregulatory response’® (potentially increasing
reached peak temperatures). Finally, we did not model
active skin cooling, since the coagulation predictions
were compared to results of a study that was performed
without cooling. While cooling plays a key role in
epidermal protection, it was not the focus of this study.
Furthermore, the analyses were done for Fitzpatrick skin
type 2 at moderate radiant exposures, where forced
cooling is less critical.

Another subject of debate is the governing equation
used to model the heat transport within the tissue. As this
governing equation is a parabolic partial differential
equation, it inherently propagates information at infinite
speeds.”” Physicists refer to this phenomenon as instan-
taneous action, that is, energetic changes at one location
within the model domain are felt immediately (instanta-
neously) at all other points, implying an infinite
(unphysical) speed of propagation. Researchers in the
1950s suggested to remedy this paradox by enforcing a
temporal delay (often referred to as a “phase lag” or
“thermal relaxation time”) in the heat flux (at a given
location) with respect to the spatial temperature gradient
(at that location).”®”” Experimentally determined phase
lags (relaxation times) of specific tissues, however, still
vary greatly among studies, necessitating more rigorous
experimental characterization of this phenomenon within
different tissue types.”®

Thermal tissue damage is most commonly predicted
with a quantitative measure referred to as the Arrhenius
damage integral.”® In its differential form, this integral
can easily be solved simultaneously alongside the
transient light and heat transport equations using our
approach. This relationship, however, is based on an
empirical observation in gases and the required tissue-
specific parameters (the frequency factor 4 and the
activation energy barrier E,) are subject to substantial
variability (several orders of magnitude) among literature
sources. Moreover, the mathematical models designed to
predict thermal tissue damage necessarily have to rely on
simplifying assumptions in their description of the
complex biochemical heat response of human tissue.
Furthermore, not all aspects of the biochemical response
are fully understood yet. Consequently, the modeling of
thermal tissue damage as a function of critical tempera-
tures and exposure times (consecutive durations) remains
challenging and the subject of continued debate.?®:80-83
This, in turn, underscores the need for comprehensive
experimental datasets of the underlying processes to aid
in the development and improvement of these damage
models.

While severe cases of psoriasis can benefit from
biologic agents and comparable interventions, patients
suffering from limited forms of the disease, however, are
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not so fortunate. As a result, PDL is still being used
for specialized indications (e.g., nail psoriasis®*) and
treatment-resistant common plaques frequently located
at the hands, feet, elbows, and knees.®> Furthermore,
based on clinical experience (which researchers involved
in this study gained while treating more than 950
psoriasis patients), it seems that particularly patients
suffering from itch benefit from PDL, as the effect of
laser therapy on itch occurs in one or two treatments,
long before the erythema and induration decreases.
Finally, the poor correlation between disease severity
and the impact of psoriasis on the quality of life implies
that there is a large group of patients with unmet needs
(also suggested by the literature on patients' perspec-
tive®®*7). Consequently, for a vulnerable minority the
need to better understand this treatment is pivotal, as an
improved understanding of how the treatment achieves
both clearance and long-term treatment free remission
will allow patient-tailored treatment protocols (and
hence reduce the number of required treatments). This,
in turn, means that more people can be helped in a
shorter timeframe.

CONCLUSION

We demonstrated that FEM in conjunction with image-
derived morphologies allows simultaneous computation
of laser light propagation and the resulting photothermal
heating of individual psoriatic lesions. This approach
therefore constitutes a useful tool to provide realistic and
individualized estimates of the physical effects of PDL
(or other SPL-based) treatments of psoriatic plaques,
which yields information that is essential in guiding
experimental studies toward unraveling the remedial
mechanisms of these treatments. This knowledge, in turn,
is critical for the creation of patient-tailored treatment
protocols capable of maximizing remission periods.
Furthermore, we identified several suspected pathogenic
processes which are likely stalled or arrested by the PDL-
induced photothermal effects and, therefore, should be
the subject of future experimental studies to determine
their role in extending psoriasis remission periods.
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