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Abstract. Optimal shield properties and design are of vital importance for
preventing adverse effects of light-based clinical procedures. The goal of this
study was to select the most appropriate materials for a two-layer
phototherapy shield. Four biocompatible fabrics, to be utilized as the layer
contacting patients’ skin, and two reflective materials, to be utilized as the
layer facing the light source, were investigated. The optical properties of the
four biocompatible fabrics and transmittance of the two reflective materials
were determined in the 400-500 nm range. Absorption coefficient, scattering
coefficient, and anisotropy factors of biocompatible fabrics were determined
using integrating sphere spectrophotometry and an inverse Monte Carlo
method. Fabric and reflective materials that exhibited highest attenuation of
the blue light were selected to assemble a two-layer composite prototype.
Prototypes were exposed to blue light emitted from a clinical source to ensure
negligible temperature increase under clinically relevant exposure conditions.
A protype blue-light phototherapy shield was made from two test materials,
both of which provide sufficient light attenuation to provide patient
protection. The testing method employed in this study may prove valuable for
designing protective gear for a range of clinical procedures. © 2022 Journal of
Biomedical Photonics & Engineering.

Keywords: phototherapy; integrating sphere spectrophotometry; phototherapy
shielding.
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1 Introduction

Side effects from various phototherapy procedures have
been well documented. Blue light phototherapy for
treating jaundice in neonates has been shown to cause
retinal damage as well as damage to red blood cells,
which may lead to bronchopulmonary dysplasia,
retinopathy, and necrotizing enterocolitis [1]. Blue light
phototherapy has also been associated with the
formation of patent ductus arteriosus [1] and may
increase the chance of melanocytic nevus
development [2]. Exposure to blue light can lead to free
radical generation in skin which can cause further tissue
damage [3—6]. UV phototherapy for psoriasis, vitiligo,
and polymorphic light eruption may lead to
carcinogenesis, cataracts, lentigines, photoaging [7].
Keratitis with facial erythema has also been reported
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forming after UV treatments [8]. Atrophy of the
superonasal iris, iris transillumination defects,
pigmentation on the anterior capsule, anisocoria, and
dyscoria have all been reported developing in patients
receiving Intense Pulsed Light (IPL) therapy [9, 10].
Therefore, it is important to use phototherapy shields to
reduce side effects from light treatments [1, 11, 12].
Shielding must protect photosensitive tissues by
blocking the treatment light, while allowing the
efficacious dose to be delivered over unshielded areas of
the patient’s body.

In this study, materials for a two-layered, blue light
phototherapy shield were tested and compared.
Reflective foils were considered for the top layer, facing
the light source, while biocompatible fabrics were
examined for the bottom layer, facing the patient.

5Jul 2022 © J-BPE



T.W. lorizzo et al.: Method for Designing and Characterizing Phototherapy Shields

Biocompatible fabrics were evaluated using integrating
sphere spectrophotometry. Reflective materials were
characterized by transmittance measurements

2 Materials and Methods

2.1 Biocompatible Fabrics

The optical properties of Spunbond Polypropylene
100 gsm, K160082 60 gsm, K170081 35 gsm, and
K170087 50 gsm biocompatible fabrics (Uniquetex
Engineered Nonwovens, Grover, NC, USA) were
investigated using integrating sphere spectrophotometry.
Seven samples were prepared for each material type.
Lateral dimensions of the samples were at most
42 x 50 mm. Sample thicknesses ranged from
0.172+£0.004 mm to 0.306+0.002 mm. Sample
thickness was measured using a digital micrometer (293—
340 Digital Micrometer, Mitutoyo, Japan).

2.2 Reflective Foils

Reflective foils DM 146 and DE 050 (Dunmore, Bristol,
PA, USA) were compared using transmittance
spectrophotometry.  Seven samples with lateral
dimensions 45 x 12 mm were prepared for each foil.
Average thicknesses of DM146 and DE 050 samples
were 0.021£0.001 mm and 0.082+0.001 mm,
respectively. Thicknesses were measured using a
micrometer (293-340 Digital Micrometer, Mitutoyo,
Japan).

2.3 Integrating Sphere Spectrophotometry

A single integrating sphere system that was used to
measure the total transmittance, diffuse transmittance,
and diffuse reflectance of the biocompatible fabrics in the
spectral range of 400-500 nm is shown in Fig. 1. Samples
were placed at the entrance and exit ports of the
integrating sphere (4P-GPS-033-SL, Labsphere, North
Sutton, NH, USA) for transmittance and reflectance
measurements, respectively. Light from a halogen lamp
(HL-2000, 360-2000 nm, Ocean Optics, Dunedin, FL,
USA) was focused onto the samples. The focal spot had
a diameter of 3 mm. Sample and exit ports of the
integrating sphere had a diameter of 14 mm and 25.4 mm,
respectively. Transmittance through air, and reflectance
from Spectralon (>99% reflectance) were used as a
reference. The exit port of the integrating sphere was
opened during diffuse transmittance measurements to
allow collimated light to escape. Collimated
transmittance was calculated by subtracting diffuse
transmittance from total transmittance at each
wavelength investigated. An HR2000 spectrometer
(Ocean Optics, Dunedin, FL, USA) was coupled to the
auxiliary port of the integrating sphere via an optical fiber
(P600-2-SR, Ocean Optics, Dunedin, FL, USA) to
measure the spectral response in the 400-500 nm range.
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Fig. 1 Integrating sphere set-up. Halogen lamp light (b)
was coupled into an optical fiber (e) and focused onto the
sample by a lens (d). Light transmitted and reflected from
the sample was collected by the integrating sphere (a) and
detected by a grating spectrometer (c). Data acquisition
was controlled by external PC (f).

2.4 Inverse Monte Carlo Technique

Absorption coefficients, scattering coefficients, and
anisotropy factors of the biocompatible fabric materials
were calculated from measured quantities under an
assumption of Henyey-Greenstein scattering phase
function [13] using an inverse hybrid Monte Carlo
algorithm [14]. This method employed a forward Monte
Carlo technique that accounted for the exact geometrical
and optical properties of the integrating sphere walls and
light losses at the edges of the samples. The forward
Monte Carlo method was integrated into a Quasi-Newton
inverse algorithm [15], optimized to reduce the number
of forward Monte Carlo calls.

2.5 Transmittance Measurements

Transmittance through reflective materials in the spectral
range of 400-500 nm was measured using a
spectrophotometer (Lambda 1050, PerkinElmer Inc.,
Waltham, MA, USA). The spectrophotometer slit width
was set to 5 nm, and the wavelength step size was set to
2 nm. The illumination beam had a diameter of 4.5 mm.
Transmittance through air was used as a reference.
Transmittance of each reflective sample were measured
twice, then averaged.

2.6 Temperature Monitoring

After determining the optical properties and selecting
appropriate biocompatible and reflective materials, a
two-layer shield prototype was assembled. The
temperature of the composite shield exposed to 450—470
nm light was monitored over a 48-hour time interval. The
experimental arrangement used for monitoring the
temperature of the shield is shown in Fig. 2. A Natus
neoBLUE mini LED phototherapy lamp (Natus Medical
Incorporated, San Carlos, CA, USA) was used as a light
source. Shield samples were suspended above the optical
table to provide thermal isolation. The lamp was placed
30.5 cm above the samples. At this height, samples were
exposed to a peak central intensity of 30 uW/cm?/nm. A
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temperature sensor was attached to the biocompatible
surface of the composite shield, where the shield would
be in contact with patient skin. The sensor was connected
to an external temperature monitor (CT16A2080-948,
Minco, Minneapolis, MN, USA). The geometry and
duration of temperature monitoring experiments were
exactly as those during the clinical phototherapy
procedure.

Fig. 2 Experimental setup used for shield material
temperature monitoring. Light from the phototherapy
lamp (a) was incident onto the shield material (b). A
temperature sensor (c) underneath the sample allowed the
temperature monitor (d) to measure the temperature of
the sample.

3 Results

3.1 Optical Properties of Biocompatible
Fabric Materials

Absorption coefficients, scattering coefficients, and
anisotropy factors of biocompatible fabric materials,
determined in the spectral range of 400-500 nm, are
shown in Fig. 3. Absorption coefficients are presented in
Fig. 3(a). Absorption of Spunbond Polypropylene
100 gsm, K170081 35 gsm, and K170087 50 gsm
monotonously increase with increasing wavelength. The
absorption spectrum of K160082 60 gsm decreases with
increasing wavelength between 400-420 nm, then
increases with wavelength in the 420-500 nm range.
K160082 60 gsm exhibited the greatest absorption out of
all biocompatible fabrics investigated, ranging between
0.4 and 0.1 mm! over the entire spectral range. The
absorption of all other fabrics was less than 0.09 mm™.
Scattering coefficients are shown in Fig. 3(b).
Scattering of all fabrics decreased with increasing
wavelength. K160082 60 gsm has the greatest scattering
over the entire spectral region, with coefficients greater
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than 7.3 mm!. All other fabrics have scattering less than
4.6 mm'.
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Fig. 3 Absorption coefficients (a), scattering coefficients
(b), and anisotropy factors (c) of biocompatible fabric
materials between 400500 nm. Squares — Spunbond
Polypropylene 100 gsm. Circles with a Cross — K160082
60 gsm. Half-filled Upright Triangle — K170081 35 gsm.
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Anisotropy of Spunbond Polypropylene 100 gsm,
K160082 60 gsm, and K170087 50 gsm are negative over
the entire spectral range, whereas K170081 35 gsm has
positive values between 458-500 nm. K160082 60 gsm
has the greatest negative anisotropy factors ranging
between —0.7 and —0.65 over the investigated spectral
region.

Of the four biocompatible fabrics investigated,
K160082 60 gsm has the greatest absorption and
scattering in the 400-500 nm spectral range. The results
show that scattering is the dominant attenuation process.
Calculated absorption coefficients are an order of
magnitude lower than the scattering coefficients. Due to
the low absorption, a low temperature increase in the
fabric during treatment can be expected. Moreover,
K160082 60 gsm has the largest negative anisotropy
factors out of the four fabrics tested. Thus, light has the
highest probability of exhibiting backscattering when
incident on K160082 60 gsm. Due to predominant
backscattering properties of the K160082 60 gsm, more
light will propagate towards the light source as compared
to towards the patient. These results indicate that out of
the four biocompatible fabrics tested, K160082 60 gsm is
the most appropriate material for the bottom layer of the
blue light phototherapy shield.

3.2 Transmittance Measurements of Reflective
Materials

Transmittance of the two reflective materials were
below 0.1% over the entire 400—500 nm range. Average
transmittance =~ measurements  ranged  between
0.039-0.071%, and 0.024-0.045% for Dm146 and DE
050, respectively. Lower transmittance points to higher
attenuation of 400-500 nm light by DE 050 as
compared to Dm146. Therefore, DE 050 was selected
for the top layer of the blue light phototherapy shield.

3.3 Temperature Monitoring of Selected
Shielding Materials

Based on the results of the optical experiments,
composite shields were prepared with DE 050 as the top
layer facing the light and K160082 60 gsm as the bottom
layer facing patient’s skin. Recorded shield temperatures
ranged between 16.3 °C and 23.3 °C when exposed to
blue treatment light. Temperatures of the shields
followed the same temperature trends as room
temperature. Thus, the phototherapy lamp did not have a
significant effect on the shield temperature.

4 Discussion

Many studies have been made to characterize and
compare shielding materials. The most common
approach is to measure optical transmission of the shields
in the spectral range of interest. Chin et al. [16] had
investigated the transmission of 250-800 nm light
through 12 potential eye shields wusing a
spectrophotometer system. Robinson et al. [17] measured
the transmission of 300—750 nm light through three eye
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shield materials while placed in phototherapy units, to
account for reflection from the therapy unit walls.
Otman et al. [18] determined the UV transmission of
commercial sunglasses and contact lenses that were
allowed to be worn by patients during treatments using a
spectrophotometry system. Abdulla et al. [19] measured
UV transmission through potential shielding materials
for genital protection from UVA, broad band UVB, and
narrow band UVB illumination. In this paper we
explored a more general approach that can be utilized not
only for testing and comparing prospective shields, but
also to inform their selection, optimization, and design.
Since attenuation of light is governed by the optical
properties of the medium, we started with determining
the absorption coefficients, scattering coefficients, and
anisotropy factors of the materials from diffuse
reflectance and transmittance measurements using
integrating sphere spectrophotometry [20-23] and
inverse Monte Carlo technique. This approach enables
comparison of the shield attenuation properties
irrespectively of the material thickness and allows for its
optimization without exhaustive repetitive transmission
measurements.

Each layer of the designed shield provides sufficient
protection from therapeutic blue light. While the
reflective top layer exhibits low transmittance in this
spectral range, it may increase in temperature when
illuminated and may have sharp edges which may injure
the patient. The biocompatible fabric bottom layer
protects the patient from any harm caused by the foil and
allows the shield to conform to the patient’s body to
provide a secure fit. Total attenuation per mm thickness
of the fabric can be found from the characterized optical
properties. Fabric thickness can then be optimized to
provide adequate protection from the treatment light in
case the top layer fails. The top layer of this shield will
reflect treatment light away from the patient, which may
be harmful for other individuals in the treatment
room [3—6]. Reflection can be reduced by adding another
fabric layer on top of the reflective material, thus
resulting in a three-layered shield.

5 Conclusion

Selecting shielding materials based on its optical and
thermal properties enables straightforward optimization
of shield design and ensures proper patient protection
during phototherapy. While this study focused on
shielding for blue light phototherapy, this method for
characterizing shield materials can be utilized for any
desired wavelength range and phototherapy procedure.
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Abstract. The thermal effects occurring in a cornea subjected to short-pulsed
laser irradiation during laser thermokeratoplasty (LTK) are investigated. The
transient bioheat transfer is described by the hyperbolic model and solved
analytically using the finite Fourier transform technique and the method of
variation of parameters. The computational results predicted by the
hyperbolic model show that the degree of damage in the corneal tissue
induced by Ho: YAG laser irradiation under LTK surgery increases linearly
with time. An increase in the convection coefficient of the anterior corneal
surface causes an insignificant reduction in the corneal temperature, whereas
an increase in the value of phase lag in the heat flux vector causes a rise in the
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1 Introduction

The estimation of the temperature in biological tissues is
under the focus of researchers in recent years. This fact
is important in some clinical surgery such as
radiofrequency heating of tissues, laser heating of tissues,
tumour therapy or some skin treatment such as
tattoos [1]. In ophthalmology, laser thermal shrinkage of
collagenous tissue has been wused clinically and
experimentally for several procedures, including laser
thermokeratoplasty (LTK). The surgical outcome of
many of these procedures suffers from limited
predictability and uncertain long-term stability, mainly
because of a poor understanding of the fundamental
thermodynamic and biomechanical processes of laser-
induced thermal shrinkage of collagenous tissue. A better
understanding of the thermo-optical response of the
cornea and the kinetics of thermal shrinkage could help
to optimize the laser treatment parameters for LTK and
other procedures relying on thermal shrinkage [2], and
perhaps improve the stability and predictability of the
outcome.

In recent years, several bioheat transfer models for
temperature rise in biological tissues have been
developed and simulated. Hobiny and Abbas [3],
Alzahrani and Abbas [4]; and Abbas, Hobiny, and
Alzaharani [5] have used the Laplace transformation
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technique to obtain analytical solutions to their
hyperbolic bioheat transfer models under different
conditions, while Hobiny and Abbas [6] have used the
finite element approach to solve their bioheat model.
Ghanami and Abbas [7], Hobiny and Abbas [8]; and
Hobiny et al. [9] developed Fractional bioheat transfer
models to determine the temperature and the thermal
damage in the tissue and obtained analytical solutions
to the models using the Laplace transform. In 2020,
Hobiny and Abbas [10] used the finite element
approach to find a numerical solution to their nonlinear
dual phase lag bioheat model for the temperature
changes and evaluated the thermal damage using the
Arrhenius equation. In these works, it has been
concluded that mathematical models are efficient tools
to evaluate the bioheat transfer in living tissues.

In 2008, Ooi et al. [11] developed a boundary
element model of the human eye under LTK surgery
using classical heat diffusion equation for heat transfer
and the Beer-Lambert law for energy absorption inside
the cornea. The eye was modeled as comprising five
distinct homogeneous thermally isotropic regions. The
numerical solution to the model was obtained and the
computational results for the corneal temperature field
were presented through the graphs and discussed.
Singh et al. [12] introduced a validated 3D finite
volume model of the human eye to study laser
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keratoplasty surgery. They considered the Pennes bio-
heat equation for heat transfer and incorporated fluid
convection in the model. The eye was treated as a region
consisting of six homogeneous isotropic subdomains.

According to the review of literature, it is seen that
the Pennes bio-heat equation is the most widely applied
model for temperature distribution in living biological
tissues. Fourier law assumes that heat flux and
temperature change at any point appear at the same time
instant. This implies that thermal signals propagate at
an infinite speed [13]. Heat is always found to propagate
at a finite speed. On the other hand, biological tissue has
an inhomogeneous inner structure and found a phase lag
time value. Mitra et al. [14] have shown experimental
evidence of hyperbolic heat transfer in processed meat.
They have used meat at different temperatures and
brought them into contact suddenly and wused
thermocouples to measure the instantaneous
temperature distributions. They have estimated a
thermal phase lag time value to be around 16 sec.
Kaminski [15] has also conducted some experiments
with material with non-homogeneous inner structure
and has found a phase lag time value of 20 sec. From
the temperature distributions obtained, it can be inferred
that parabolic and hyperbolic models produce similar
results for smaller phase lag times, while they predict
significantly different results when the lag times are
large, suggesting that hyperbolic models are suitable to
be used for biological systems with very complex
internal structure. Gheitaghy et al. [16] proposed
parabolic and hyperbolic models for heat transfer in the
cornea under LTK surgery by considering the semi-
infinite model of the cornea and solved the models using
the mathematical analogy between thermal and
electrical systems. The evaporation of heat at the
anterior corneal surface was not considered. The
computational results were presented by graphs and
discussed.

In view of the importance and necessity of
considering the thermal wave effects in bioheat transfer
problems involving high heat flux incident on the tissue
surface with a short duration, there is a need to
formulate a hyperbolic model for the heat transfer in the
corneal tissue subjected to short-pulsed Ho: YAG LTK
irradiation. In the present study, a hyperbolic heat
conduction model for the corneal temperature during
LTK treatment to correct the refractive error in
hyperopia is proposed by treating the cornea as a finite
domain. Also, the evaporation of heat at the anterior
corneal surface is incorporated into the model. The
analytical solution to the model is derived using the
finite cosine Fourier transform and the method of
variation of parameters. The computational results for
the temperature distribution and the temperature
variation with time are presented by graphs and the
influence of some model parameters on the distribution
and variation are illustrated. Also, the degree of thermal
damage in the cornea is evaluated and discussed.
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2 Physical Model and Mathematical
Formulation

The cornea subjected to short-pulsed laser irradiation at
its anterior surface under LTK treatment is treated as a
homogeneous finite domain of thickness L with constant
thermal properties and thermally insulated bottom
(endothelium surface) boundary. The Beer-Lambert
Law, which experimentally asserts that the intensity of
radiation drops exponentially with penetration depth, is
used to describe the laser heat source.

L
SR ANIRATI

LS
Epithclium

Tear Film Keratocyte Endothelium

x=0 x=L

Fig. 1 Schematic diagram of the cornea modeled as a
finite domain.

The heat transfer in living biological tissues is
governed by Pennes model [17]:

6T(x,t)__ '
C—at =-A-q(x,t)+ )

+p,c,0, (T, =T (x,t))+q,, +O(x,1),

where p(kg-m™) is the tissue density, ¢(J-kg™ -°C™)
is the tissue-specific heat, g(W-m™) is the heat flux,
p,(kg-m™) is the blood density, c,(J-kg"-°C™") is
the blood specific heat, o, (s™) is the volumetric blood
perfusion rate per unit volume, 7, (°C) is the blood
temperature, 7(°C) is the tissue temperature,
q,,(W-m™) is the heat generation due to metabolism
heatand Q(W -m™)is the heat generated by laser energy
and x,¢ are the space and time coordinates, respectively.
The laser heat source Q(x,1) is described as follows:

O(x,0)=(1=1)-1(1)-pe™,

where f is the Fresnel surface reflectance,
I(1)(W-m™) is the laser intensity and p(m™) is the
absorption coefficient.

It could be overlooked due to the relatively small
amount of metabolic heat compared to the heat generated
by laser accidents [16]. Moreover, since corneal tissue is
avascular, the blood perfusion rate at the targeted
location is nearly zero. Therefore, g , =0,w, =0. Now,

Eq. (1) reduces to the following form:
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LOT(e0) _

P q(x, 1) +Q(x,1). 2

The Fourier law of heat conduction, which is a simple
linear empirical relation between the heat flux vector and
the temperature gradient is given by

OT'(x,1)

O

) €)

where k(W-m™-°C™") is the corneal tissue thermal

conductivity.
The hyperbolic model is obtained by adding the
parameter T, to time-variable 7 in g(x,t) of Fourier law

Eq. (4), is given by

OT (x,t)
ox

Q(xat+ Tq) =—k P (4)
where 1, is the relaxation time of heat flux. Taylor series

expansion of first-order approximation of Eq. (4) with
respect to time ¢ is given by

©)

q(x,0)+1, aqg;’ D_ —k oT(x,1) .

ox

On solving Egs. (2) and (5), we get a hyperbolic
model of the bioheat transfer equation:

. aZTa(x, D, aTéx, n_, azg(x, D,
a £ t x>
©)
[Q(x H+r, 250

ot

where o = i(cm2 -sec”') the thermal diffusivity of the
pc
corneal tissue.

To solve the hyperbolic bioheat conduction Eq. (6)
the following physically realistic and mathematically
consistent conditions are prescribed.

Initial conditions:

T(o0) =T, at £ =0, )
oT(x,t) _

Boundary conditions:

T _ _
KR =iy (T =)+ o

+oe(T* (x,t) - T, )+ E,

J of Biomedical Photonics & Eng 8(3)

030302-3

doi: 10.18287/JBPE22.08.030302

atx =0,

0T (x,t)
Ox
where /4, (W-m™-K™) the convection coefficient,
T, (°C) initial tissue temperature, o(W-m~-K™) the
Stefan Boltzmann constant, € the emissivity of the
corneal surface, £(W -m™)the evaporative heat loss.

=0,at x=1, (10)

The heat loss at the anterior surface of the cornea is
caused by convection, emission, and evaporation, as per
the boundary condition (10). The posterior surface of the
cornea is thermally insulated, according to boundary
condition (11).

To non-dimensionalize the governing equation, the
following scheme is introduced:

T
xo Py T
20 21, pcT, T,

The dimensionless form of Eq. (7) is

o0 00 0°0 an(r)
?4_28,[ a 2 Z\IIO [211(7)"‘ s (11)
[ (1—
where \P(X, T) = \ljon(z-)e_ﬁx , \IIO — B r( f) ,
20pcT,

B =2t p and n(t) is the dimensionless rate of energy

absorbed in the tissue. The laser heat source term is
expressed in terms of arbitrary reference laser intensity
L. as I(t) = L. n(T).

The dimensionless forms of the initial and boundary
conditions are

0(X,7) =1, at 1=0, (12)
A0(X, 1)
——2==0,at t=0,
ot (13)
B po-+ HE 1)@+ 1)0-1)+G
X ’ (14)
at X =0,
ﬁzojat)(:w_[" (15)
oX 20
T, T T,
where F=lo 90 o _E p_opch
I I I 21

3 Solution to the Mathematical Model

Taking the Finite cosine transform of Eq. (11) and using
boundary conditions (14) and (15) yields:
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0%0(n, 1) 2
aTZ
1| FOO0-D+H®O +)@-+1)x |,
B x(0(0,7)~1)+G
2
+ xjw+0§2 [1-(=1)" exp(-BL) |x

{2n(r)+ ar1(T)}

+A20(n,1) =

00(n, 1)
ot

(16)

where A =nL_7t (n=0, 1, 2, 3... is the finite Fourier
discrete
9(n,r):I:9(X ,7)cos(A, X)dX is the finite cosine

transformation of dimensionless temperature.
Moreover, the transformed initial conditions (12) and

de(n 0)
dt

variable) are the eigenvalues and

(13) are 0(n,0) =0,——— =0.

The complementary solution of Eq. (16) is
0(n,1), = C, exp(c,1)+C, exp(9, 1),

where C, and C, are constants to be determined,

c,=—1-4J1-1) and §, :_1+*/1_7‘i .

Wronskian W = (6, —o0,)exp(5, +0,)T=
241 —2A2exp (—271).

Using the method of variation of parameters, the
Particular solution of Eq. (16) is

0(n,1), =

%(F(G(O, P)—1+H® +1)x

x(0+1)(0(0,r) -1+ G) +
| b2l [1—(—1)" exp(-BL) |~

- .

xexp(—(7 —r)) sinh(‘fl -\ (r— r))dr

Using the transformed initial conditions of Egs. (12)
and (13) the arbitrary constants C; and C, can be
determined as:

L ds
2(1-22) dr|

L ds
2(1-A2) dr|_,’

1= Ly =7

where
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%(F(G(O, M=)+ H® +1)x
(0 +1)(0(0,7) —1+G) +

2y,p .
S = Jq +7‘§\|':'BZ [1_(_1) eXp(—BL)]x
on(r )]

(211(1) +

xexp(—(t—r))sinh (, /1 -\ (t— r))dr

The general solution of Eq. (16) is

1

0(n,1) = _1 &
’ 2(1-A2) dr| _,

exp(c,T) —

| (17)

C2(1-22) de

exp(5,1) +

n

Taking the inverse finite Fourier transform of Eq. (17)
using Eq. (18) to get the temperature distribution during
LTK surgery

0(X, 1) = 6(0 v,2 Z O(n t)cos(L, X). (18)

3.1 Thermal Damage

The smooth epithelial surface of the cornea blocks the
passage of foreign materials such as dust, water and
bacteria in the eye and absorbs oxygen and nutrients from
the tears to supply to the rest of the cornea. To keep
corneal hydration at its natural physiologic state, the
endothelium actively pumps fluids into the anterior
chamber. Maintaining adequate hydration is necessary
for corneal opacity. During the LTK treatment procedure
for hyperopia, the corneal temperature may rise to levels
that cause significant epithelium surface vaporisation and
endothelium thermal damage. The monitoring of
temperature rise and maintaining optimal temperature
during the treatment is required to avoid epithelium
vaporisation and endothelium thermal damage. A
numerical measure of the degree of damage in the corneal
tissue may be a useful measure in the understanding and
monitoring of corneal temperature.

According to Fyodorov et al. [18], the minimum
corneal temperature should be 55°C, Haw and
Manche [19], the maximum temperature allowed is
75 °C, and Asbell et al. [20], the best temperature for
optimal cornea collagen shrinking is 65 °C. Additionally,
Aksan and McGrath [21] demonstrated the need of
avoiding high temperatures and extensive denaturation to
prevent tissue stiffness. As a result, the safe shrinking
temperature range is 55-75°C. Shrinkage occurs
primarily during laser pulses and ceases immediately
after the cooling phase between laser pulses begins.
When the temperature of the corneal surface (epithelium)
rises above 100 °C during treatment, thermal damage
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begins, indicating that the epithelium is at risk of
superficial vaporisation. The following well-known
Arrhenius equation has been widely utilised to assess
thermal damage in biological tissue. The damage integral
given by

. E
Q(1,0) = j , Aexp(-- )i

where A(sec™) is a rate constant, E (J-mol™)

activation energy and R(J-mol ' -K™") the universal gas

constant. The upper limit of the integral is usually taken
to be the time at which the tissue returns to its initial
temperature.

4 Results and Discussion

The computational results for the temperature profile and
temperature variation with time in corneal tissue
irradiated by Ho: YAG laser under LTK treatment are
obtained using the values of typical parameters listed in
the table below and displayed as graphs.

The variation of the degree of damage in the corneal
tissue with time caused by laser irradiation during LTK
surgery is portrayed in Fig. 2. It is evident from the graph
that the highest degree of damage (Q = 0.18) is detected
at T=0.7 in the central stroma of the cornea, which is
consistent with the literature [22]. In view of the

Table 1 Parameters used in Computations.

doi: 10.18287/JBPE22.08.030302

observations [22, 23] that Q=0.1 corresponds to the
commencement of collagen denaturation and Q> 1
implies irreversible thermal damage in the tissue, it is
discovered that collagen denaturation occurs during the
time interval [0.36, 0.7] of the treatment. As a result,
proper measures should be taken during LTK surgery to
avoid the severity of thermal damage. By restricting the
duration of laser heat, T < 0.36, the collagen denaturation
in the corneal stroma may be avoided.
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Fig. 2 Time-dependent degree of damage in the corneal
tissue during Ho:YAG LTK.

Parameter Symbol Magnitude Dimension
Corneal density P 1062 kg-m™3
Comeal thermal K 0.556 W-m-oc1

conductivity

Fresnel surface reflectance f 2.4% -
Absorption coefficient M 2000 m™!
Thermal diffusivity a 0.001452 cm? - sec™!
Emissivity of cornea £ 0.975 -
Universal gas constant R 8.32 ] mol™t-K™1
Activation energy E, 402.688 ] -mol™?t
Rate constant A 3.13-10% sec™!
Stefan Boltzmann constant c 5.67-108 W-m™2-K™*
Wavelength A 2.1 pum
Specific heat C 3830 ] ~kg™t-K?
Initial temperature T, 35 °C
Evaporative heat loss E 40 W-m™2
Phase lag in heat flux Tq 1 sec
Thickness of cornea L 0.55 Mm
Reference laser intensity I, 2-10¢ W-m™2
Convection coefficient H 20 W-m=2-K™1
Pulse duration t; 200 L sec
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A comparison of the corneal temperature variations
with time predicted by the parabolic model and the
hyperbolic model is illustrated in Fig. 3. The temperature
response predicted by Fourier’s model (parabolic model)
decreases with time rapidly, whereas the temperature
predicted by the hyperbolic model decreases with time
slowly. Most of the time, the temperature predicted by
the hyperbolic model is higher than that predicted by the
parabolic model. Similar comparisons of the theoretical
results have been presented by H. Moosavi et al. [24] and
Gheitaghy et al. [16].

35

=== parabolic model
==hyperbolic model

o] |

b
) th 2
T T T

Dimensionless Corneal Temperature ( 6)
-
th

0 0.1 02 03 0.4 05 0.6 0.7
Dimensionless Time (t)

1 L

Fig. 3 A comparison of Fourier’s model and the
hyperbolic model anticipated dimensionless temperature
variations over time during irradiation with a pulsed
Ho: YAG laser.

The corneal temperature profiles at three different
time durations have been shown in Fig. 4. It is observed
from the curves that the temperature decreases along the
length of the cornea. This behaviour occurs because the
heat absorbed by the cornea decreases with the depth of
the cornea. If the value of time duration is increased, the
temperature rises throughout the cornea.

N
KN

— = 1.002
— 1 =2.003 ||
= 1=4.005

i
¥
-

(]

foa
]
T

16

141

12¢

Dimensionless Corneal Temperature ( 6)

1 L L L
0 05 1 15 2 25

Dimensionless Depth (X))

Fig. 4 Corneal temperature distribution at different times
during pulsed Ho:YAG laser irradiation.

Fig. 5 depicts the influence of the convection
coefficient on the temperature variations with time at the
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anterior corneal surface. The convection coefficient
appears to have an insignificant impact on the
temperature changes. During the time under discussion,
the temperature at the anterior surface decreases with
time. A similar result was predicted by the model of
A. M. Gheitaghy et al. [16].
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Fig. 5 The effect of the convection coefficient on the
temperature variation with time predicted by the
hyperbolic model.

Fig. 6 depicts the effect of the relaxation time on the
dimensionless corneal temperature profile. It is observed
from the figure that with an increase in the relaxation
time of heat flux, the temperature rises and that the
wavefront is more observable in the case of larger t,.
Since T, is normally interpreted as the non-zero time that
accounts for the effect of “thermal inertia”, T, is
responsible for the delay in establishing heat flux and
associated conduction through the medium. This agrees

qualitatively ~ with  the theoretical results of
A. M. Gheitaghy et al. [16].
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Fig. 6 The Temperature profile at various T, values in the
corneal tissue at T = 0.
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5 Conclusion

In this study, the hyperbolic heat conduction model is
used to describe temperature changes in the human
cornea exposed to short-pulsed Ho:YAG laser heating
during LTK surgery, as well as to investigate the effect
of phase-lags in the heat-flux on the corneal temperature
distribution and temperature variation over time. It is
observed that the temperature response anticipated by
Fourier’s model (Parabolic model) falls rapidly with
time, whereas the temperature reduction predicted by the
hyperbolic slows down with time. The temperature of the
cornea rises as the heat flux phase-lag increases. It is
necessary to verify the accuracy of the current findings
by comparing the analytical results to the experimental
data. Once, if the model is validated in near future, it may

doi: 10.18287/JBPE22.08.030302

be utilised to improve the design of laser surgery for
hyperopia treatment.
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