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1 Introduction
Age-related macular degeneration (AMD) is the largest single

Temperature Distribution During
ICG-Dye-Enhanced Laser
Photocoagulation of Feeder
Vessels in Treatment of
AMD-Related Choroidal
Neovascularization

Laser photocoagulation of the feeder vessels of age-related macula degeneration-related
choroidal neovascularization (CNV) membranes is a compelling treatment modality, one
important reason being that the treatment site is removed from the fovea in cases of sub-
or juxtafoveal CNV. To enhance the energy absorption in a target feeder vessel, an
indocyanine green dye bolus is injected intravenously, and the 805 nm wavelength diode
laser beam is applied when the dye bolus transits the feeder vessel; this tends to reduce
concomitant damage to adjacent tissue. A 3D theoretical simulation, using the Pennes
bioheat equation, was performed to study the temperature distribution in the choroidal

feeder vessel and its vicinity during laser photocoagulation. The results indicate that

temperature elevation in the target feeder vessel increases by 20% in dye-enhanced
photocoagulation, compared to just photocoagulation alone. The dye bolus not only
increases the laser energy absorption in the feeder vessel but also shifts the epicenter of
maximum temperature away from the sensitive sensory retina and retinal pigment epithe-
lial layers and toward the feeder vessel. Two dominant factors in temperature elevation of
the feeder vessel are location of the feeder vessel and blood flow velocity through it.
Feeder vessel temperature elevation becomes smaller as distance between it and the
choriocapillaris layer increases. The cooling effect of blood flow through the feeder
vessel can reduce the temperature elevation by up to 21% of the maximum that could be
produced. Calculations were also performed to examine the effect of the size of the laser
spot. To achieve the same temperature elevation in the feeder vessel when the laser spot
diameter is doubled, the laser power level has to be increased by only 60%. In addition,
our results have suggested that more studies are needed to measure the constants in the
Arrhenius integral for assessing thermal damage in various tissues.

[DOL: 10.1115/1.2898832]

fovea is avascular, all the nutrients to it are supplied by the un-
derlying choriocapillaris, which is a thin (~10 um) two-

cause of significant vision loss amongst patients aged 65 years
and older in the United States. It is estimated that in the United
States, more than 200,000 people develop it every year [1]. It is an
unpredictable disease that attacks the sensory retina of the eye,
affecting the macula and the fovea, those areas of the retina that
afford acute central and color vision.

The anatomic structure of the posterior of the eye consists of
multiple tissue layers, including the vitreous, retina and retinal
vessels, retinal pigment epithelium (RPE), three layers of choroi-
dal vessels: choriocapillaris, Sattlers’s layer (the layer of midsized
vessels in which most feeder vessels lie), and the large diameter
vessels, and the sclera. Figure 1 compares the angioarchitecture of
normal and AMD eyes. In the human eye, the central region of
retina (~5.5 mm diameter) is called macula, and in the center of
the macula is the fovea (~150-200 um diameter). Since the
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dimensional meshwork vascular structure, the choriocapillaries,
consisting of all the capillaries of the choroidal vascular network.
The choriocapillaris is supplied by numerous large diameter cho-
roidal arteriolar vessels that connect to its posterior side and is
drained by interspersed choroidal venous vessels. The major mor-
phological change associated with 10% of the AMD cases is the
formation of new vasculature arising from the anterior side of the
choriocapillaries, and lying between it and the sensory retina (Fig.
1). The reason for this abnormal vascular growth, called choroidal
neovascularization (CNV), is unknown; possibility it develops in
response to some failure of the underlying choriocapillaries to
provide adequate transport of nutrients and wastes to meet the
metabolic demands of the overlying sensory retina. In any event,
as the CNV develops its immature vessels leak fluid, producing
edema that distorts the retinal tissue resulting in reduced visual
acuity, and often these new vessels rupture, resulting in frank
hemorrhage. In the extreme situation, formation of CNV can lead
to retinal detachment and, again, loss of vision.

A number of methods have been developed for treatment of
AMD-related CNV, including, for example, laser photocoagula-
tion [2,3], surgical removal [4], macular translocation [5], photo-
dynamic therapy, and various antiangiogenic drugs (the current
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proliferation of these aims to counteract vascular endothelium
growth factor, VEGF). Surgical extraction of subfoveal CNV has
been demonstrated to preserve the remaining retinal function if
the CNV is well defined, while the outcome is worse for ill-
defined CNV [6]. Photodynamic therapy involves an intravenous
injection of a photosensitive drug, which is activated by low dose
of laser beam. Recent study has reconfirmed the benefits of pho-
todynamic therapy in a retrospective review of this treatment.
Only 24% of patients had moderate vision loss 12 months after
the treatment [7]. Prompt laser photocoagulation is recommended
based on the 5 year follow-up studies by the Macular Photocoagu-
lation Study Group [8,9], which showed that laser photocoagula-
tion of the well-defined extrafoveal, juxtafoveal, and subfoveal
CNV secondary to AMD improved the visual outcome compared
to the untreated group. However, direct and contiguous laser treat-
ment of the entire subfoveal lesion almost invariably damages the
foveal and macular region. Since the macula is responsible for
central and color vision in human eyes, direct laser treatment is
always associated with a substantial and immediate loss of central
vision following the treatment. Loss of central vision may be due
to direct damage to the foveal photoreceptors and RPE or from
damage to the nerve fiber layer serving foveal function [10].

Indocyanine green (ICG) dye angiography is a clinical tool for
diagnosis and management of CNV membranes secondary to
AMD [1,11-13]. ICG dye is delivered to the eye via venous in-
jection and reaches the large diameter choroidal vessels, the cho-
riocapillaris, the CNV, and the retinal vessels at different times.
The infrared absorption and emission spectra of ICG dye enable
visualization and identification of the CNVs and their choroidal
feeder vessels, having diameters of 50 wm or less. The term
“feeder vessel” refers to any of those choroidal vessels in an ICG-
dye angiogram image that appear to supply blood to the chorio-
capillaris in the vicinity of the CNV membrane origin.

Recently, laser photocoagulation techniques that attempt to
spare the sensory retina adjacent to the treatment site have at-
tracted a great deal of attention, particularly when the CNV is
very near or underlies the fovea [11,14-18]. Since the blood sup-
ply to CNV membranes comes from the choriocapillaries, the hy-
pothesis underlying this approach is that by selectively laser pho-
tocoagulating the choroidal vessels supplying blood to the
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choriocapillaries, it is possible to manipulate the blood pressure
gradient within the choriocapillaris in such a way as to reduce or
eliminate the hemodynamic force that drives blood through the
CNV membrane. As shown in Fig. 1, a laser beam is aimed at a
choroidal feeder vessel. Since the location of the laser interaction
with the feeder vessel is away from the fovea and beneath the
choriocapillaris, it is expected that the damage to the overlying
RPE in the macular region is minimized. The feasibility of ex-
trafoveal laser photocoagulation of the CNV feeder vessels has
been demonstrated by several clinical studies in which the ICG-
dye angiography was performed first to identify the choroidal
feeder vessels perfusing each CNV membrane. The laser beam
was then delivered to each target feeder vessel adjacent to the
CNV to decrease the choriocapillaries blood pressure gradient in
the vicinity of the CNV, and hence reduce blood flow in the CNV.
Shiraga et al. [17] reported identifying feeding vessels in 37 of
170 consecutive patients (22%) and that photocoagulation of them
resulted in resolution of the exudative manifestations. Improved
or stabilized visual acuity in 70% of those 37 cases resulted from
feeder vessel photocoagulation. Staurenghi et al. [18], also using
the ICG-dye angiography-guided laser treatment of feeder vessels
in AMD eyes, reported a success rate of 40% or higher. It was
interesting to note that the success of obliteration of the CNV
blood flow is strongly dependent on several factors such as feeder
vessel width and length. Their success rate increased to 75% after
selectively choosing patients with smaller feeder vessel diameters.
A recent theoretical simulation by the authors [19] has confirmed
the effectiveness of the feeder vessel photocoagulation approach.
Using an anatomically realistic model based on the vascular cast
of a human eye, blood flow simulations of partial and complete
occlusions of a feeder vessel indicated that feeder vessel photoco-
agulation can lead to 75% reduction in the pressure gradient in the
choriocapillaries and a concomitant 75% decrease in the CNV
blood flow rate.

Although laser use in ophthalmology has a long history
[20-25], most of the laser-based treatments depend on light/tissue
interactions that occur in the superficial layers associated with the
retina (neuroretina and RPE), not the deep choroidal layer con-
taining the choroidal feeder vessels. In laser photocoagulation of
feeder vessels, laser energy must penetrate the overlying retinal
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layers, RPE, and choriocapillaris to reach and then be absorbed by
the targeted feeder vessel. Energy absorption in the tissue or blood
is largely dependent on the wavelength of the laser used; longer
wavelengths penetrate more deeply onto tissue than short wave-
lengths. Therefore, it is logical to select a laser with a longer
wavelength when deep tissue penetration is desired. Considering
that the targeted vessels in these studies lie relatively deep, it is
logical that the widely used 805 nm wavelength diode laser was
selected as the source for maximizing energy absorption. An ex-
perimental study on pigmented rabbit eyes has shown that the
photocoagulation of large choroidal arterioles can be accom-
plished with relatively little concomitant retinal tissue damage
[16,26], when using near-infrared wavelengths, especially when
used in conjunction with an injection biocompatible dye that en-
hances absorption of the laser energy.

Interestingly, ICG dye has an absorption peak near 800 nm
wavelength that is very close to the emission peak of the near-IR
wavelength diode laser (805 nm) used for the photocoagulation.
The presence of ICG dye in the blood should enhance laser energy
absorption, especially if the laser energy is applied precisely when
a relatively concentrated dye bolus transits the targeted vessel.
The special feature of ICG dye has been utilized in the past to
enhance laser energy absorption in cancer treatment in combina-
tion with immunoadjuvant to stimulate an immune response [27]
and in surgical endoscopy [28]. It is logical to expect enhance-
ment in laser energy absorption in laser photocoagulation using
ICG dye. Improved efficiency of CNV feeder vessel photocoagu-
lation by this method has been demonstrated [16,26]. Although
the preliminary experimental and clinical results have been prom-
ising, they have been achieved largely by trial and error and uti-
lized somewhat unrefined approaches to determine what level of
laser power to deliver. Providing the clinician with a way to cal-
culate tissue temperature elevations achieved during photocoagu-
lation would help address the uncertainty associated with deter-
mining optimal laser power levels to use, thereby making feeder
vessel photocoagulation more efficacious, while improving patient
safety and therapeutic outcome. Parametric numerical calculations
could aid in the identification of the power delivery a priori for an
improved and optimized treatment protocol.

In this study, a three-dimensional heat transfer model was de-
veloped to simulate the elevation in the temperature in the vicinity
of a choroidal feeder vessel during dye-enhanced laser photoco-
agulation. This research focuses not only on the efficiency of ICG-
dye enhancement in temperature elevation but also on the collat-
eral damage to the RPE along the laser path. Parametric studies
are performed to examine the effects of blood flow in a targeted
vessel, laser power, laser spot size, and location of the feeder
vessel on both the temperature rise and thermal damage to the
surrounding tissues. Thermal damage to the feeder vessel assessed
by the Arrhenius integration [29] is discussed.

2 Mathematical Formulation

2.1 Geometry. During feeder vessel laser photocoagulation,
the laser beam penetrates different layers of eye tissue: vitreous,
retina, RPE, choriocapillaris, Sattler’s layer choroidal (wherein lie
CNV feeder vessels), and sclera. Laser energy is absorbed in each
layer and is also spread laterally in each layer. Considering the
small size of the laser spot (~100 wm diameter) and the short
duration of laser energy application (~1 s), one would expect
tissue temperature elevation to be restricted within a very small
lateral region in each layer. Therefore, in this study, the tempera-
ture distribution is simulated as a cylinder centered along the laser
path. The diameter of the cylinder is selected to be 1 mm. As
shown later in the results, the diameter is large enough so that the
boundary condition on the cylinder surface will result in less than
0.1% change in the temperature elevation along the central line of
the laser beam.

Figure 2 shows the cross-sectional geometry of the eye along
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Fig. 2 Three-dimensional geometrical representation of the
eye in the heat transfer model and its coordinate system

the laser path. The laser beam passes along the central line of the
temperature distribution cylinder; temperature elevation occurs in
all the tissue layers along the laser path. Since the RPE has sig-
nificantly different thermal absorption properties from that of the
retina, it is modeled as an individual layer of 10 um in thickness.
As shown in Fig. 1, the choroidal feeder vessel (50 um in diam-
eter) usually rises obliquely to the ~10 wm thick choriocapillaris
layer. Thus, in this study the targeted choroidal feeder vessel is
modeled as a tube of 50 um in diameter embedded in the choroid
and is placed perpendicularly to the laser path. The choroid is
modeled as a single layer composed of 50% blood and 50% tissue.

2.2 Governing Equation. The three-dimensional Pennes bio-
heat equation in Cartesian coordinate system is used to model the
temperature elevation in each layer and is given by

or,  &FT,  FT, &,

pe =k o+ ktﬁ + kr? + Graser + 0Py (T, = T)
(la)

where p is the density, ¢ is the specific heat, 7, is the temperature
of each layer, T, is the arterial blood temperature of 37°C, and
Graser 18 the volumetric heat generation (W/m?) modeling the laser
energy absorption in each layer. Although a previous study [30]
has suggested that a very minor role is played by the local blood
perfusion rate w,, the effect of blood perfusion is modeled as a
perfusion source term added to the traditional heat conduction
equation. The governing equation for the temperature field in the
feeder vessel includes the conduction and convection terms in the
governing equation and is given by

pc aneeder +upc ﬁTfeeder — kt(?z Tfe;,der + kr(?szegder + kr(;sze;der
ot ox ox ady 0z
+ qlaser,feeder ( lb)

where u (m/s) is the average blood flow velocity of the feeder
vessel.

2.3 Heat Source Distribution and Boundary and Initial
Conditions. The heat generation term due to laser-tissue interac-
tion depends on two parameters, namely, the fluence rate and the
absorption coefficient. It is given by

Qaser = ILLI}\,I”,Z (2a)
where u is the absorption coefficient, which depends on type of
tissue and incident laser wavelength X and I, , . is the fluence rate
(W/m?). Here, r (=Vx2+y?, in m) is the radial distance from the
central line of the laser path. In this study, the laser travels along
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the z axis. The fluence rate depends on many parameters, includ-
ing laser intensity, spot diameter, and optical properties of tissues,
such as scattering and absorption. If absorption dominates scatter-
ing (u> u,) and the laser has uniform intensity along radial di-
rection, the fluence rate is governed by the Beer—Lambert law as
(20)

I)\,z = IA,067MZ for M > M

where ) ¢ is the irradiation (W/m?) obtained from incident laser
power and z is the depth of the irradiated material (m). For mate-
rials whose scattering is of the order of absorption, the fluence
rate predicted by the Beer—Lambert law may not be accurate
[31,32]. Welch et al. [32] developed an alternative fluence rate
based on combined scattering and absorption characteristics. They
suggested the fluence rate for considerable scattering as

L =1y g™ W IOm for py~ (2¢)

where g is the anisotropy factor, which is the cosine of average
scattering angle. Thus, the variation of laser intensity along the
radial direction depends on the profile of the beam. For top-hat
profile, i.e., uniform intensity along radial direction, the heat
source for a particular ocular tissue is

(2d)

Since ocular tissues possess forward scattering characteristics
(anisotropy factor g ranges from 0.85 to 0.97), the assumption
holds good for ocular tissues [33]. Hammer et al. [33] employed
double-integrating sphere technique and inverse Monte Carlo
simulation to calculate the optical properties of ocular tissue. In
order to predict the maximum temperature rise, the g value is
considered to be 0.97 and thus, the effect of scattering is ignored
for this study. Furthermore, since there were no previous experi-
mental studies of the exact value of scattering coefficient, we used
the values reported in Hammer et al. [33]. In the future, lower
values of g such as 0.85 needs to be evaluated. Therefore, the
volumetric heat generation in the tissue, gjuer (W/m?), is simpli-
fied to

Qaser = /-1'1)\,06_(/“—(1_g)#x)Z

Qraser = I)\,O:"Le_'uZ (3)
It may be noted that different layers of tissue may have differ-
ent attenuation coefficients (u), and I, ( also varies for different
layers due to the energy absorption in previous layers through
which the laser beam has passed. A laser beam may process uni-
form or Gaussian profile. It is easily to obtain a uniform laser
beam profile; however, a Gaussian beam is widely used. In this
study, I o has been assumed to be a Gaussian distribution in the
radial direction (perpendicular to the light propagation, z) and is
expressed as

o= Eoe_rz/wi (4)

where r (r=\x2+y?) is the radial distance from the central line of
the laser path, E, (W/m?) is the maximum irradiance and is re-
lated to the total laser power, and W, is the 1/¢? radius of the laser
beam. Based on the above derivation, the volumetric heat genera-
tion rate by laser in each layer is expressed by

_rzlwie_/‘"vilreousz

(5a)

Qaser, vitreous = EOluvitreouse

2w
_ —r W5 =i hy; — Mretina (=i )
Gaser reting = EO“relinae Le ™ Mvitreous'tviteour o~ Hretina! vitreous. (Sb)

=F —rz/Wi ~MyitreousPviteourp~Hretinalretina
G1aser,RPE = £OMRPEC € * €

X e_:"’RPE(Z_h\'ilreous_hrelina) (SC)
“2IW? ~tireondtviteonrs = Eretinareti
qlaser,CC = EOIU’CCe Le ™ Mvitreous'viteourp ~Mretinallretina
X ¢~ MRPEMRPEp=HeC(ZNyitreousretina=/1RPE) (5d)
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=F —rz/Wi ~MyitreousMviteourp~Hretinallretinap = MRPEMRPE
qlascr,sclcru_ 0Msclera€ e e e

X g~ Hcchce g™ Hehoroidlichoroid

X e_l“‘sclem(z_hvi(r&:ous_hre(inu_hRPE_hCC_hchoroid) (Sg)
In Eq. (5a), the laser beam impinges on the vitreous surface at z
=0. A simple derivation has shown the relationship between the
maximum irradiance E at z=0 and the laser power level Q to be

0=nWiE, (6)

At the interface between any two tissue layers, temperature and
heat flux continuities are maintained. The temperatures at all
boundary surfaces are 37°C. The temperature field is initially uni-
form at 37°C. The ICG-dye-enhanced laser energy absorption is
modeled as an increase in the attenuation coefficient in the feeder
vessel.

All the finite element calculations including the finite element
mesh generation are performed on FEMLAB 3.1, operated on a Pen-
tium IV processor of 2.79 GHz speed, and using 2 Gbytes of
memory under a WINDOWS XP SP2 Professional Operating System.
The numerical model was obtained by applying the Galerkian
formulation to Egs. (1a) and (1b). The total number of tetrahedral
elements of the finite element mesh is around 850,000. The time
dependent problem was solved using an adaptive time stepping
scheme wherein the convergence criterion was kept at 1076, Mesh
independency was checked by increasing the number of elements
in the feeder vessel by 10% over the current mesh. The finer mesh
showed less than 1% difference in the temperature field. The mesh
size could not be further deceased, since the finer mesh resolution
reached the maximum capacity supported by the computer’s inter-
nal memory of 2 Gbytes.

2.4 Thermal Damage. It is well known that heat-induced tis-
sue damage depends on heating history, which includes both the
tissue temperature elevation and heating duration. Moritz and
Henriques [34] originally assumed that the kinetics of the thermal
destruction process in living tissues is similar to the first order
chemical reaction process. This assumption later became the stan-
dard for thermal injury evaluation. Based on this assumption, the
thermal damage to tissue is evaluated by means of the Arrhenius
integral ():

t

Q(x,y,z,0) = Af e EdRT(x.20) g4 7)
0

where A is the frequency or preexponential factor (1/s), E, is the
activation energy barrier (J/mole), R, is the universal gas constant
(8.32 J/mole K), and T,(x,y,z,t) is the absolute tissue tempera-
ture at location (x,y,z) [35]. The value of () is zero before appli-
cation of the heat-producing laser energy, and it increases during
heating. 63% and 98% denaturations of protein occur when ()
=1 and 4, respectively. Numerical simulations make it possible to
assess the potential thermal damage after the laser treatment. The
temperatures determined in the study 7,(x,y,z,t) can then be sub-
stituted into the integral in Eq. (7) to assess the degree of thermal
damage.
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Table 1 Geometrical parameters and optical properties of eye
tissues
Attenuation Blood perfusion
Thickness i coefficient u rate w ((1/s) or
(m) (1/m) (ml/min.100 g))
Vitreous 0.02 2.56 0
Retina 0.00019 725 0.005 (30)
RPE 0.00001 14,000 0.005 (30)
Choriocapillaris ~ 0.00001 2,040 0.167 (1000)
Choroid feeder  0.00005 4,610 (without dye), 0
vessel 9,000 (with dye)
Choroid 0.00025 3,500 0.005 (30)
Sclera 0.0007 506 0.00046 (2.7)
3 Results

3.1 Parameters and Thermal Properties. The laser spot has
a 1/e? radius of 50 um (W,). Table 1 lists the geometrical param-
eters, radiation properties, and local blood perfusion rate of each
layer used in the model. It may be noted that the total thickness of
the choroid is 250 um. The choroidal feeder vessel can be located
close to or far away from the posterior surface of the choriocap-
illaries, so that the distance between the choriocapillaris and the
anterior surface of the choroidal feeder vessel, hy,,, was selected
to be 25 um, 50 um, 75 pm, 100 um, or 125 pum.

The attenuation coefficient in the vitreous layer (Lyireous) WS
derived based on previous result that only 5% of laser energy at
810 nm wavelength is absorbed in this layer [36]. The RPE has
the highest attenuation coefficient of around 14,000 m~'. ICG-
enhanced laser absorption in the feeder vessel was modeled as an
increase in the attenuation coefficient from
4610 m~! to 9000 m~!, as shown in Flower [26]. The attenuation
coefficient in the retinal layer is similar to that in the layer of
sclera [37].

Local blood perfusion rate in each layer is listed in Table 1. The
choriocapillaris has the highest rate of volume blood flow per
tissue weight of any tissue structure in the human body. The value
of 0.167s™' in choriocapillaris is  equivalent to
1000 ml/min.100 g tissue. On the other hand, the local blood per-
fusion rate in the sclera is around 3 ml/min. 100 g tissue, which is
similar to that in resting muscle. The high demand in nutrients in
the retina, RPE, and choroid requires a high blood perfusion rate.
In this study, the values selected for these three tissue layers were
0.005 s~!, or 30 ml/min. 100 g tissue, as used in a previous study
[38]. Table 2 gives the values of a base line combination of pa-
rameters used in the computations. The laser beam was 100 um
diameter with a power level of 0.05 W. The total heating duration
was 1 s.

3.2 Baseline Temperature Field With Enhanced Energy
Absorption by ICG Dye. Figures 3(a) and 3(b) show the tem-
perature contours in the vicinity of the choroidal feeder vessel
without and with ICG-dye-enhanced energy absorption, respec-
tively. Temperature contours are similar in both images except that
the temperature elevations in the feeder vessel are smaller when
no ICG dye is added to the blood stream. The temperature field in
the vicinity of the feeder vessel is enlarged and shown in Fig. 3(c).
Maximum temperatures in most of the layers occur at the center
of the laser spot. However, in the axial direction of the feeder
vessel, the maximum temperature shifts toward downstream in the
vessel due to the heat convection in the x direction. Temperature

Table 2 Parameters of the base line model

0=0.05 W u=8 mm/s

At=1s

W;=50 um
Mfeeder™ 9000 m~

1,=637 W/cm?

' hgy=75 um
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Fig. 3 Contour plot of the temperature distribution in the vi-
cinity of the feeder vessel at the end of the heating duration
(t=1 s): (a) without dye; (b) with dye; (c) enlarged temperature
contours in the vicinity of the feeder vessel

distribution is not axisymmetric about the central line of the laser
path due to the blood flow in the feeder vessel. The original se-
lection of the size of the simulated domain (1 mm diameter cyl-
inder) is large enough so that the boundary condition at the cyl-
inder surface did not interfere with the temperature elevation in
the center region.

The transient behavior of the temperature elevations in three
tissue locations are examined in Fig. 4. At the beginning of the
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Fig. 4 Temperature rises in RPE, choriocapillaries, and chor-
oidal feeder vessel during the heating

heating (r<<0.05 s), a linear temperature elevation is observed,
which indicates that initial heat conduction can be neglected.
However, for the majority of the heating durations (1.0=t
=0.05 s), temperature rises slowly. This result suggests that heat
conduction and convection in the tissue play important roles as
heating continues.

Heat is conducted along the laser path as well as in the x and y
planes. Figures 5 and 6 examine the effect of blood flow in the
feeder vessel. The lateral temperature profiles in the y direction
are plotted in Fig. 5. It may be noted that the feeder vessel is
placed parallel to the x axis; a symmetric temperature distribution
is observed. As expected, the effect of the blood flow velocity is to
lower the temperature elevation. The full width of half maximum
(FWHM) in the y direction at the choroidal feeder vessel is ap-
proximately 190 um when the laser spot is 100 um in diameter.
The FWHM varies between 176 um and 200 um over the range
of the blood flow velocity. If the choroidal feeder vessel is less
than 25 um in radius (50 wm diameter shown by the circle in Fig.
5) and the laser is aimed at the center of the feeder vessel, tem-
perature elevation in the feeder vessel is almost uniform. As
shown in Fig. 6, the temperature distribution along the feeder
vessel (x direction) is asymmetric and the maximum temperature
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Fig. 5 Lateral temperature distributions from the center of the
choroidal feeder vessel in the y direction as a function of the
blood flow velocity in the vessel. The red circle represents the
feeder vessel and the pink area refers to the region covered by
the laser spot. The FWHM is denoted by the double arrows.
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Fig. 6 Lateral temperature distributions in the axial direction
of the feeder vessel. Note the change in the FWHM under dif-
ferent blood flow velocities.

shifts from the center of the laser spot to the downstream due to
the heat convection in the feeder vessel. The enhancement in heat
transfer in the x direction due to the blood flow results in a reduc-
tion of focused temperature rise at the laser spot than that when
u=0. Consequently, a larger FWHM is observed in the x direction
than that in the y direction (240 wm versus 200 um when u
=15 mm/s).

The convective effect is further examined in Fig. 7, where the
temperature elevation at the end of the heating period at the center
of the feeder vessel is plotted to illustrate the effect of blood flow
velocity on the temperatures. Blood flow in vessels usually acts as
a heat sink resulting in thermal cooling during laser treatment. The
cooling effect due to the heat convection by the blood flow is
relatively small (7°C) when heat conduction is not dominant,
while it increases to more than 11°C at the end of the heating
period (t=1 s). The temperature elevation without the blood flow
is approximately 52°C, and it drops 21% to 41°C when u
=15 mm/s.

3.3 Temperature Elevation in Different Tissue Layers and
the Effect of Dye-Enhanced Energy Absorption. Detailed tem-
perature profiles along the central line of the laser path (r=0) are
illustrated in Figs. 8(a) and 8(b) for the normal and ICG-dye-
enhanced conditions, respectively. Since temperature elevations in
the vitreous, retina, and sclera are relatively minor (less than 15%
of the maximum temperature rise), only the temperature profile in
the vicinity of the choroidal feeder vessel is discussed. Tempera-
ture elevations of 52°C and 42°C are observed in the RPE and
the feeder vessel, respectively, for the normal condition (Fig.
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Fig. 7 Temperature elevations at the center of the choroidal
feeder vessel as a function of the blood flow velocity when ¢
=1s
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8(a)). The dye-enhanced energy absorption in the feeder vessel
results in a temperature elevation of 49°C, a 20% increase from
the normal condition, as shown in Fig. 8(b). Temperature eleva-
tion at the RPE also increases slightly (53°C) from the normal
condition. It is evident from these two figures that the ICG-dye-
enhanced energy absorption results in a higher temperature eleva-
tion in the feeder vessel. The ratio of temperature rise in the RPE
to that in the feeder vessel, B=ATrpg/ AT eeder 1S introduced to
evaluate collateral damage occurring in the RPE. Based on the
data given in Figs. 8(a) and 8(b), one can calculate that 8 de-
creases from 1.24 (=52°C/42°C) in the normal condition to 1.08
(=53°C/49°C) in the dye-enhanced condition.

3.4 Effect of Feeder Vessel Distance From the
Choriocapillaris. In order to preserve the RPE overlying sub- or
juxtafoveal CNV, in clinical and animal studies of feeder vessel
laser photocoagulation, the feeder vessel laser target site is chosen
to be away from the fovea [26] (see Fig. 1). As a first approxima-
tion, since feeder vessels rise obliquely toward the choriocapil-
laris, the distance between the targeted site on a feeder vessel and
the choriocapillaris may become greater as the target site is moved
away from the fovea.

The effect of the distance, /4,,, On the temperature elevation of
the feeder vessel is shown in Fig. 9 when the thickness varies
between 25 um and 125 pum. The major role played by hgy, is to
make the energy absorption less concentrated in the area sur-
rounding the RPE. Therefore, the maximum temperature elevation
in the feeder vessel decreases as hy,, increases. One observes a
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Fig. 9 Effect of the location of the feeder vessel on the tem-
perature profile along the laser path

significant increase in ATj..4., and a relatively minor increase in
the temperature elevation at the RPE and choriocapillaris as the
site on the feeder vessel moves closer to the choriocapillaris in
Fig. 9. When the feeder vessel site is very close to the choriocap-
illaris, the temperature elevation in the feeder vessel is higher than
that in the sensitive RPE region. The value of 8 keeps decreasing
as hg,, decreases in the ICG-dye-enhanced case. B drops from
1.23 (hgp=125 um) to 1.15 (heyp=100 um), to 1.06 (frggee
=75 pum), to 1.00 (Ajsue=50 um), and finally to 0.97 when the
distance is 25 um. Selecting a focused site along the vessel in the
attempt to be as far as possible from the choriocapillaris would
result a small temperature rise, and the collateral damage to the
RPE would be relatively large, since more laser power would be
needed to elevate the temperature of the feeder vessel.

3.5 Effect of Laser Spot Size and Temperature Level. Fig-
ure 10 examines the effect of the size of the laser spot on tem-
perature elevation of the feeder vessel. Doubling the spot size
reduces the maximum temperature elevation by only 40% when
the laser power is kept the same. In order to achieve the same
level of maximum temperature elevation at the center of the
feeder vessel, the power level must be increased from
0.05 W to 0.08 W to compensate for the less focused heating
area. As also shown in Fig. 10, the temperature elevation is almost
proportional to the laser power level if all the other parameters are
unchanged.
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Fig. 10 Effects of the diameter of the laser spot and the laser
power on the temperature profiles along the laser path
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Table 3 Thermal damage Q in the feeder vessel and RPE

Time ¢ (s) 0.1 0.2 0.4 0.5 1.0
Feeder vessel 0.01 0.5 2.6 39 12.1
RPE 0.03 1.5 8.3 13.3 43.6

Arrhenius Integral Thermal Damage of the Feeder Vessel.
To assess the tissue damage to the feeder vessel, both constants A
and E, in Eq. (7) are needed. They have been well reported for
temperatures much less than 100°C. In this study, the Arrhenius
integral was estimated based on the data given by Birngruber et al.
[39], where A=10% (1/s) and E,=2.93 X 10° J/mole K. Applying
the simulated temperature history using the parameters of the base
line model and assuming that the Arrhenius constants are un-
changed during heating, the values of ) for the feeder vessel and
RPE were calculated for different points in time. Table 3 gives the
Arrhenius integral as a function of the heating duration. Under the
current laser power level, the heating duration has to be longer
than 0.5 s for Q>4. (=4 corresponds to a 98% denaturation of
tissue.

Under the assumption that the Arrhenius constants are the same
to both the RPE and feeder vessel, the calculated () at the RPE
was almost three times of that at the feeder vessel. The huge
difference of () between the two values is the direct result of the
exponential relationship between the temperature and the Arrhen-
ius integral, even if the temperature elevation in the RPE is only
8% higher than that in the feeder vessel. In the temperature range
when both A and E, are relatively unchanged, the Arrhenius inte-
gral suggested that when the temperature elevation is increased by
1°C (or Kelvin) the heating duration can be halved to achieve the
same degree of thermal damage [40]. However, this result is con-
trary to the consistent clinical observation that, by using ICG-dye-
enhanced photocoagulation, CNV feeder vessels are closed with-
out visible damage to the overlying RPE. This disparity suggests
that the Arrhenius constants used to estimate thermal damage at
the RPE may be different from that of the feeder vessel. More-
over, the assumption that the Arrhenius constants do not change
during heating may be incorrect. Further studies of quantification
of the Arrhenius constants are warranted to improve the accuracy
of assessing thermal damage in tissue.

4 Discussion

The current simulation provides insights on the laser photoco-
agulation treatment protocols that have been used in clinical stud-
ies. The FWHM is approximately 200 um in radius when the
laser spot size is 100 um in diameter. If the laser beam can be
aimed at the center of the feeder vessel, the temperature elevation
in the feeder vessel will be almost uniform. As practiced in the
great majority of cases, during CNV feeder vessel laser photoco-
agulation, the ophthalmologist cannot actually “see” the feeder
vessel when the laser energy is applied, as he/she applies laser
energy to the eye using a slit-lamp delivery system that affords
only a reflected-white-light visualization of the fundus; he must
rely on using the visible retinal vessels as a road map to decide
where to apply laser energy, based on a previously recorded ICG
angiogram image that shows the major retinal vessels in relation-
ship to the underlying choroidal vessels, including the target CNV
feeder vessel. Although this method of feeder vessel treatment has
proven to be effective, there is always a question as to the accu-
racy with which photocoagulation laser energy has been applied.
As shown in the theoretical simulation, if the laser is aimed
100 wm from the center of the feeder vessel, temperature eleva-
tion will be significantly reduced and the effectiveness of the ther-
mal therapy will be compromised. As a consequence, either the
laser power level or the heating duration would have to be in-
creased to a much higher level to successfully photocoagulate the
targeted vessel, and that inevitably would cause unnecessary col-
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lateral damage to the RPE and sensory retina. This study indicates
the consequences of imperfect laser energy application in terms of
achieving consistent clinical results.

Unlike pulsed laser treatment [41], in which heat conduction
and convection do not play a significant role in determining the
temperature elevation, blood flow in the feeder vessel is one of the
dominant factors that can affect the treatment efficiency of the
laser photocoagulation. Heat convection in the axial direction of
the feeder vessel causes the thermal energy to be less concentrated
within the laser spot, and therefore, a smaller temperature eleva-
tion would occur at the targeted feeder vessel as a result of blood
mass movement during laser energy application. Depending on
the blood flow velocity, the effect of the blood flow can lower the
temperature rise by 21%. However, during the current treatment
protocols using laser therapy, the blood flow velocity is usually
unknown to the ophthalmologist. A recent paper by the authors
[42] has provided a quantitative estimate of the blood flow veloc-
ity based on the ICD dye angiograms performed routinely for
AMD patients. If this approach of measuring the blood flow ve-
locity in the targeted feeder vessel can be combined with the laser
therapy, the current CNV feeder vessel laser treatment for AMD
patients can be greatly improved to deliver a precise thermal dose
while minimizing collateral tissue damage.

This research confirms that ICG-dye-enhanced laser photoco-
agulation will result in a higher temperature elevation in a chor-
oidal feeder vessel. If the feeder vessel is located relatively far
away from the choriocapillaris, the enhancement in the laser en-
ergy absorption would result in a small increase in the temperature
elevation at the RPE. One way to further boost the energy absorp-
tion is to increase the concentration of the dye bolus that is in-
jected, assuming that it can be done safely in the patient. In theory,
a further increase in the dye concentration has the potential to
shift the maximum temperature from the RPE and sensory retina
toward the feeder vessel.

If ICG-dye-enhanced photocoagulation is practiced using the
slit-lamp delivery system, where the feeder vessel cannot be di-
rectly visualized, one technical issue facing the ophthalmologist is
the precise timing of the arrival of the dye bolus at the targeted
feeder vessel to exploit the dye-enhanced energy absorption. In
the clinical studies, the ophthalmologist estimates the time for the
dye bolus traveling to the targeted choroidal feeder vessel based
on the angiogram obtained before the laser therapy. After the ICG-
dye angiogram, the same amount of dye is injected intravenously
again to the patient and laser is delivered after that specific time
interval. Since the dye bolus travels relatively fast in the choroidal
feeder vessel (~2 mm/s) [42], missing the dye bolus during its
transit through the targeted vessel would result in a smaller tem-
perature elevation, as shown by the simulation for the normal
condition.

One motivation of CNV feeder vessel laser photocoagulation is
to avoid thermal damage to the RPE in the macular region by
shifting the laser path away from the macula. The size of macula
is approximately 100 um in radius. The center of a laser spot of
50 wm in radius should be placed at least 150 um (50+ 100) away
from the fovea. If the rising angle of the feeder vessel is approxi-
mately 45 deg, the tissue gap between the focus point at the feeder
vessel and the RPE should be at least 150 um. However, if the
feeder vessel rises almost parallel to the choriocapillaris, the tissue
gap would be smaller. As suggested by Fig. 9, the collateral dam-
age to the RPE will be smaller if the laser spot is relatively closer
to the choriocapillaris. Nevertheless, under the current base line
parameters, thermal damage to the densely pigmented RPE along
the laser path is inevitable for the selected laser parameters due to
the high laser energy absorption by the pigment in this layer; the
results also indicate that when using dye-enhanced photocoagula-
tion, temperature elevation at the feeder vessel increases by 20%,
without concomitant significant elevation of RPE temperature. It
is conceivable that further boost in feeder vessel temperature rise
produced by dye-enhanced photocoagulation may be feasible by
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increasing the concentration of the transiting dye bolus, by modi-
fying the dye injection regimen, or by modifying the absorption
characteristics of the dye bolus by some means. Since both dye-
enhanced energy absorption and the location of the feeder vessel
photocoagulation site can affect the degree of collateral RPE dam-
age, future clinical protocols could be improved not only by in-
creasing the dye concentration but also by selecting photocoagu-
lation sites closer to the choriocapillaris so that the maximum
temperature would shift farther from the RPE to the feeder vessel.

This theoretical analysis is limited by the simplification of the
choroidal feeder vessel as a straight tube placing perpendicular to
the laser path. Since this is a three-dimensional heat transfer
model, a more accurate representation of the vasculature would
require far more intensive computational resources. As shown in
the simulation of the radial temperature distribution, significant
temperature elevation is limited to a cylinder of less than 200 um
(FWHM) in radius. Nevertheless, we believe that the model simu-
lation may still be faithful to the clinical situation due the small
focus area of the laser spot and the short time duration of the
heating. This can certainly be tested in the future when a more
powerful computer simulation is available.

In summary, in this study a theoretical simulation is performed
to predict the temperature field in the vicinity of the choroidal
feeder vessel during CNV feeder vessel laser photocoagulation.
ICG-dye-enhanced laser photocoagulation increases the tempera-
ture rise at the targeted vessel region. Less collateral damage is
induced to the RPE with dye-enhanced energy absorption in the
feeder vessel and when the targeted feeder vessel site is closer to
the RPE. We believe that this study helps in providing valuable
information to ophthalmologists in designing and optimizing the
treatment protocol to patients with AMD-relation CNV, especially
under conditions where real-time image technique of the targeted
feeder vessel and the transit of the ICG-dye bolus is available
during the laser energy application.
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Nomenclature
A = frequency or preexponential factor (1/s)
¢ = specific heat capacity (J/kgK)
E, = activation energy (J/mol)
E, = maximal irradiance at r=0 (W/m?)
h = thickness of each structure (m)
hy,, = distance between the bottom of choriocapillaris
and the top surface of the feeder vessel
I = irradiance of the laser (W/m?)
k = thermal conductivity (W/m K)
r = Radial distance from the central line of the
laser path (m)
= volumetric heat generation rate (W/m?3)
Q = laser power (W)
T = temperature (°C or K)
1/€? radius of the laser beam
X, y, z = Cartesian coordinate system

Greek Letters
p = density of tissue (kg/m?)
M = attenuation coefficient due to absorption and
scattering (1/m)
) = Arrhenius integral
B = ratio of temperature rise in the RPE to that in
the feeder vessel
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Subscript

a = artery

b = blood

cc = choriocapillaris

t = tissue
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