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Abstract

Purpose. To quantitatively evaluate the efficacy-safety
balance of transscleral cyclophotocoagulation (TSCPC)
through a mathematical modeling-based analysis of thermal
tissue response in the ciliary body, and to determine the laser
exposure parameters for achieving a selective coagulation ef-
fect in neovascular glaucoma (NVG).
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Material and Methods. A model of heat transfer in the
ciliary body was developed using the Pennes bioheat trans-
fer equation. Continuous Wave (CW) TSCPC and MicroPulse
TSCPC at 1 W and 2W for a single 2-s application and a
series of 2-s applications were subjected to analysis. The fol-
lowing parameters were determined: maximum temperature
(Tmax), time to reach 50 °C (t,), time in the temperature
range 50-60 °C (t50-60), and time in the temperature range
above 60 °C (t1(>60)). Integral thermal indices including the
Therapeutic Exposure Index (TEI), Destructive Exposure In-
dex (DEI), and Thermal Selectivity Index (TSI), and Safety
Margin were calculated.

Results. A single 2-s CW-TSCPC application at 1 W en-
abled achieving the coagulation temperature threshold (Tmax
=50.8 °C; t ., = 1.44 s) without a transition to the destructive
temperature range (> 60 °C), whereas that at 2 W was ac-
companied by tissue overheating (T, = 61.8 °C; t,, = 0.4
s). A series of 2-s CW laser applications at 1 W enabled ac-
cumulation of the heat dose within the therapeutic window
(t50-60 = 17.1 s; DEI = 0), whereas that at 2 W resulted in
large t_,, values (t_., = 39.7 s; DEI = 0.67). MicroPulse
TSCPC did not result in reaching the coagulation threshold
(T, <49 °C). The integral indices confirmed the optimal
efficacy—safety balance for a CW-TSCPC application at 1 W.

Conclusion. The 60 °C temperature threshold determines
the transition from coagulative to destructive tissue injury.
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Therefore, CW-TSCPC at 1 W provides an optimal efficacy-
safety balance due to a selective coagulative effect, and can
be considered a pathophysiologically justified strategy for
optimizing TSCPC parameters in NVG.

Keywords: neovascular glaucoma, transscleral cyclopho-
tocoagulation, mathematical modeling, temperature, intra-
ocular pressure, Thermal Selectivity Index.

Peslome

Mema. Ha ocHosi mamemMamuyHo20 MOOeNo8aHHs
KinbKiCHO oyinumu 6ananc egexmugnocmi ma 6e3nexu
MPAHCCKAEPANbHOT YUKIOGOMOKOA2YAAYIT WIAXOM aHATI-
3y memnepamypHoi 6i0no6idi MKAHUHU YULIGpHO20 Mmina
ma GU3HAYUMYU NAPAMEMPU 1A3ePHO20 6NAUBY, WO 3a0e3-
neuyoms ceneKmuGHULL Koazyisayiinull eoekm npu Heoeac-
KVIAPHILL 21aAYKOML.

Mamepian ma memoou. [Iposedeno mamemamuune
MOOeNo8aANHS MENJIONEPEHOCY 8 MKAHUMI YUTIAPHO20 Mina
3 GUKOpUCMAHHAM pisHsHHA biomenaonepernocy Ilenneca.
Ananizysanu besnepepsnuii (Continuous Wave, CW) ma
MicroPulse pexcumu npu nomyxcrnocmi 1 Bm i 2 Bm 0ns
oounuunux (2 c) i cepivinux (20%2 ¢) annikayiv. Busnauanu
Tmax, uac docsenenns 50 °C (t,), mpusanicmo nepebyear-
Ha 6 dianasonax 50-60 °C ma >60 °C. Pospaxosysanu in-
meepanvni indexcu: TEI, DEI, TSI ma Safety Margin.

Introduction

Transscleral cyclophotocoagulation (TSCPC) is a ma-
jor treatment option for refractory glaucoma (particularly,
neovascular glaucoma (NVG)), with a reduction in intra-
ocular pressure (IOP) achieved through the inhibition of
ciliary secretion [1, 2]. Treatment efficacy is especially
important in patients with secondary NVG because fast
progression of the disease is associated with severe and
sometimes irreversible loss of visual function.

Although studies have demonstrated the clinical effi-
cacy of TSCPC for NVG, treatment outcomes vary widely
and depend on laser application parameters which deter-
mine the depth of, and type of thermal injury to, the ciliary
body. Insufficient thermal exposure can result in poor IOP
control, whereas excessive energy delivery is associated
with increased risk of complications, including hypotonia,
inflammation and phthisis bulbi [3].

The biological effect of tissue exposure to laser is
determined by the temperature-time profiles. At a tissue
temperature of 50 to 60 °C, protein denaturation occurs
with coagulative tissue changes and relative preservation
of tissue architecture, which corresponds to the therapeu-
tic effect of photocoagulation, whereas coagulation necro-
sis with irreversible structural damage occurs at a tissue
temperature exceeding 60 °C [4, 5]. Biological tissue re-
sponse, however, is determined not only by peak tempera-
ture, but also by the duration of tissue exposure to laser,

Pesynomamu. Pesicum CW 1 Bm % 2 ¢ 3abe3neuysas 0o-
CACHEHHS KoazynayitiHo2o memnepamypHo2o nopoza (Tmax
= 50,8 °C; t50 = 1,44 c) b6e3 nepexody y decmpyKmueHuii
dianazon (>60 °C), modi sx CW 2 Bm cynposodicyeascs
nepeepieom (Tmax = 61,8 °C; t50 = 0,4 ¢). Ilpu cepitino-
my enauei CW 1 Bm 3ab6e3neuysag HakonuuenHs menioeoi
003U 8 MENCAX MePaAnesmuiH020 GIKHA (tﬂF 0= 17,1 ¢; DEI
= 0), mooi sx CW 2 Bm npu3goous 0o mpuganozo nepe-
oyeanmsn y 3omi >60 °C (39,7 ¢; DEI = 0,67). Pexcumu
MicroPulse ne docsieanu xoazynayitinozo nopoea (T, =<
49 °C). Inmeepanvhi inoekcu niomeepousu ONMUMAibHe
cniggionowenns egpexmusHocmi ma besnexu O Pescumy
CW 1 Bm.

Bucnosku. Temnepamypnuii nopie 60 °C € kpumuunum
07151 nepexody 6i0 KoazynAyiliHo2o 00 0ecmpyKmugHO20
yuikoocennss mxanun. Peocum CW 1 Bm x 2 ¢ 3abe3neuye
ONMUMATLHUTL OANAHC MIdIC 2INOMEH3UBHOIO eheKmUGHIC-
mio ma H6e3nexoio i Modce po32nA0AMUCA SIK namogiziono-
2IYHO 00IpYHmMOsana cmpamezis onmumizayii napamempie
TCK H®K npu neosackynapmiii 2nayKomi.

Knrouosi cnoea: meosackynapha eiaykoma, mpamcckie-
PanbHA  YUKIOPOMOKOASYIAYISL, MAMeMamuyte Mo0eno-
6aHHA, memnepamypa, 6HympiuHboouHuti muck, Thermal
Selectivity Index.

which is most fully described by the concept of cumulative
equivalent dose at 43 °C (CEM43) [6].

The clinical evolution of TSCPC methods — from con-
ventional continuous-wave (CW) high-energy laser deliv-
ery to more controlled approaches such as slow-coagula-
tion and micropulse TSCPC — reflects the transition from
a predominantly destructive to a more selective and func-
tionally-oriented treatment strategy [3]. However, despite
wide introduction of TSCPC into clinical practice, the se-
lection of laser parameters still remains largely empirical,
which limits the repeatability of treatment outcomes and
makes it difficult to achieve the balance between the thera-
peutic benefits and potential complications.

In this context, mathematical modeling of ciliary re-
sponse to temperature seems to be a promising instrument
for the quantitative assessment of temperature distribu-
tion, determination of critical temperature thresholds and
predicting the risk of transition from controlled coagula-
tive to destructive tissue injury. The integration of these
approaches creates the basis for the pathophysiologically
justified personalization of TSCPC parameters and im-
provement in treatment efficiency and safety.

The purpose of this study was to quantitatively eval-
uate the efficacy-safety balance of TSCPC through a
mathematical modeling-based analysis of thermal tissue
response in the ciliary body, and to determine the laser
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exposure parameters for achieving a selective coagulation
effect in NVG.

Material and Methods

Study design

Mathematical modeling of the ciliary response to tem-
perature during TSCPC. The biological effect of laser was
assessed based on the concept of cumulative equivalent
thermal dose of heating, with the tissue damage deter-
mined by the combination of temperature and exposure
duration [7].

Given a limited clinical interpretability of classical
characteristics (particularly, CEM43), in this study, we
used an approach based on the analysis of the tissue resi-
dence time at the clinically significant temperature range,
which enables to correlate the modeling results with the
morphological and clinical effects of TSCPC directly.

A mathematical model of heat transfer

The temperature dynamics in ciliary body tissue was
described based on the Pennes bioheat transfer equation:

pe T = BVT + 0

where T is the tissue temperature (°C); t, time (s); k,
thermal conductivity of the tissue [W/(meK)]; p, tissue
density (kg/m?); c, specific heat capacity of the tissue [J/
(kge K)]; and Q, volumetric density of the heat source (W/
m?) which corresponds to absorption of laser radiation [8].

The model is 2D axisymmetric, which reflects the lo-
cal geometry of the zone of laser irradiation effect on the
sclera and ciliary body. The tissues were modeled as a two-
layer structure (the sclera and ciliary body) with homoge-
neous thermophysical and optical properties within either
layer.

A boundary condition of convective heat exchange
with the environment (h = 10 W/m?+K) was set for the ex-
ternal scleral surface, and a fixed temperature correspond-
ing to the temperature of the intraocular fluid (37 °C) was
set for the internal scleral surface.

The heat source Q was determined by the Bouguer-
Beer-Lambert law:

Q(z) = pa * 10 * exp(—Ha°2),

where [, is the optical absorption coefficient, 10 is the
initial light intensity, and z is the depth of light penetra-
tion into the tissue. This approach has been widely used
for modeling the interaction of laser radiation with tissue
[9, 10].

Within the model, the volumetric density of the heat
source Q was corrected using the coefficients reflecting the
biophysical and anatomical factors relevant to heat trans-
fer to the ciliary body (Table 2).

The model was developed taking into account the clini-
cal application of TSCPC in NVG; however, the current
version of the model simulates average heat transfer with-
out individualization of the parameters associated with
ischemia, microcirculation, pigmentation and morphologi-
cal remodeling of the ciliary body.

Factors of heat effect modification (gain parameters)

Within the model, the volume density of the heat source
power was corrected taking into account the coefficients
reflecting the biophysical and anatomical factors relevant
to heat transfer to the ciliary body (Table 2).

The use of gain parameters allows taking into consid-
eration the individual anatomical and clinical features that
can modify the temperature profile in TSCPC.

The effective volumetric density of the heat source
power was determined as follows:

Qeff = Q * G\ » Gsclera * Gecompression ¢ Gpigment ¢
Gthermal,

where GA, Gsclera, Gecompression, Gpigment, and
Gthermal are corresponding corrective coefficients.

The use of gain parameters allows taking into account
the variability of energy penetration associated with scler-
al thickness, probe compression, pigmentation level and
optical characteristics of tissues.

Table 1. Physical and optical parameters used in a heat transfer model

Parameter Designation Value Units
Tissue density [11] P 1050 kg/m?
Specific heat capacity [12] c 3600 J/(kg- K)
Thermal conductivity [11] k 0.5 W/(m- K)
Optical absorption coefficient (at 810 nm) [9] [V 100-300 cm!
Scattering coefficient [9] [V 50-100 cm-!
Temperature of the intraocular fluid [8] T, 37 °C
Convective heat exchange coefficient [12] h 10 W/(m?-K)
Laser wavelength A 810 nm

Note: p, tissue density (kg/m?); ¢, specific heat capacity of the tissue [J/(kg- K)]; k, thermal conductivity of the tissue [W/(m-K)];
u,, optical absorption coefficient; u_, scattering coefficient; T, initial temperature (°C); h, heat exchange coefficient [W/(m?-K)]
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Table 2. Correcting coefficients (gain parameters) of a hear exposure model

Factor Designation Typical value Range
Wavelength G, 0.9 0.5-0.9
Scleral thickness sclera 0.7 0.6-0.9
Probe compression G ompression 1.2 1.0-1.3
Pigmentation G, igment 1,0 0.8-1.2
Thermal scaling Giormal k/(pc) —

Note: G,, wavelength coefficient; G
tion coefficient; G

sclera’

thermal’

sclera thickness coefficient; G
heat transformation coefficient, enables transformation of the consumed power into the change in

compression coefficient; G .. pigmenta-

compression’

temperature (W — °C/s) taking into account the thermophysical properties of the tissue

Optical parameters were assigned for the 820-nm wave
length and generalized based on the experimental studies
on the optical properties of ocular tissues and laser-tissue
interaction models. The thermophysical parameters corre-
sponded to the typical values for the soft biological tissues
used in biothermal modeling.

To provide a correct comparison among different trans-
scleral laser treatment scenarios, thermophysical, optical
and geometric parameters in the model were assigned
fixed values, and only laser radiation parameters were
variable [11, 13, 14, 15].

Such an approach allows isolating the effect of laser
energy parameters on the temperature profile and provides
a correct comparison among different TSCPC modes.

Temperature thresholds and clinical interpretation

Three temperature ranges were considered separately:

= < 50°C, a subcoagulative temperature range (no sig-
nificant structural damage)

= 50-60°C, a coagulative temperature range (selective
protein denaturation with a therapeutic effect), and

= > 50°C, a destructive temperature range (coagulative
necrosis with stromal and vascular lesions).

This distribution reflects current understanding of la-
ser-tissue interactions and mechanisms of thermal injury
in tissues [4, 5].

Modeling scenarios

Two types of tissue exposure to TSCPC were consid-
ered:

= A single 2-s laser application

= A series of 20 2-s laser applications separated by one-
second intervals (with a total time of 59 s).

Two TSCPC modes were modeled (a continuous-wave
(CW) mode and a micropulse mode), with two values of
laser power, 1| W and 2W, for either mode. Micropulse
mode modeling was performed for average laser wattage
and a 31.3% duty cycle without direct simulation of the
microsecond pulse structure, which should be taken in ac-
count while interpreting the results.

Integral temperature indices and their clinical value

In order to evaluate quantitatively the effect of tem-
perature-time combinations on the ciliary body tissue, we

developed a set of integral indices that reflect the balance
between the therapeutic and destructive components of
thermal exposure.

Therapeutic exposure index (TEI) characterizes the
percentage of time the tissue was exposed to a temperature
within a coagulative temperature range (50—60°C) and re-
flects the magnitude of the therapeutic effect: TEI = t50—60
/ ttotal; destructive exposure index (DEI) characterizes the
percentage of time the tissue was exposed to a temperature
within a destructive range (> 60°C) and reflects the risk of
irreversible tissue damage: DEI = t(>60) / ttotal; thermal
selectivity index (TSI) determines the relationship between
the therapeutic exposure and the destructive exposure: TSI
=t50—60 / (t(>60) + 0.01); and Safety Margin is the dif-
ference between the critical temperature threshold (60 °C)
for a transition to destructive temperature exposure, and
the maximum tissue temperature (Tmax) achieved in the
model: Safety Margin = 60 — Tmax.

The indices proposed represent a clinically oriented
adaptation of the thermal dose concept, enabling a transi-
tion from the descriptive analysis of temperature curves
to the quantitative evaluation of the efficacy and safety of
TSCPC.

The parameters examined for each scenario included
maximum temperature (Tmax), temperature at the end
of exposure (Tend), time to reach a temperature of 50 °C
(t50), time in the range 50—60 °C (t50—60) and time in the
range above 60 °C (t(>60)).

Table 3 presents the main modeling parameters and
their clinical interpretation.

The parameters presented in Table 3 were used for the
quantitative assessment of the temperature-time profile for
exposure to laser and the balance between the therapeutic
and effects of TSCPC. Parameters Tmax, t50, t50-60 and
t(>60) reflect the dynamics of tissue heating, whereas the
integral indices (TEI, DEI, and TSI) and the Safety Margin
can be used for generalized evaluation of the efficacy and
safety of laser tissue exposure.

Statistical analysis

Statistical analysis of modeling results was performed
using descriptive statistics and comparison for tempera-
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Table 3. Main modeling parameters and their clinical values

Parameter Designation Clinical value
Maximum temperature T oo Risk of destructive injury
Temperature at the end of exposure T Cumulative effect
Time to reach a temperature of 50 °C t, Rapidity of therapeutic effect
Time in the range 50-60 °C teoeo Effective coagulation
Time in the range above 60 °C toeo) Risk of necrosis
TEI tooco! Lot Proportion of therapeutic effect
DEI teo !t Proportion of destructive effect
TSI to60 (toe0) T 0.01) Effect-risk balance
Safety margin 60-T, . Safety margin

Note: T__, maximum temperature; T__,
time in the range 50-60 °C; t ..
Index; TSI, Thermal Selectivity Index; t

total’

ture parameters and integral indices between exposure sce-
narios. Analysis of relative differences and ratio analysis
were used for the quantitative characteristic of the effect of
laser power and energy delivery mode. Classical paramet-
ric statistical tests were not used because of the determin-
istic nature of the model. Temperature parameters (Tmax,
Tend, t50, t50-60, and t(>60)) and integral indices (TEI,
DEI, and TSI) were examined for each exposure scenar-
io. The effect of changes in optical absorption coefficient
(+10-20%) on the time for achieving critical temperatures
was also evaluated.

Results

Thermal tissue response to a single laser application

Comparative modeling revealed substantial differenc-
es in ciliary body response to laser exposure depending on
laser energy delivery mode and power level. In a single
CW-TSCPC application for 2 seconds, a power of 1 W en-
abled achieving a coagulation threshold temperature with-
out a transition to the destructive temperature range, which
conformed to the minimum controlled coagulation effect.
An increase in power to 2 W resulted in fast thermal tissue
response above the threshold of 60 °C, which indicated
the development of potentially destructive thermal effects
even in a single CW-TSCPC application over 2 seconds.

In the MicroPulse mode for the both laser power set-
tings examined, the magnitude of thermal tissue response
was substantially lower and below the coagulation thresh-
old (Table 4).

Thermal tissue response to a series of laser applica-
tions

Modeling thermal tissue response to series of 20 2-s
CW laser applications separated by 1-s intervals demon-
strated a cumulative thermal effect. At 1 W, there was a
gradual accumulation of heat, and the coagulation tem-
perature range, but not the overheating temperature range

temperature at the end of exposure; t
time in the range above 60 °C; TEI, Therapeutic Exposure Index; DEI, Destructive Exposure
total exposure time

time to reach a temperature of 50 °C; t

507 50-60’

was reached by the end of the series; this conformed to a
controlled coagulation effect.

In contrast, at 2 W, there was a significantly more in-
tensive cumulative heat accumulation, with fast reaching
the threshold temperatures followed by a relatively dura-
ble tissue exposure to a destructive temperature above 60
°C, which indicated a high risk for tissue overheating and
severe thermal injury.

Therefore, a series of CW laser applications at 1 W
enables gradual falling into the temperature window for
coagulation without an excessive thermal load on the tis-
sue, whereas a series at 2 W results in early and durable
tissue exposure to temperatures within a destructive range
(Table 5).

Thermal exposure thresholds

Analysis of the time for reaching temperature thresh-
olds demonstrated that an increase in laser power led to
a sharp reduction in time to reach the coagulation and de-
struction temperature ranges, with the t50 at 1 W and 2
W being 1.44 s and 0.40 s, respectively, for a single CW-
TSCPC application, and 35.3 s and 8.2 s, respectively, for
a series of CW laser applications. These findings confirm
the existence of a critical temperature threshold of around
60 °C, with an exceedance of the threshold followed by a
sharp increase in the thermal load on the tissue (Fig. 1).

The graph shows the relationship between the dura-
tion of exposure and the ciliary body temperature, with the
grey zone corresponding to the coagulation range (50-60
°C). It was demonstrated that the CW mode enabled a fast-
er and more significant increase in temperature than the
MicroPulse mode. In the CW mode at 2 W, the tempera-
ture exceeded 60 °C, but in the CW mode at 1 W or in the
MicroPulse mode, it was below this threshold.

Integral interpretation of the results

The results obtained confirm the existence of a critical
temperature threshold of around 60 °C, with an exceed-
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Table 4. Temperature parameters for a single 2-s application at different TSCPC modes

Mode Wattage T, °C T ..°C t,s e S toeoy S
cw 1w 50.8 50.8 1.44 0.58 0
CcwW 2w 61.8 61.8 0.40 0.86 0.76

MicroPulse 1W 43.2 43.2 — 0 0
MicroPulse 2w 49.0 49.0 — 0 0

Note: T__, maximum temperature; T
time in the range 50-60 °C; t

end’

(>60)

temperature at the end of exposure; t
time in the range above 60 °C; CW, continuous wave mode

507

Table 5. Temperature parameters for a series of 20 2-s applications

time to reach a temperature of 50 °C; t

50-60”

Mode Power T.»°C I t, s tooen S t(>60), S
Ccw 1TW 50.18 50.21 35.3 171 0
CW 2W 63.77 63.83 8.2 11.2 39.7

Note: T__, maximum temperature; T

end’

temperature at the end of exposure; t

507

time to reach a temperature of 50 °C; t

50-60”

time in the range 50-60 °C; t time in the range above 60 °C; CW, continuous wave mode

(>60)’

ance of the threshold followed by the transition from the
controlled coagulation effect to destructive tissue injury.
Even with a series of laser applications, the CW mode at
1 W enabled falling into the temperature window for co-
agulation (50—60 °C) without an excessive thermal load on
the tissue, which conformed to the selective damage of the
secretory epithelium. In contrast, the CW mode at 2 W was
characterized by fast reaching temperatures above 60 °C
with a relatively durable tissue exposure to these tempera-
tures, which indicated a high risk for severe thermal injury.
MicroPulse TSCPC resulted not in reaching the coagula-
tion threshold, but in subcoagulative heating (Table 6).

4l ¥

Temperabeie, "C

Our quantitative analysis of temperature profiles with
the use of integral indices demonstrated principal differ-
ences among the modes of TSCPC examined. A single
CW-TSCPC application at 1 W enabled achieving the
coagulation temperature range without a transition to the
destructive temperature range, which conformed to the
maximum temperature selectivity (TSI — oo at t(>60) = 0).

In contrast, a single CW-TSCPC application at 2 W re-
sulted in faster tissue heating, with a significant overheat-
ing (> 60°C) component, an increase in the DEI and an
abrupt reduction in the TSI, which conformed to selectiv-
ity loss and an increase in the risk for destructive injury.

Exposure bme, &

Fig. 1. Temperature dynamics for different laser exposure modes (a single 2-s CW-TSCPC application at 1 W, a single 2-s
CW-TSCPC application at 2 W, a single MicroPulse TSCPC application at 1 W, and a single MicroPulse TSCPC application
at 2 W). The average temperature profile calculated on the basis of the equivalent average power without direct simulation
of the microsecond pulse structure is presented for a MicroPulse TSCPC application
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Table 6. Average temperature profiles and integral indices for different TSCPC modes

Scenario TowC | twS | tyewS | tuess | TEI DEl | asr;fl‘;tyc TSI
CW1W,2s 50.8 144 | 058 0 0.29 0.00 +9.2 58.0
CW2W,2s 61.8 040 | 086 | 076 0.43 0.38 -1.8 112
MicroPulse 1 W, 2's 432 - 0 0 0.00 0.00 +16.8 0
MicroPulse 2 W, 2's 49.0 - 0 0 0.00 0.00 +11.0 0
CW 1 W, 20%2 s 50.21 363 | 17.1 0 0.29 0.00 +9.79 o
CW 2 W, 20x2 s 63.83 8.2 12 | 397 0.19 0.67 -3.83 0.28

Note: TEI, proportion of time in the range 50-60 °C; DEI, proportion of time in the range above 60 °C; Safety Margin = 60-T __
+ 0.01), ratio of therapeutic exposure to destructive exposure

;TSI=t, [t

50-60" \ “(>60)

These patterns intensified with a series of CW laser ap-
plications, and a series of CW-TSCPC applications at 1
W enabled consistent coagulation without excessive tissue
heating, whereas those at 2 W led to apparent thermal dose
accumulation in the destructive range.

MicroPulse TSCPC resulted not in reaching the coagu-
lation threshold, but in subcoagulative heating.

Therefore, CW-TSCPC at 1 W provided an optimal ef-
ficacy-safety balance due to a selective coagulative effect,
whereas CW-TSCPC at 2 W was associated with an exces-
sive thermal load on the tissue and temperature selectivity
loss. TSCPC efficacy is determined not only by reaching
the threshold temperature, but also by the time the tissue
spends in the coagulation temperature range.

Discussion

The results of this study confirm that the temperature-
time profile is a key determinant of the type of thermal
injury to the ciliary body and determines the balance be-
tween hypotensive efficacy and the risk of complications
in TSCPC. The existence of a clear temperature threshold
of around 60 °C was established, with an exceedance of
the threshold followed by a transition from a controlled
coagulation effect to a destructive thermal injury. At 50-60
°C, protein denaturation occurs with relative preservation
of tissue architecture, which corresponds to the selective
thermal injury to the ciliary process pigment epithelium,
whereas coagulation necrosis with stromal and vascular
destruction and irreversible morphological alterations oc-
curs at a temperature exceeding 60 °C [4, 5].

The results of our modeling supported the findings
of previous experimental histological studies on TSCPC
which demonstrated that an increase in the thermal tissue
load was accompanied by a transition from selective pig-
ment epithelium lesions to severe destruction of the cili-
ary body [16, 17]. This confirms that the model proposed
simulates correctly the pathophysiological mechanisms
of laser-induced damage and enables interpreting quan-
titatively the morphological changes through temperature
parameters.

X

The status of the microcirculation is a substantial factor
modifying the thermal tissue response. The heat transfer
in the eye is determined by the interaction of thermal con-
ductivity, tissue perfusion and intraocular hydrodynamics
[8, 9, 12]. In NVG, these mechanisms undergo substantial
changes due to ischemia, neovascularization and blood
flow abnormalities, which reduces the efficacy of heat
removal and contributes to faster reaching critical tem-
peratures even with standard exposure parameters [18]. It
was demonstrated within the framework of the modeling
analysis that a 10-20% increase in the optical absorption
coefficient resulted in the shift of the temperature profile
towards earlier threshold reaching, which emphasizes the
sensitivity of thermal tissue response to individual charac-
teristics of tissues.

Our findings are in agreement with recent studies that
have combined computer modeling with clinical obser-
vations. Grippo and colleagues [15] evaluated thermal
dynamics associated with CW-TSCPC and MicroPulse
TSCPC such as temperature peak and exposure duration
and thermal spread in a ciliary body simulation using com-
puter modeling. They confirmed a key role of the temper-
ature-time profile as an efficacy and safety determinant,
which is in conceptual agreement with our findings.

Additionally, clinical studies have confirmed that the
efficacy of TSCPC depended on laser exposure energy. In
a large cohort of patients with different types of refrac-
tory glaucoma, Sari and colleagues [19] demonstrated that
transscleral diode cyclophotocoagulation was least effec-
tive in eyes with NVG, likely due to altered microcircu-
lation and heat transfer changes. This provides additional
justification for the need to personalize treatment param-
eters for the patients of this category.

Recent studies on nonlinear heat transfer processes and
phase transitions in tissues provide additional theoretical
ground for the interpretation of the results of this study.
Particularly, it has been demonstrated that, with high tis-
sue temperatures achieved using laser treatment vaporiza-
tion heat begins playing a role by changing the pattern of
distribution of thermal energy and can result in either local
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stabilization of temperature or a sharp increase in thermal
damage, depending on the conditions of exposure [20].
This is in agreement with our finding of the threshold pat-
tern of the transition through a temperature of about 60 °C
and explains nonlinearity of the temperature response to
increased laser power.

Moreover, recent extensions and modifications of the
Pennes bioheat transfer equation have demonstrated that
the classical Pennes model may underestimate the com-
plexity of heat processes in biological tissues, especially
especially under conditions of heterogeneous perfusion
and anisotropic tissue properties [21]. It has a special
value in the context of NVG, because ischemia, neovascu-
larization and perfusion changes may substantially modify
local hear transfer. Therefore, the model employed in this
study reflects generalized temperature response, while fur-
ther development of mathematical approaches taking into
account fractional diffusion and phase effects may improve
the accuracy of predicting thermal profiles in TSCPC.

From the clinical point of view, a 1-W CW treatment
over 2 seconds formed the most balanced temperature pro-
file, enabling the achievement of a coagulation effect with-
out a transition to the destructive temperature range even
with a series of laser applications. Such a heating pattern
conforms to the concept of a well-controlled inhibition of
ciliary body function and is associated with effective IOP
lowering while minimizing the risk of complications [1,
22]. In contrast, a 2-W CW treatment over 2 seconds re-
sulted in rapid achievement of temperatures above 60 °C,
which is associated with increased risk of hypotonia, in-
flammation and phthisis bulbi [2, 3].

The current clinical approaches to optimize TSCPC
safety include the use of slow coagulation for improved
control of thermal dose accumulation and reduction of
complication risks [23, 24]. This is in complete agreement
with the findings of the current study and supports the con-
cept of controlled, low-power laser exposure as a patho-
physiologically justified treatment strategy.

The results of MicroPulse TSCPC modeling indicate
that MicroPulse TSCPC had a subcoagulation effect and
the tissue did not achieve a temperature range of 50 to 60
°C. This is in agreement with the clinical data that, com-
pared to CW-TSCPC, MicroPulse TSCPC has an advan-
tageous safety profile, although the IOP-lowering effect
may be less marked [3, 25, 26]. One should, however, take
into account that our MicroPulse mode modeling was per-
formed for average laser wattage, which does not allow
simulating microscopic peak temperatures. It is likely that
the effect of MicroPulse TSCPC is implemented through
subcellular mechanisms involving local overheating of
pigment granules, cell stress and thermoelastic effects.

Our findings are in agreement with recent clinical
reports on the comparative efficacy of different TSCPC
modes in the treatment of glaucoma. Hwang and colleagues
[24] demonstrated that, compared with micropulse transs-
cleral laser treatment, slow-coagulation TSCPC showed a
greater IOP-lowering effect and had a comparable favor-

able safety profile. These clinical observations are well ex-
plained by our modeling results: a 1-W CW treatment de-
veloped a temperature profile within the coagulation range
without a transition to the destructive temperature range,
which conformed to the selective inhibition of ciliary body
function. In contrast, within the parameters examined, Mi-
croPulse TSCPC did not result in the achievement of the
coagulation temperature range on the macroscopic level,
which can explain a less marked IOP lowering effect, de-
spite a better safety profile than CW-TSCPC. Therefore,
the results obtained create a pathophysiologically justified
argument for clinical discrepancies between these modes
and confirm the validity of a controlled low-power coagu-
lation approach to the treatment of secondary NVG.

The assessment of cumulative thermal dose is qn im-
portant aspect of modeling the thermal tissue response to
TSCPC. Szabd and colleagues [28] found that, in repeated
procedures of subliminal TSCPC, cumulative energy scales
determine the duration of the IOP-lowering effect, which is
in agreement with the concept of integral thermal load and
confirms the validity of using the TEIL, DEI and TSI.

The indices proposed enable a transition from the de-
scriptive analysis of temperature curves to the quantitative
evaluation of the efficacy and safety of TSCPC, which
opens up opportunities for standardizing the parameters of
TSCPC and developing predictive models [6, 29]. Integra-
tion of such parameters into machine learning algorithms
may provide a transition to personalized treatment plan-
ning [30]. Our results are in agreement with current ap-
proaches to the mathematical modeling of heat transfer in
the eye which take into account the relationship between
temperature fields and ocular hydrodynamics [31].

The model has, however, several limitations associated
with the simplification of tissue structure and the absence
of dynamic perfusion and individual variations of ther-
mophysical and optical properties [9, 12]. Particularly, it
does not take into account the factors critical for NVG,
including the grade of ischemia, variability in pigmenta-
tion, scleral thickness and features of ocular hydrodynam-
ics. Taking these parameters into account in further studies
may substantially improve the accuracy of the prognosis
of temperature profiles and clinical outcomes.

Therefore, the integration of mathematical modeling
with experimental and clinical data forms a consistent con-
cept according to which the optimization of TSCPC pa-
rameters should be based on the control of the cumulative
thermal dose and the dynamics of thermal tissue response
to TSCPC. This is especially important in patients with
NVG, in whom individual anatomical and physiological
features of heat transfer may determine the efficacy and
safety of treatment.

Conclusion

Mathematical modeling demonstrated that the temper-
ature-time profile is a key determinant of the type of ther-
mal injury to the ciliary body and determines the balance
between hypotensive efficacy and safety in TSCPC.
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It was found that a selective coagulation effect with a
controlled thermal injury to the pigment epithelium devel-
ops at the tissue temperature range of 50 to 60 °C, whereas
the exceedance of the tissue temperature threshold (60 °C)
is associated with a transition to the destructive injury with
an increased risk of complications.

A 1-W CW treatment over 2 seconds formed an op-
timal temperature profile, with the achievement of a co-
agulation effect without an excessive thermal load, which
provided the most favorable balance of efficacy and safety.
In contrast, a 2-W CW treatment over 2 seconds resulted
in a disproportionately increased thermal dose with an in-
creased risk of a destructive injury.

MicroPulse TSCPC resulted in subcoagulative heating,
which explains its better safety profile with a potentially
less marked IOP-lowering effect.

The integral indices proposed (TEI, DEI, and TSI) en-
able evaluating quantitatively the relationship between the
therapeutic and destructive components of thermal expo-
sure and may be used for optimizing the parameters of
TSCPC.

The results of this study justify the validity of a con-
trolled low-power coagulation approach as a pathophysi-
ologically justified strategy with an optimal balance of ef-
ficacy and safety for the treatment of NVG.
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