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Optical-Thermal Simulation of Tonsillar Tissue Irradiation
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Background and Objective: Despite laser applications
targetted toward tonsillar tissue, there has been no
characterization of underlying optical and thermal events
during laser irradiation of tonsillar tissue.

Study Design/Materials and Methods: The optical
properties of canine and human tonsils were determined
at 805 nm (diode laser) and 1,064 nm (Nd:YAG laser). An
optical-thermal simulation was developed to predict the
temperature rise in irradiated human tonsils.

Results: The optical properties of human and canine
tonsillar tissue are similar at both wavelengths. The
optical-thermal simulation was validated and predicts
that at 10 W and 1 minute of irradiation, the heat will be
contained within the human tonsil. The diode laser causes
more superficial heating than the Nd:YAG laser.
Conclusions: The safety of irradiating human tonsils was
shown. The diode laser is superior to the Nd:YAG laser
because less heat affects collateral structures. The optical-
thermal simulation detailed in this study can be used to

predict the temperature rise in tissues undergoing

irradiation. Lasers Surg. Med. 28:313-319, 2001.
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INTRODUCTION

Tonsillectomies are one of the more commonly performed
operations. Because of the vascular nature of the proce-
dure, there is some morbidity and mortality associated
with tonsillectomies [1]. The laser has been proposed as a
surgical tool for tonsillectomies with the intent of reducing
the morbidity and mortality of this operation. A myriad of
laser systems have been proposed as alternatives to con-
ventional tonsillectomities: CO, laser excision, interstitial

“hotocoagulation, and mucosal intact ablation [1].

Despite various laser applications focusing on tonsillec-
tomies, there has been no characterization of the underly-
ing optical and thermal events during the laser irradiation
of tonsillar tissue [2]. Fundamental quantities in laser-
tissue interactions and the optical properties of a tissue
have yet to be elucidated for tonsillar tissue. Laser-tissue
interactions are often simulated by using transport models
that rely on the measured optical and thermal properties

it tissue. The optical properties of tissue consist of the
scattering coefficient, p,/lem™1], the absorption coefficient,
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pafem™1], the refractive index, n, and the anisotropy factor,
g [3]. The scattering coefficient is the inverse average
distance a photon propagates before undergoing a scatter-
ing event [3]. Similarly, the absorption coefficient is the
inverse average distance a photon will propagate in the
medium before being absorbed [3]. The anisotropy factor, a
measure quantifying the deflection angle caused by scat-
tering, ranges between —1 and 1. A value of zero indicates
isotropic scattering, a value of —1 indicates complete back-
ward scattering, and a value of 1 is indicative of complete
forward scattering [3].

Simulation models facilitate the evaluation of a wide
range of parameters (e.g., deposited energy, wavelength,
and duration of irradiation) for a desired outcome without
the need for extensive in vivo trials. Once a desired
outcome is approximated, the parameters can be further
narrowed by a limited number of in vivo trials. Modeling
applications result in a reduction of pre clinical animal
experiments, previously necessary to find an optimum
dosimetry, and facilitate further refinement of existing
procedures ‘leading to safer and more-efficacious laser
applications.

In this study, the optical properties of canine and human
tonsillar tissue were determined by the adding-doubling
method using a double-integrating sphere system {4—-8] at
wavelengths of 805 nm and 1,064 nm. The optical proper-
ties were used as inputs for an optical-thermal simulation
program that was developed to predict the temperature
rise in irradiated tissue. The validity of the model was
corroborated by comparison with real-time temperature
measurements obtained during irradiation of canine
tonsillar tissue. The irradiation parameters used to predict
the temperature rise during human tonsillar tissue irra-
diation were based on the Mucosal Intact Laser Tonsillar
Ablation (MILTA) study [1]. In the MILTA study, inves-
tigators irradiated the surface of canine tonsils and
subsequently showed tonsillar atrophy over the course of
45 days {1-9]. This technique has been proposed for
irradiation of human tonsillar tissue, but the safety of the
procedure needs to be further elucidated. Once validated,
the optical-thermal simulation was then used to predict
the response of human tonsillar tissue to the MILTA irra-
diation parameters.
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MATERIALS AND METHODS

Determination of Optical Properties

The optical properties of human and canine tonsillar
tissue were measured by using a double-integrating
sphere system to obtain the reflectance and transmittance
of the tissues [4--8], which are required inputs for the
Inverse-Adding Doubling program (3]. The outputs of this
program are the albedo (a), the optical thickness (1) and

anisotropy (g) of the tissue. With a tissue of known thick-

ness (d), the absorption coefficient (p,) and scattering coef-
ficient (it;) can be calculated from the following equation
y, = (1 —a)r/d and y, = at/d [6].

The integrating spheres are constructed from two
stainless steel spheres (McMaster-Carr, New Brunswick,
NJ), 5 inches in diameter, coated with barium sulfate paint
(Kodak, Rochester, NY). Each sphere has three holes: an
entrance (15 mm diameter) and exit (15 mm diameter) port

for the beam, located directly opposite from one another

and a port (3 mm diameter) for the photodetector [5]. A
baffle was placed between the port abutting the sample in
each sphere and the photodetector to ensure that no light
reaches the detector directly from the sample.

The reflected and transmitted photons were measured
with photodiodes (Hamamatsu, San Jose, CA). Four photo-
diodes were used: one as a reference, one in each the
reflectance and transmittance spheres, and one for a
collimated transmittance measurement. The reference
detector was used to monitor the stability of the signal
and all measurements were normalized by the intensity of
this detector [7]. The photodiodes were connected to a
transimpedance amplifier with a frequency bandwidth of
10 kHz. The amplified signal from each photodiode was
then processed by a lock-in amplifier (Stanford Research
Systems, Sunnyvale, CA). The lock-in amplifier used an
optical chopper with a frequency of 400 Hz. The transim-
pedance amplifier and the lock-in amplifier were both used
to increase the signal to noise ration of the detected signal.
A neutral density filter was placed in front of the
collimated transmittance detector to attenuate the light
so to avoid detector saturation [7].

The reflectance and transmittance of the tonsillar tissue
were measured from fresh tissue; the tissue was not
preserved. The human tonsils were obtained, with
approval of the New England Medical Center Research
Committee, from patients undergoing a standard tonsil-
lectomy procedure performed with electrocautery. The
tonsillar tissue removed from these patients was immedi-
ately dissected, and the optical properties were measured.
Canine tonsillar tissue was obtained from animals and
used in other research protocols immediately after their
killing. The tissue was prepared by cutting three to five
serial sections from the body of each specimen (six
specimens each from the human and canine). Each section
was measured and then averaged with the other sections
from that tonsillar tissue, and mean values for reflectance
and transmittance for that tissue were obtained and
subsequently averaged, with a mean for the human and
canine tissue reported with a SEM. The section’s tissue

thickness measured an average of 1.0 mm: The sample was
mounted between two glass slides and placed in a sample
holder, positioned between the spheres. A thin layer of
saline was applied between the slide and the tissue of
prevent the formation of air-bubbles [7]. The sample holder
was positioned perpendicular to the incident beam. The
percentage of light reflected and diffusely transmitted by
the tissue was calculated by using a barium sulfate plate
as a reference standard, and the reference photodiode to
normalize the intensity of the measurements {7].

The wavelengths used to irradiate the tonsils for
measurement of the reflectance and transmittance are
805 nm (Palomar, diode laser) and 1,064 nm (Zeiss,
Nd:YAG laser). The light was delivered with a 600-um
fiber (Nd:YAG) and a 1,000-um fiber (diode). The light from
the lasers was attenuated with neutral density filters
(Corion, Woburn, MA) placed at the output of the fiber. The
light from the Nd:YAG laser was attenuated with 5% and
40% transmittance filters, and the light from the diode
laser was attenuated with a 1% transmittance filter. The
initial power was reduced to approximately 5 mW by
the filters and a collimating iris, thus ensuring the tissue
was not altered by the irradiation during the measure-
ments {7].

The wvalidity of the method was corroborated by
determination of the absorption and scattering coefficients
of tissues (liver and muscle) that were previously pub-
lished {2].

In Vitro Temperature Measurements

Tonsils were removed from canines killed for other
research purposes and the tissue was stored at 4°C in
saline until laser irradiation was performed. The tonsils
were placed in-a container -to-stabilize the tissue and
facilitate positioning of the 300-um diameter thermocouple
probes (type-T) in the tonsillar tissue. In an attempt to
mimic in vivo conditions as closely as passible, beef was
placed around the tonsillar tissue to create a pouch, similar
to the pharyngeal cavity that surrounding the tonsil.

The container with the tonsil was submerged in a
saline bath at 37°C until the surface of the tonsil was 2 mm
below the saline. The thermocouples were positioned at
depths of 2, 4, 6, 8, and 10 mm below the surface of the

. tonsil. The thermocouples were connected to an amplifier

and a data acquisition system. The data were obtained
via a computer data acquisition system and the soft-
ware application LabView (National Instruments, Austin,
TX).

The lasers used to irradiate the tonsils were the 1,064
nm Nd:YAG and 805 nm diode laser described above, with
a spot size of 4 mm. The laser energy was delivered in a
pseudo-pulsed mode so that the absorption of laser energy
by the thermocouples could be identified [10). The tissue
was irradiated for 10 seconds, and then the laser was shut
off for 1 second. The cooling of the thermocouple was
shown to be much more rapid than the tissue cooling [10].
Thus, the thermocouple measurement at 11 seconds was
the actual temperature of the tissue. Qur studies con-
firmed that the psuedo-pulsed parameters used by others
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[10] provided the highest duty cycle while providing
adequate time for the thermocouple to cool.

The duration of irradiation, 1 minute, was based on the
duration of irradiation during the MILTA procedure [1,9].
In the MILTA procedure, the laser fiber is moved across
the length of the tonsil (average length of 20 mm) at a rate
of 5 mm/10 s. Thus, over a 4-minute time period, a 5-mm
longitudinal section of the tonsil is irradiated for about 60
seconds [1,9]. The most accurate irradiation time to mimic
the MILTA dosimetry would be 1 minute.

Four pieces of tissue were used at each dosimetry, and
the mean was obtained for a specific irradiation parameter,
and the standard deviation of the mean was calculated.

Optical-Thermal Simulation

Simulation development. The optical simulation of
light distribution during laser irradiation was based on a
Monte Carlo model, as implemented previously for simple
tissue geometry [11-17]. We used the delta-scattering
technique {11] for photon tracing to greatly simplify the
algorithm because this technique allows a photon packet to
be traced without directly dealing with photon crossings of
interfaces between different tissue types. This technique
can be used only for refractive-index-matched tissues,
although it allows the ambient clear media (e.g., air) and
the tissue to have mismatched refractive indices. Because
most soft tissues have similar indices of refraction, this
limitation does not pose a problem in our simulation.

A Cartesian coordinate system was set up for the
simulation. The origin of the coordinate system was the
center of the incident optical beam on the surface of the
turbid medium, The z axis was the normal of the surface
pointing toward the inside of the turbid medium. The xy
plane was therefore on the surface of the turbid medium.

We assumed that the tissue system had multiple tissue
types with identical refractive indices. The interaction
coefficient of the ith tissue type, defined as the sum of
and y, was denoted by p;. The delta-scattering technique
applied to light transport in turbid media is briefly
summarized as follows,

1. Define a majorant interaction coefficient y,, where
W >4 for all i. In this study, p, was set to the
maximum p; among all tissue types.

2. Select a step size R between two consecutive interac-
tions based on the majorant interaction coefficient,

R = ~In(Zg)/tp. (1)

where p was a uniformly distributed random number
between 0 and 1 (0 < 3z < 1). Then, determine the
tentative next collision site r), by

Q N
ry =rp-1 + Ry, (2)

where r,_, was the current site, and u,.; was the
direction of the flight. The direction of the flight was
determined according to the probability distributions of
deflection and azimuthal angles at each interaction
site [15].

3. Play a rejection game:
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a. Get another random number &,, which was uni-
formly distributed between 0 and 1 (0 < &, < 1).

b. If &, < pi(r,)/Um, i.e., with a probability of w(r,)/kn,
accept this point as a real interaction site (r, = r},).

c. Otherwise, do not accept r}, as a real interaction site,
but select a new path starting from r, with the un-
changed direction u,_; (i.e., set ry-; = 74 and return
to step 2)

At each real interaction site, a fraction ,/(y, + 1) of
the photon packet was absorbed, and the rest was
scattered. The tracing continued until either the weight
of the photon packet was below a preset threshold or the
packet exited the tissue system. A subthreshold photon
packet experienced a “Russian roulette” to conserve energy.
Because step 3 was very efficient, the delta-scattering
technique was comparable with the standard Monte Carlo
simulation methods in computational speed. The detailed
treatment of photon tracing after step 3 was similar to that
in [15] and will not be repeated here.

The validity of step 3 can be easily understood by
introducing an imaginary interaction event that changed
neither the weight nor the direction of the photon. This
definition implied that such imaginary interactions were
not physically observable, i.e., they could be introduced
with any interaction coefficient at any point. We assumed
that the majorant interaction coefficient y,, was a sum of
the real y,, and imaginary p,;, interaction coefficients,
where the real interaction coefficient y,, was g;(r}). In the
procedure outlined above, a fraction of the interactions,

pre/l"m = Him .‘}um (3>

were imaginary interactions. From another point of view,
it was easy to see that on the average, for every u,, total
interactions, there would be y,, interactions accepted as
real interactions. The mean free path for the majorant
interactions in the delta-scattering method was 1/y,,, and
the mean free path for the real interactions in the direct
method was 1/y,,. Therefore, the photon would move to
the correct interaction site using the delta-scattering
technique as it would using the direct method because

Bm L/t ) = Hre(1/bpe), (4)

where the left-hand side meant the average distance
travelled by the photon packet with y,, total steps or u,,
real interactions in the delta-scattering method, and the
right-hand side meant the average distance travelled with
u, real interactions in the direct method. During the
tracing of each weighted photon [15], the light absorption,
reflection, or transmission were correspondingly scored
into different arrays according to the spatial positions of
the photon. Multiple photons were traced to achieve an
acceptable statistical variation.

The absorbed optical energy is converted into thermal
energy. The following heat transfer equation is used to
model the thermal energy propagation.

er &2r &r . oT
(ax—-z*’rz*@ =Gy 0 ®



316
TABLE 1. Optical Properties of Tonsillar Tissue

SHAH ET AL.

Diode 805 nm Nd:YAG 1064 nm
Tonsil
source i, (em™1) u tem1) g u, tem1) u, (cm™1) g
Canine 0.667 +0.01 71.1+£0.95 0.892 +0.006 0.461 + 0.05 50.2 +£0.81 0.898 4+ 0.004
Human 0.562 = 0.06 72.7x1.7 0.894 4+ 0.003 0.394 £0.10 52.0+0.65 0.901 4+ 0.005

where % is the thermal conductivity [W/(cm C)}, T is the
local temperature {°Cl, x, y, z are the coordinate [cm], ¢ is
the volumetric heat source [W/cm®},p C; is the volumetric
specific heat [J/(cm® °C], and ¢ is time [s]. For the tissue
interface with the ambient medium, a convective boundary
is used as follows.

q=hA(T - T). (6)

where A is the heat transfer coefficient [W/cm? <C], and A
is the area of element [cm?].

Input parameters to the model. The optical simula-
tion was performed by using the measured optical proper-
ties of canine tonsillar tissue for the diode and Nd:YAG
laser wavelengths (Table 1). The refractive index of the
tissue was assumed to be 1.37, and the anisotropy factor
was fixed at 0.9. Each simulation was conducted for
1,000,000 photons. The thermal simulation was performed
by assuming a constant surface temperature of 37°C
(normal body temperature), and a thermal transfer coeffi-
cient of 0.075 W/em?:C [18). The thermal conductivity of
tissue was assumed to be 0.003 W/ecm°C (18], and the
volumetric heat capacity was set at 3.7 J/cm3°C [18].

RESULTS

The mean optical properties of human and canine
tonsillar tissue for the diode and Nd:YAG wavelengths
are presented in Table 1. The scattering coefficients and
values for the anisotropy factor are not significantly
different between human and canine tonsils. As expected
with increasing wavelength, the scattering coefficient is
decreased, as shown by the lower scattering coefficient for
the Nd:YAG laser than for the diode laser. At both wave-
lengths, the absorption coefficient for the canine tonsil
is smaller than the human tonsil. This may be attribu-
table to the nature of the specimens. The human tonsils

were obtained from patients who had a tonsillectomy for
enlarged tonsils, whereas the canine tonsils were removed
from canines with no pathologic enlargement of their
tonsils. The subsequent enlargement of the tonsil and
stretch of the mucosal surface may have resulted in the
different absorption coefficients in the human tonsils.
Table 2 contains the real-time in vitro temperature
measurements during laser irradiation of canine tonsillar
tissue at both wavelengths. These data were used to
validate the predictions of the optical-thermal simulation.

The optical simulation of the laser-irradiated tonsillar
tissue was used to arrive at the distribution of fluence and
rate of heat generation within the tissue volume. Figure 1
illustrates the simulated depth-resolved rate of heat
generation, directly under the beam, for canine tonsillar
tissue for the diode and Nd:YAG laser wavelengths. Note
that because of the higher obsorption for the diode laser
wavelength, the rate of heat generation for this wave-
length is higher through the first 3 mm into the tissue.
Because the temperature measurements were conducted
at multiple depths within the tissue, the thermal model
was used to predict the time-resolved temperature gene-
rated by laser irradiation (diode and Nd:YAQG) at various
depths within the tissue volume. Figures 2 and 3 illustrate
that, when the uncertainty in the simulated and measured
temperatures are taken into account, there is acceptable
agreement between the measured and simulated tempera-
ture response of canine tonsillar tissue to both irradiation
wavelengths, This agreement between the theoretical
results and the measured temperature values serves to
validate the use of our optical-thermal simulation in pre-
dicting the underlying laser-tissue interactions involved in
laser irradiation in laser irradiation of tonsillar tissue.
Given this confirmation, the same model was used to
predict the temperature response of human tonsillar tissue

TABLE 2. Temperature of In Vitro Canine Tonsillar Tissue Irradiated at 10 W for 1 min.

Diode (805 nm) Nd:YAG (1064 nm)
Depth of thermocouple (MM) Mean (C°) SD (C°) Mean (C°) SD (C)
2 65.35 6.81 76.51 6.73
4 53.68 4.37 58.20 2.90
6 44.78 2.40 48.13 2.03
8 39.71 1.32 41.17 1.87
10 37.77 1.12 37.28 1.45
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to laser irradiation at both wavelengths. Figure 4 illus-
trates the simulated depth-resolved rate of heat genera-
tion within human tonsillar tissue that has been irradiated
by diode and Nd:YAG lasers. Note that as in the case for
canine tonsillar tissue, the rate of heat generation for the
diode laser wavelength far exceeds that for the Nd:YAG
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Fig. 2. Simulated and measured temperature response of
canine tonsillar tissue to diode laser irradiation. The error
bars shown for the “Simulated” data points are due to errors
in the measurement of optical properties of tissue, and those
for the “Measured” data points are due to variability in the in
vitro temperature measurements. Temperature profile shown
is for an irradiation time of 60 seconds.
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Fig. 3. Simulated and measured temperature response of
canine tonsillartissue to Nd:YAG laser irradiation. The error
bars shown for the “Simulated” data points are due to errors
in the measurement of optical properties of tissue, and those
for the “Measured” data points are due variability in the in
vitro temperature measurements. Temperature profile shown
is for an irradiation time of 60 seconds.

laser wavelength for the first millimeter into the tissue.
Figures 5 and 6 show a cross-sectional view of the simu-
lated temperature profiles generated in human tonsillar
tissue as a result of diode and Nd:YAG laser irradiation,
respectively. These figures indicate that both wavelengths
have comparable radial spread, even though the diode
laser irradiation results in higher peak temperatures.

-B— Diode

[
¢ F'Q\ ~—+— Nd:YAG ﬁ
i
i
1

Rate of Heat Generation (W/em’)

Depth z(cm)

Fig. 4. Simulation of the depth resolved rate of heat
generation (W/cm?®), directly under the beam, for human
tonsillar tissue irradiated by diode and Nd:YAG lasers.
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Temperature

Fig. 5. Cross-sectional profile of the simulated temperature
response of human tonsillar tissue to diode laser irradiation
after 60 seconds of exposure.

DISCUSSION

The Mucosal Intact Laser Laser Tonsillar Ablation

(MILTA) procedure was developed to reduce the blood loss
and the time to recovery associated with conventional
tonsillectomies. In the MILTA procedure, the oral cavity is
filled with saline, and the tonsil (under this fluid layer) is
irradiated in a noncontact mode for 4 minutes. After
approximately 6 weeks, histopathology examination [1,9]

has revealed complete absence of tonsillar tissue in the
irradiated area. The advantages of this procedure are note-

worthy: no bleeding, a rapid operation, and quicker
recovery than a conventional tonsillectomy [1].

The pilot studies performed with the Nd:YAG laser were
successful in showing the ablation of the tonsillar tissue
[9). The diode laser was proposed as an alternative to the
Nd:YAG laser because the diode laser is a low-cost, por-
table, lightweight laser that offers the otolaryngologist the
flexibility to use this surgical laser in the operating room
or office settings (1]. In vivo canine studies with diode laser
showed ablation of the tonsillar tissue with similar results
as the Nd:YAG laser [1].

Temperature

Fig. 6. Cross-sectional profile of the simulated temperature
response of human tonsillar tissue to Nd:YAG laser irradia-
tion after 60 seconds of exposure.

SHAH ET AL.

Despite the success of the MILTA procedure in in vivo
canine studies, there have been concerns about the
temperature elevation at the base of the tonsil {1]. Directly
underneath the tonsil are important vascular structures
that, if affected, could lead to hemorrhage or coagulative
thrombi. The temperature measurements described in this
study were performed to evaluate the temperature at the
base of the tonsil during laser irradiation with the Nd:YAG
and diode lasers. The in vitro conine tonsillar tissue results
indjcate that there is no significant difference intempera-
ture rise at the base of the tonsil after laser irradiation at
these two wavelengths (Table 2), suggesting that the heat
is contained within the tonsillar tissue.

Although the safety of MILTA is clear in canine tonsils,
establishing and safety of this technique in human tonsils
is paramount. An optical-thermal simulation was devel-
oped to determine the response of human tonsillar tissue of
the MILTA procedure. The optical properties (Table 1)
show, a priori, the similarity between human and canine
tonsillar tissue. The simulation results show that the laser
energy is containéd within the tonsil in both canine and

~human-models. (Figs_5_and 6), even though there is a

difference in the rate of heat generation in the superficial
layers of these tissues when irradiated at the diode and
Nd:YAG laser wavelengths (Fig. 4).

The simulation results support the use of the diode laser
compared with the Nd:YAG laser because the thermal
wavelength is concentrated superficially (Figs. 4-6).
Because there will be variation among human tonsils, the
laser with the least potential to cause temperature rises in
the greater depth of the tonsil should be advocated. The
diode laser is superior to the Nd:YAG laser for the MILTA
procedure because of its more superficial effect that en-
sures minimal collateral thermal damage to surrounding
tissues. In addition, the superficial thermal effect of diode
laser irradiation would protect the underlying vasculature
at the base of the tonsil from unwanted thermal damage.

Figures 5 and 6 also show minimal temperature rise in
the mucosal surface of the tonsils at both wavelengths.
This is consistent with the clinical results showing
preservation of the mucosal surface and sheds insight into
the pathophysiology of tonsillar atrophy in tonsils irra-
diated with the MILTA technique. Further studies inves-
tigating the novel mechanism of tonsillar ablation with
noncontact laser irradiaton are currently being performed.
The authors are also performing more modeling studies
evaluating the optimum dosimetry for the MILTA proce-
dure using the diode laser [19].

Measurement of the optical properties of human and
canine tonsillar tissue and theoretical optical-thermal
simulation of the underlying mechanisms involved in
MILTA suggest the advantages-of- the diode-laser-over
Nd:YAG laser irradiation for this procedure when applied
to human tonsils. With diode laser irradiation, the heating
is closer to the surface of the tonsil, resulting in less risk of
heating the base of the tonsil. The optical similarity
between human and canine tonsils supports extrapolation
of irradiation parameters used in the in vivo canine study
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{1,9] to the human patient with the expectation of being as
safe and as efficacious as in the canine model. The optical
thermal simulation presented in this article can also be
used to rapidly evaluate laser irradiation parameters in
various other laser applications.
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