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Background and Objective: There is a lack of methods
fo evaluate the extent of thermal treatment of biological
tissue. The intensity of the near-infrared (NIR) emission
photo-excitation was investigated from tissue undergoing
different levele of heat treatment.

Study Design/Materials and Methods: Chicken muscie
was heated in an oven at different temperature levels
ranging from 40°C until burn-off. The spectral emission
intensity from these heat-treated tissues was measured
with a CCD camera and the intensity was calculated.
Results: The emission intensity increased proportionally
with respect to the extent of {reatment femperature until
burning. Linear relationships between treatment tempe-
rature and the emission intensity from tissue samples
were found in three temperature ranges: from 40 to 160°C,
from 165 to 220°C, and from 225 to 250°C.

Conclusion: The change in tissue damage after heat
treatment could be detected by measuring the NIR emis-
sion intensity from the thermally damaged tissues. Lasers
© 2001 Wiley-Liss, Inc.
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INTRODUCTION

In the treatment of diseases, many medical procedures
depend on the thermal response. These procedures involve
(1) laser therapies, such as laser tissue welding for tissue
reconstruction {1—3]; laser angioplasty and recanalization
for cardiovascular diseases [4]; laser interstitial hyper-
thermia for destroying cancers [5]; photocoagulation for
homeostasis and photovaporization for tissue ablation
[6—91; (2) radiofrequency ablation for treatment of cardiac
arrhythmias [10-12]; and (3) electrosurgery, such as ele-
trocoagulation for homeostasis and electrovaporization for
tissue cutting in the pro-operative procedures. In these
procedures, the degree of heat applied determines the
ultimate bio-reaction. Destructive hio-reactions are pos-
sible from protein degradation, denaturation, vaporization,
carbonization, and burn-off. A real-time demonstration of
target tissue thermal damage and temperature monitor-
ing to control the heat source in order to improve the out-
come for patients is important. An accurate diagnostic
method is also needed to evaluate burn patients. At pre-
sent, there are few methods to detect the extent of the
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thermal reaction after thermal treatment. Most rely on
histology for information. Many thermally induced mor-
phological changes are subtle. Readily detectable morpho-
logical markers of thermal changes produced in vitro at
tissue temperatures below 60°C have not been described
for routinely prepared tissue for light microscopy. Some
thermally produced tissue changes are similar and cannot
be distinguished from artifacts produced by histological
preparation for light microscopy. Transmission electron
microscopy (TEM) reveals tissue damage produced by
heating, but the small tissue samples required for TEM do
not allow for the evaluation of the entire lesion [13].

There are several natural fluorophores in tissue, such
as tryptophan, collagen, elastin, flavins, and porphyrin.
Emission can be detected from the tissue upon excitation
with the light. In our previous work [14-15], the emis-
sion intensity under 632 nm laser excitation from heat-
damaged tissues (treated with a water bath) was found to
increase proportionally with temperature rise. A linear
relationship between treatment temperature and emis-
sion intensity from tissue samples from 55 to 97°C was
observed. The relationship indicates that the extent of
local “wet” heated tissue damage at a given temperature
could he detected by measuring the NIR emission intensity
from the thermally damaged tissue.

In the present study, the changes in the NIR emission
intensity under 632 nm photo-laser excitation of the heat-
treated tissues at different temperature levels were inves-
tigated. The results offer a new way to detect the changes
associated with the application of the local heat to the
tissue and the extent of in situ thermal damage after the
heat treatment.

MATERIALS AND METHODS

A schematic diagram of the emission intensity imaging
measurement setup is shown in Figure 1. The 632 nm laser
beam from a He-Ne laser (Melles Griot, Carlsbad, CA)
was passed through a narrow band filter (NB) and then
expanded by a holographic light shaping diffuser (LSD,
Physical Optics Corp., Torrance, CA). The central portion
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Fig. 1. Schematic diagram of NIR emission image measure-
ment setup. NB: narrow band filter, M: mirror, LSD: holo-
graphic light shape diffuser, L: 50 mm camera lens, NF: laser
line notch filter, LP: long pass filter.

of the expanded beam was used to illuminate the sample.
The emitted light from the sample was collected by a
50 mm focal length camera lens (L) in the back-scattering
geometry and imaged into a cooled charge-coupled device
(CCD) camera (Photometrics CH350, Tueson, AZ). A CCD
camera is a version of video-like camera to display an
image on a computer. A laser line notch filter (NF) blocked
out the lager-line scattered light from the sample and a
665 nm long-pass filter (LP)} cut off the short-wavelength
emission. Both filters were inserted at the front of the lens
for imaging the NIR emission of the sample.

The experimental diagram of the steady-state spectro-
scopy setup is shown in Figure 2. The measurements were
performed using a quarter meter spectrograph {(ARC
SpectroPro 275, Acton, MA) and a cooled CCID camera
(Princeton Instrument model TE/CCD-5128F, Trenton,
NJ). The laser beam was transmitted through a narrow
band fiiter (NB) and focused by a 20-cm foeal length lens
(Ly) on the sample. The emitted Hght from the tissue
sample was collected in the back-scattering geometry by
an 85-mm focal length camera lens (Lg). After passing
through a laser-line notch filter (NF), it was coupled into
the 0.1-mm slit of a spectrograph, spectrally analyzed and
recorded by the CCD camera.

The muscle samples from the chicken breast muscles
were purchased from a local market and considered as
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Fig. 2. Schematic diagrams of the steady-state spectroscopy
experimental setup measurements. BP: beam splitter; NB:
narrow band filter (laser line), Ly: excitation lens; Ly: signal
collection lens; NF': notch filter (laser line).

homogeneous (on a macroscopic level) biological test media.
After the fat and tendon tissues were removed, the
samples were cut as a cylinder 4 mm in diameter and
1 mm in height, and were mounted in a glass slide for
heating and spectral analysis.

Heating took place for § min in an oven (Furnace Type
48000, Barnstand/Thermolyne, Dubugue, IW) controlied
by a temperature coatroller (Thermolyne), where tem-
perature stability was & 1°C. The temperature was set at
every 5°C step from 40°C until that of tissue burn-off.
Since the thermal diffusion time for a l-mm sample is
approximately 1 sec [16], the 5-min heating time ensured
that the temperature at the cenier of a l1-mm thick
tissue sampie approximated the surface temperature. The
number of samples used in this study was 336. At each
temperature level, six target sites were measured. After
cooling down to room temperature (approximately 5 min
after heating}, the samples were set for the spectral
emission intensity measurement. The measurement pro-
cess was finished within 30 min after heating. The tem-
perature of the optical measuring environment was 25°C
{air-conditioned room temperature) and the humidity was
40-50%.

In another group, with one non-heat {reated sample as
well as samples heated at 50, 90, 130, 170, 210, and 250°C
temperatures for 5 min were respectively measured with
the steady-state emission spectroscopy setup (Fig. 2) for
NIR emission spectral wing profiles.

In the third group, after the samples were heated at
temperatures 50, 90, 130, 170, 210, and 250°C respec-
tively, for 5 min, the emission intensity measurements
were repeated every hour until the eighth hour and 24th,
48th, and 72nd hour. This group was used to detect
the changes in the extent of emission intensity with time.
Between each measurement, the sample was kept in
the same room temperature (25°C) and the same room
humidity (40-50%).

The spectral data were calibrated and analyzed with the
aid of the V for Windows software (Digital Optics Lid.,
Auckiand, New Zealand). For simplicity and due to the fact
that the intensity was virtually homogeneous, the emis-
sion intensity was measured by the maximum square
drawn inside the circular sample surface. Data are ex-
pressed as the mean + standard deviation (ST} throughout
the text and figures.

For changes in the extent of emission intensity in each
group, one-way ANOVA was performed. A p-value of < 0.05
was assumed to represent a significant difference.

RESULTS

Visual analysis of muscle samples revealed a steady
progress of dehydration, coagulation, vaporization, carbo-
nization, and tissue burn-off. When the temperature rose
from 40 to 155°C, the color of the tissue became bleaching,
turbid, and dry. While the temperature was from 160 to
210°C, the tissue changed in the color from yellowish to
brown. When the temperature continued to rise, tissue
color darkened and carbonization occurred. The tissue
burn-off was at the temperature of 320°C,
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The NIR emission spectral wing profiles (from 650 to
900 nm) from the samples with different temperature
treatments are shown in Figure 3. The emission spectral
profiles were similar in the tissue samples treated with
different temperatures, except for a weak peak (~3,000
em ~ 1) found around 770 nm at temperatures below 136°C
and a small shoulder peak appeared around 720 nm at a
temperature of 250°C. The 770-nm peak may be attributed
to the Raman mode of water. The half width (HW) of
the spectra profile has slight differencec with different
temperature treatments. The HW became wider, when
temperature was higher than 170°C. Strenger emission
imtensity at higher temperature treatment also was obser-
ved over a temperature range from reference (non-heat) to
250°C. The intensities of the spectral profile have about 3
order differences in this temperature range.

After normalizing emission intensity to the non-treated
sample level, the curve describing the relative emission
intensity of the heat-treated samples vs. temperature is
plotted in Figure 4.

The relationship between relative emission intensity
changes in heated tissue and treatment temperature is
plotted in the left part of Figure 4. A linear relationship
between the emission intensity from tissue samples and
treatment temperature was observed on the four different
temperature ranges: from 40 to 155°C, from 160 to 205°C,
from 210 to 250°C, and from 255 to 290°C. The data were
fitted by a linear equation for these separated regions:

In(T) = Io + (T — To)

where

where T is the temperature of the treated tissue, In(T)
is the normalized emission infensity, which is defined as
Ig(Ty/Ir (room temperature = 25°C), Ig{T) is defined as
the measured emission intensity of the sample at tem-
perature T; Jo is the normalized emission intensity of the
sample at the initial onset temperature To; and b is the
slope of the temperature-dependent emission intensity
with the unit of per 1°C.

The relationship hetween emission intensity changes
and time after heat application is plotted in Figure 5. For
the samples with no-heat-treated and heat-treated at
temperatures of 50°C and 90°C, the emission intensity
inereases during the first 8 hours, and then level off to a
plateau. In the groups of the sample treated at tempera-
tures of 130, 170, 210, and 250°C, the fluctuation of
emission intensity decreased slightly during the first hour,
especially in the group of samples at temperatures of 170,
210, anrd 250°C, then remained approximately at the same
level during the experimental period.

DISCUSSION

From the data displayed in Figure 4, a functional
relationship appears to exist between the intensity of the
NIR emission and the extent of thermal action, The results
show that emission intensity increases in response to the
application of heat in the temperature range from 40 to
250°C, and sharp decrease in intensity when the tissue
undergoes burn-off. The relative emission intensity of the
heated tissue samples is linearly proportional to treatment
temperature within the three temperature ranges: from 40
to 155°C, from 160 to 205°C, from 210 to 250°C, and from

Ioy =0.7419 by =0.04252 To; =40°C for 40°C < T < 155°C

log = 6418 by =2.960 Toy = 160°C
IOS =113.76 bg = 15.537 T03 =210°C
To, = 659.183 by = -18.375 Tos = 255°C

250°C
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Fig. 3. NIR spectral profites (650—908 nm) of the NIR
emission from tissue samples treated with different tempera-
tures: Ref. (no-heat), 50, 90, 130, 170, 210, and 250°C.

for 160°C < T < 205°C
for 210°C < T « 250°C
for 255°C < T < 290°C

255 to 290°C. The value of the emission intensity is stable
for at least 72 hours after heat treatment.

The increase in the emission intensity from the tissue
after heat treatment is different in different tempera-
ture ranges. Some changes in protein structure may be
correlated to emission intensity increase, such as that of
collagen by heating [17]. Tt is known that when the
temperature rises to 60°C, collagen denatures. Its helical
structure becomes unfolded [13]. Another possible reason
for the increase in emission efficiency is the change in the
tertiary and/or secondary protein structures under ther-
mal treatment due to hydrogen bond breakage and cross-
link changes between the proteins [18]. The energy
transfer channels in the protein are distorted by heat,
which can induce a quantum efficiency of the fluorophores
in the tissue. At the same time, there may be some other
fluophores, which are inside the protein structure, to be
exposed. The first protein structures begin to be altered or
destroyed at these temperature levels. Most melting points
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Fig. 4. Relative [[g(T)/Ir (room temperature=25°C)] NIR
emission from thermally treated tissue samples vs. freatment
temperature. The data are plotted with a linear fitting
approach. A linear relationship between emission intensity
from tissue samples and {reatment temperature is chserved in
the four different temperature ranges: from 40 to 155°C
(dehydration), from 160 to 205°C (coagulation), from 210 to
250°C (vaporization and Carbonization), and from 255 to
200°C (damaged).

of amino acids are between 170 and 225°C [19]. The
spectral profile modification indicates that there may be
new fluophores being formed. With additional fluophores
being formed with temperature increase, this may cause
emission iniensity to increase in the two different tem-
perature ranges with different rates of intensity increase
(from 165 to 220°C, and from 225 to 250°C). During these
periods, tissue coagulation, vaporization, and carboniza-
tion occur. These changes in protein structure caused by
heat are not reversible even as the tissue temperature
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Fig. 5. Relative infensity of NIR emission changes from tissue
samples heated to different temperatures and measured at
times varying from every one hour until the eighth hour and
24th, 48th, 72nd hours after heat treatment.

returns to room temperature. The NIR emission intensity
is comparable to the intensity of Raman scaitering and
this may indicate that this emission arises from non-dipole
moment allowing electronic transitions [14]. Heating may
alter the protein structures to cause less coupling and a
reduction in non-radiative process. Af treatment tempera-
ture rises above 250°C, these fluophores hegin to be des-
troyed. Emission intensity decreases quickly until tissue is
completely burned off.

Water in the tissue also can play an important role in
influencing the tissue emission intensity in the first
temperature range (temperature less than 170°C). We
note that a non-heat-treated sample increases its emission
intensity, The tissue loses its water in the air with time
(see Fig. 5, the curve of non-heat-treated samples). The
emission intensity of the tissue group at 50 and 90°C also
increasges due to continuous water loss in the air with time.
The emission intensity of the samples treated at tempera-
ture higher than 170°C (see Fig. 5) decreases in the first
hour. These treated tissues can “draw” water from the air
after heat treatment.

The observed emission intensity changes in the tissue
heat treatment below 160°C are attributed mainly teo
water loss. The first step of tissue ablation by heating is
tissue dehydration. A high temperature would need to
evaporate the substantial water in the tissue, if the heat
time is short. LeCarpentier et al. [20] also noted that tissue
dehydration without ablation occurs on tissue irradiated
with a CW argon laser, when temperature rises from 130
to 140°C. Actually, during the tissue dehydration period,
some protein structures can change. It was reported that
water is intimately involved in the ¢ollagen structure [21].
Electron microscopy of the replicas of wet collagen shows
relatively smooth cylindrical fibers in contrast to the cor-
rugated appearance of dry collagen [22].

Our results show that the extent of thermal damage
to tissue can be monitored non-invasively using NIR
emission intensity measurement. Measurements of emis-
sion intensity on heated tissue could not only detect the
extent of tissue damage after thermal injury, but also as
a non-contact method to monitor temperature associated
changes.
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