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Optical and Thermal Properties of Nasal 
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Backgrounds and Objectives: The a im of t he s tudy was to measure t h e 
spec t ra l dependence of optical absorp t ion and reduced scat ter ing co
efficients and the rma l conduct iv i ty and diffusivity of po rc ine nasal 
septal car t i lage . Values of opt ical a n d the rma l p rope r t i e s de te rmined 
in th i s s tudy may aid in de t e rmin ing laser dos imetry and allow selec
t ion of a n optical source wave leng th for noninvas ive diagnost ics for 
laser-assis ted reshap ing of car t i lage . 
Materials and Methods: The diffuse ref lectance and t r a n s m i t t a n c e of ex 
vivo porc ine nasal septal car t i lage were m e a s u r e d in t he 400- t o 1,400-
n m spec t ra l r ange by us ing a spec t rophotomete r . The reflectance and 
t r a n s m i t t a n c e da t a were analyzed by us ing an inverse adding-doubl ing 
a lgor i thm to obta in the absorp t ion (\x.a) and reduced sca t t e r ing (u.a') 
coefficients. A mul t ichanne l t h e r m a l p robe control ler system and in
f rared imaging r ad iome te r m e t h o d s were appl ied to measu re t h e ther
mal p rope r t i e s of car t i lage. The mul t i channe l t he rma l probe control ler 
sys tem was used as an invasive t echn ique to measu re the rma l conduc
t ivi ty and diffusivity of car t i lage a t t h r e e t e m p e r a t u r e s (27, 37, 50°C). 
An infrared imaging r ad iome te r was used as a noninvasive method to 
m e a s u r e t he the rma l diffusivity of car t i lage by us ing a C 0 2 l aser source 
( \ = 10.6 jjim) and an infrared focal p lane a r r a y (IR-FPA) camera . 
Results: The optical absorp t ion p e a k s at 980 n m and 1,180 nm in carti
lage w e r e observed and cor responded to known absorpt ion bands of 
w a t e r . The de t e rmined reduced sca t t e r ing coefficient gradual ly de
c reased at longer wavelengths . The t h e r m a l conduct iv i ty va lues of car
t i lage m e a s u r e d by us ing an invasive p robe a t 27, 37, and 50°C were 
4.78, 5.18, and 5.76 mW/cmcC, respect ively. The cor responding thermal 
diffusivity values were 1.28, 1.31, and 1.40x 10"3 cm2 /sec. Because no 
stat is t ical ly significant difference in t h e r m a l diffusivity va lues with 
inc reas ing t empe ra tu r e is found, t he average the rma l diffusivity is 1.32 
x 10 - 3 cm2 /sec. The numer ica l es t imate for t he rma l diffusivity obtained 
from infrared rad iomet ry m e a s u r e m e n t s was 1.38 x 10~3 cm2/sec. 
Conclusion: Values of t he spec t ra l dependence of t he optical absorpt ion 
a n d r educed sca t te r ing coefficients, and the rma l conduct ivi ty and dif
fusivity of car t i lage were measured . The invasive and noninvasive dif
fusivity m e a s u r e m e n t s were cons is tent and concluded tha t t h e infra
r ed imag ing rad iomet r i c t e c h n i q u e h a s a n advan tage to de te rmine 
t h e r m a l p roper t i es , because d a m a g e to t he car t i lage sample may be 
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avoided. The measured values of absorption and reduced scattering 
coefficients can be used for predicting the optical fluence distribution 
in cartilage and determining optical source wavelengths for the laser-
assisted cartilage reshaping studies. The thermal conductivity and dif-
fusivity values can play role in understanding thermal-dependent phe
nomenon in cartilage during laser irradiation and determining laser 
dosimetry for the laser-assisted cartilage reshaping studies. Lasers 
Surg. Med. 27:119-128, 2000. © 2000 Wiley-Liss, Inc. 

Key words: laser-assisted cartilage reshaping; diffuse reflectance; transmittance; 
absorption coefficient; reduced scattering coefficient; thermal con
ductivity; thermal diffusivity 

INTRODUCTION 

With progressive use of lasers in medical ap
plications, an increasing need is recognized to 
study the optical properties and heat-transfer 
mechanisms in biological tissue. Understanding 
propagation of laser light in tissue begins with 
knowledge of the photobiological effects as well as 
spatial distribution of optical fluence [1]. Knowl
edge of the optical and thermal properties of car
tilage may aid for diagnostics and laser dosimetry 
determination in laser-assisted cartilage reshap
ing studies [2-10]. Many investigators have re
ported studies describing the laser modification of 
cartilage, especially articular cartilage, by using 
different light sources such as XeCl eximer laser 
(\ = 308 nm) [11], KrF eximer laser (X = 248 nm) 
[12], Nd:YAG laser (\ = 1.064 u.m) [13], and 
Ho:YAG laser (\ = 2.1 urn) [14]. 

In laser-assisted cartilage reshaping, first 
introduced by Sobol by using C0 2 laser (\ = 10. 
(xm) in the ear and nose of rabbits and human 
cartilage in 1993, light scattering has been used 
to identify the phase transformation in cartilage 
after laser irradiation [15]. Sobol presented that 
under the effect of laser irradiation, mechanically 
deformed cartilage undergoes a temperature-
dependent phase transformation, resulting in ac
celerated stress relaxation and hypothesized that 
cartilage can be affected by the distribution of in
ternal stresses from local laser heating and, thus, 
reshape without ablation [15]. In a later study of 
laser-assisted cartilage reshaping, Sobol et al. 
measured temperature and stress in cartilage un
der Holmium laser irradiation and argued that 
the reshaping of cartilage is connected with the 
bound-to-free transformation of water at a tem
perature around 70°C [6-10]. On the other hand, 
Wong et al. investigated integrated backscattered 
light intensity of He:Ne laser light (A = 632.8 nm) 
and radiometric surface temperature changes of 
cartilage during laser irradiation by using a 

Nd:YAG laser (X = 1.32 urn) [3-5]. Wong et al. 
presented that internal stress relaxation of carti
lage occurred approximately 65°C and integrated 
backscattered light intensity were observed to in
crease, plateau, and then decrease [3-5]. 

Notwithstanding the importance of the opti
cal properties of cartilage, limited studies have 
been reported providing absorption and scatter
ing coefficient data. Ebert et al. investigated op
tical properties of weight-bearing and nonweight-
bearing equine articular cartilage in the 300-850 
nm spectral range [16]. Although they found no 
statistical differences in scattering coefficients be
tween the weight-bearing and non-weight-
bearing cartilage, stronger absorption in weight-
bearing compared with non-weight-bearing 
cartilage was reported [16]. Although most carti
lage in the body is composed of similar chemical 
structures such as water, collagen, and proteogly
cans, these constituents are present in different 
proportions [17-19]. Because of the varying com
position, the optical properties of nasal septal car
tilage are distinct from those of articular carti
lage. Knowledge of optical properties of cartilage 
may be important for development of noninvasive 
optical diagnostics to minimize nonspecific ther
mal damage in laser-assisted cartilage reshaping 
procedures. 

Knowledge of thermal properties of biologi
cal tissue is useful for understanding and predict
ing the results of therapeutic and diagnostic pro
cedures. Two important thermal propert ies 
relevant to laser surgical procedures are thermal 
conductivity (K) and diffusivity (a) [1,20]. There
fore, measurement of K and a is necessary to 
specify laser dosimetry in laser-assisted cartilage 
reshaping. 

For the thermal property measurements of 
cartilage, two methods that used a multichannel 
thermal probe controller system and infrared im
aging radiometry were applied. For invasive stud-

Chapter 3 2 





LASER MEDIA TED CARTILAGE RESHAPING 18 

Optical and Thermal Properties of Nasal Septal Cartilage 

ies, a thermal measurement technique originally 
introduced by Chato [21] simultaneously uses 
thermistor probes as a heat source and a tempera
ture sensor. This technique has been improved by 
many investigators and been applied to measure 
thermal properties of various biological materials 
such as heart, kidney, liver, arterial wall, and 
atherosclerotic plaque [1,22,23]. Inasmuch as the 
invasive procedures generally use a glass-
encapsulated spherical thermistor, insertion of 
the thermistor into soft tissues is convenient by 
using a hypodermic needle [21] or plastic catheter 
[24]. Alternatively, for measurement of hard tis
sues, limited investigations have been performed 
probably because of the technical challenge to in
sert a thermal probe within hard tissue without 
damaging the probe while maintaining good ther
mal contact [25]. In this study, by using a per
sonal computer based multichannel thermal-
probe controller system developed by Valvano et 
al. [1,22,23,26], thermal conductivity and diffusiv-
ity of porcine nasal septal cartilage were mea
sured at three temperatures (27, 37, 50°C). 

For noninvasive studies, Milner et al. [27] 
introduced a noncontact method to determine the 
thermal diffusivity of biological materials by us
ing a laser source and an infrared focal plane ar
ray (IR-FPA) camera. The method is based on es
t imates of the lateral thermal point spread 
function by using as input data pairs of infrared 
emission images recorded after pulsed laser irra
diation. Thermal diffusivity of test specimens is 
determined from the best fit to the lateral thermal 
point spread function determined from many re
corded image pairs [27]. 

Laser irradiation of cartilage under me
chanical deformation may be used for permanent 
reshaping without causing ablation. Although 
knowledge of the cartilage reshaping mechanisms 
under laser irradiation is incompletely under
stood, the absorption and reduced scattering coef
ficient values may aid in selection of optical 
source wavelengths for diagnostic instrumenta
tion to identify the phase transition. In addition, 
measurements of thermal conductivity and diffu
sivity may be helpful to determine laser dosime
try for laser-assisted cartilage reshaping. 

MATERIALS AND METHODS 

Nasal Septal Cartilage Harvest 

The nasal septal cartilage extraction proce
dure was approved by Animal Resource Center of 
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The University of Texas at Austin (Protocol 
99020101). Before the experiment, a fresh porcine 
head was obtained from a local abattoir. The pre
pared porcine head was placed on an operating 
table and explored for an incision line. The skin 
was removed from the upper side of the head 
through the bilateral nasal side. By using a stan
dard carpenter's hammer and chisel, bilateral na
sal bone osteotomies were performed along the 
line of incision. The hard bone was removed from 
the site, being careful not to damage the sample 
material, and the nasal cartilage specimen was 
removed by using a chisel. After extraction, soft 
tissue including perichondrium was peeled away 
from the cartilage specimen and the sample was 
rinsed in tap water for approximately 15 minutes 
to remove hemocytes. The sample was stored in 
physiological saline at 4°C for experimental use. 

Optical Absorption and Scattering Measurements 

By using a scalpel, the cartilage specimens 
were sliced in rectangular parallelepiped shapes 
(23 x 23 x 1.5 mm3) and placed between two glass 
microscope slides to prevent dehydration and to 
maintain a flat surface. The thickness of the slide-
sample-slide assembly was measured with a mi
crometer, and the actual sample thickness was 
obtained by subtracting the combined thickness of 
the microscope slides. 

A Varian Cary 4E Spectrophotometer with a 
diffuse reflectance accessory was used to measure 
reflectance and transmittance of the samples. Af
ter baseline calibration of the spectrophotometer, 
the prepared sample assembly was placed onto 
the sample port of the integrating sphere to re
cord reflectance. After the reflectance measure
ment, the assembly was detached and the base
line correction was performed again. The sample 
assembly was then mounted on the entrance port 
of the integrating sphere to measure the trans
mittance. Reflectance and transmittance data 
were recorded from 400 to 2,500 nm at 1-nm in
tervals. After the spectrophotometric measure
ment, an inverse-adding doubling computer pro
gram written by Scott Prahl [1] was used to obtain 
absorption and reduced scattering coefficients by 
using, as input, reflectance and transmittance 
data. The value of sample refractive index (n) was 
required as input data for the computer program. 
Because few measurements of the refractive in
dex of cartilage have been reported, the value of n 
used was taken from the data reported by Wang 
et al. with hydrated type I collagen samples by 
using optical low-coherence reflectometry at \ = 
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Fig. 1. Thermal probe assembly to measure thermal conduc
tivity and diffusivity [29]. 

850 nm [28]. Wang et al. measured the refractive 
index of hydrated type I collagen films, because 
the optical properties are similar to those of hu
man connective tissue [28]. Wang et al. gave the 
average value for the group refractive index of dry 
and fully hydrated collagen films at X = 850 nm 
and n = 1.53 ± 0.02 and 1.43 ± 0.02, respectively 
[28]. For refractive index of cartilage, n = 1.43 
was used for the input parameter to the inverse 
adding-doubling computer program in this experi
ment. 

Thermal Conductivity and 
Diffusivity Measurements 

Invasive probe for thermal conductivity 
and diffusivity measurement. The nasal sep
tal cartilage samples were cut into rectangular 
parallelepiped shapes approximately 7.6 x 20 
mm2 (width x length). The thickness of the carti
lage samples was approximately 5 mm and varied 
with each animal. Thermal properties of cartilage 
samples were measured within 2 hours after time 
of animal killing. 

To measure thermal properties of nasal sep
tal cartilage, a small thermal probe assembly 
(AB6E8 with BR11KA102J thermistor; diameter, 
0.28 mm; length, 6.35 mm) manufactured by 
Thermometries (Edison, NJ) was used (Fig. 1). 
The relatively small thermal probe was used to 
speed the time response of the measurement, re
duce invasiveness, and reduce the measurement 
volume so that the probe did not extend beyond 
the boundaries of the cartilage sample surface 
[1,22,23]. Because the description of the theoret
ical model and numerical algorithm used for com
putation of thermal conductivity and diffusivity is 
presented by Valvano et al. [1,22-24], we will not 
report the details of the theory of operation. 

In our study, a 20-gauge (outer diameter, D 
= 0.91 mm) hypodermic needle was inserted into 
the side of the cartilage sample until the tip of the 
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needle was at a depth of approximately 15 mm. 
The needle was then withdrawn, and the probe 
was inserted into the cavity as far as possible to 
minimize the gap between the bottom of the hole 
and tip of the thermal probe. This placement al
lowed the thermal probe to remain completely im
bedded in the cartilage sample during measure
ment. The sample-probe assembly was then 
wrapped in a plastic sheet to prevent water con
tact with the cartilage sample surface and im
mersed in a constant temperature bath. After ini
tialization of the multichannel controller system, 
the thermistors were initialized and electrical 
power was delivered to the thermistors. Measure
ments of electrical power and temperature differ
ence between the heated thermistors and the 
baseline tissue were used to calculate the thermal 
conductivity and diffusivity of the cartilage 
sample [1,22,23]. 

Noninvasive technique for thermal dif
fusivity measurement. Recent studies by Mil-
ner et al. [27] demonstrated that principles of in
frared imaging radiometry can be used for 
noncontact measurement of thermal diffusivity in 
biological materials. The noninvasive nature of 
infrared imaging radiometry provides an alterna
tive approach to invasive probes for measurement 
of cartilage thermal diffusivity. Because descrip
tion of the theoretical model and numerical algo
rithm used for computation of thermal diffusivity 
is presented by Milner et al. [27], we will not re
port the details of the technique and will describe 
only essential features. 

When heat diffuses in the sample and two 
successive image frames are recorded, the later 
frame can be written as a convolution of the first 
frame with a lateral thermal point spread func
tion. The lateral thermal point spread function is 
characterized by thermal diffusivity of the 
sample. We applied this technique for noninva
sive measurements of thermal diffusivity of carti
lage. Thermal diffusivity is estimated by finding a 
parametric fit to the lateral thermal point spread 
function. 

Focused radiation emitted by a C0 2 laser (X 
= 10.6 fjun, Model 1055, Sharplan Lasers, Inc.) 
with a pulse duration of 100 n-sec and average 
output power of 0.1 W was used for localized heat
ing of a fresh cartilage specimen (Fig. 2) main
tained at room temperature (27°C). Strongly ab
sorbed C0 2 laser radiation was focused to a spot 
with a 0.6-mm diameter to give a spatially local-
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Mirror 
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Fig. 2. Schematic diagram of noninvasive measurement of 
thermal diffusivity in cartilage by infrared imaging radiom-
etry technique. 

ized temperature peak on the cartilage surface. 
Digital infrared emission images were recorded 
immediately after pulsed laser exposure by an 
InSb focal plane array camera (Amber Engineer
ing, Goleta, CA, 3-5 (xm, 256 x 256 pixels) at 
frame rate of 60 Hz. Pairs of IR emission images 
recorded 0.1 second apart were used to evaluate 
the lateral thermal point spread function and, 
hence, thermal diffusivity. The selected time in
terval between the two image frames used in our 
computation allowed sufficient lateral heat diffu
sion while maintaining signal-to-noise ratio in 
both images. A total of five image sequences ac
quired for two different cartilage samples were 
used to determine thermal diffusivity. 

RESULTS 

Transmittance and Reflectance 

Measured transmittance and reflectance 
spectra of a porcine nasal septal cartilage sample 
over the 400-1,400 nm spectral range are pre
sented in Figure 3. As observed in Figure 3A, 
transmittance spectra exhibit absorption features 
corresponding to hemoglobin near 577 and 540 
nm and water at -980 nm and 1,180 nm. The re
flectance curve steadily decreases with increasing 
wavelength in the 400-1,400 nm spectral range 
(Fig. 3B). 

Absorption and Reduced Scattering Coefficients 

To determine absorption and reduced scat
tering coefficients of cartilage by using the reflec
tion and transmission data, the inverse adding-
doubling method was applied [30]. Averaged 
spectra for the absorption (|xa) and reduced scat
tering coefficients (|xs') obtained from 25 cartilage 
samples are presented in Figure 4. Peak values in 
p.a at 980 and 1,180 nm correspond to known ab

sorption bands of water [31,32]. The reduced scat
tering coefficient (Fig. 4B) steadily decreases with 
increasing wavelength. The measured absorption 
coefficients of cartilage (|xac) were compared with 
known values of water (|xaw) [31,32]. The ratio, 
|xac(\)/|iaw(\) at X = 1,150 nm is 0.7 and is consis
tent with known fractional water concentration of 
cartilage (0.65-0.85) [15]. At wavelengths (e.g., X 
= -980 nm) where water absorption is peaked, 
M-ac gives too large a fractional water concentra
tion (-0.9-1.0). When the uncertainty in (xac is 
considered, however, values are consistent with 
the known fractional water concentration. 

The optical properties of cartilage were mea
sured after laser irradiation. Light emitted from a 
Nd:YAG laser (X = 1.32 urn, 6 W, frequency = 10 
Hz, tp -700 fxsec, model 130, New Star Lasers, 
Inc.) was applied to heat the cartilage sample for 
-6 seconds and a spot size of 5 mm in diameter. 
Cartilage sample thickness (t = 1.613 mm) de
creased by approximately 5.8% after laser irradia
tion. The absorption and reduced scattering coef
ficients of cartilage were slightly lower than those 
of nonirradiated control samples at X = 630 nm. 
At X = 1,320 nm, the absorption and reduced 
scattering coefficients were slightly higher than 
that of nonirradiated control samples. These 
changes may be caused by dehydration, change in 
thickness, or denaturation of irradiated cartilage 
due to laser heating. 

An experiment was performed to compare 
the optical properties of nasal septal and aural 
cartilage. As seen in Figure 5, aural cartilage ab
sorbs two times more strongly than nasal septal 
cartilage in the near infrared region. The reduced 
scattering coefficients of aural cartilage (two 
samples) are substantially higher than that of na
sal septal cartilage. The result indicates the pos
sibly different physiologic structure and/or rela
tive composition of molecular cons t i tuen ts 
between aural and nasal septal cartilage. 

Thermal Conductivity and 

Diffusivity Measurements 

For the invasive probe measurement, ther
mal conductivity and diffusivity were measured 
at three different temperatures (27, 37, 50°C). 
Table 1 shows the thermal conductivity and dif
fusivity values. These values were obtained by us
ing 15 fresh samples, and the measurement was 
performed 11-15 times at each temperature. 
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Fig. 3. Transmittance (A) and reflectance (B) spectra of a porcine nasal septal cartilage sample in the 400- to 1,400-nm 
spectral region. Sample thickness = 1.36 mm. 
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Fig. 4. Average absorption (A) and reduced scattering (B) coefficients of cartilage in the 400- to 1,400-nm spectral region 
captured by using inverse adding-doubling algorithm with 25 cartilage samples (n = 1.43). 
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Fig. 5. Absorption (A) and reduced scattering (B) coefficients of aural (thick line) and nasal septal (thin line) cartilage samples. 

Thermal conductivity and diffusivity values in
creased with increasing temperature. 

A £-test was used to check whether the dif
ference between values obtained at different tem
peratures is statistically significant [33]. 

t = 
Xi -Xc 

£i £?. 

Here t is a ^-distribution critical value, x± and x2 

are sample means, s1 and s2 are sample standard 
deviations, and nl and n2 are sample sizes. On the 
basis of the results of the £-test, thermal conduc
tivity values gave greater than 90% confidence 
that a statistically significant difference exists 
with increasing temperature. No statistically sig
nificant difference in thermal diffusivity values 
with increasing temperature was found. 
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TABLE 1. Thermal Conductivity and Diffusivity of Porcine Nasal Septal 
Cartilage at 27, 37, and 50°C Using Thermal Probe Assembly* 

125 

Thermal properties 

Conductivity (mW/cm°C) 
Diffusivity (xlO3 cm2/s) 

27°C 

4.783 ±0.825 (15) 
1.284 ±0.294 (15) 

Temperature 

37°C 

5.182 ±0.291 (14) 
1.310 ±0.163 (14) 

50°C 

5.757 ± 0.502 (11) 
1.397 ±0.202 (11) 

*The values in parentheses are sample numbers, and the sample thickness is from 3 mm to 
5 mm. 

For the noninvasive measurements of ther
mal diffusivity by using infrared imaging radiom-
etry, our numerical algorithm displayed fast con
vergence and gave an estimate for thermal 
diffusivity of cartilage D = 1.38 ± 0.26 x 10~3 

cm2/sec at T = 27°C. This value was consistent 
with that of the invasive measurement by using 
the multichannel thermal probe controller system 
(see Table 1). 

DISCUSSION AND CONCLUSION 

The principal advantages of using laser irra
diation for the generation of thermal energy in 
tissue are precise control of both the space-time 
temperature distribution and time-dependent 
thermal denaturation kinetics. During laser irra
diation, mechanically deformed cartilage tissue 
undergoes a temperature dependent phase trans
formation resulting in accelerated stress relax
ation without causing ablation [15]. When a criti
cal temperature is attained, cartilage becomes 
plastic and may be molded into new shapes that 
harden as the tissue cools [31. Clinically, this re
shaped cartilage tissue can be used to recreate the 
underlying cartilaginous framework of structures 
in the head and neck such as ear, larynx, trachea, 
and nose [2-5,15]. Therefore, optimization of the 
laser-assisted cartilage reshaping process re
quires identification of the optical and tempera
ture dependence of the phase transformation and 
its relationship to observed changes in cartilage 
optical and thermal properties. 

The spectroscopic analysis and inverse add
ing doubling algorithm for optical property mea
surement in biological tissue are completed to de
velop models describing light propagation in 
many mammalian tissues [11-14,16]. Concerning 
cartilage, most studies of the optical properties 
have been reported involving articular cartilage 
because of the increasing use of lasers in joint 
surgery. Ebert et al. measured the absolute total 
reflectance of weight-bearing and nonweight-
bearing equine articular cartilage in the 300- to 
850-nm spectral range by using a spectrometer 

with an attached integrating sphere [16]. These 
authors included Kubelka-Munk absorption and 
scattering coefficients, light density distributions, 
and light pene t ra t ion depth [16]. Because 
Kubelka-Munk absorption and scattering coeffi
cients cannot be directly compared with our mea
sured absorption and reduced scattering coeffi
cients, an approximation relating Kubelka-Munk 
and transport theory parameters by Klier [34] 
and van Gemert and Star [35] was applied. The 
Kublka-Munk absorption (Akm) and scattering co
efficients (Skm) are related to transport values by 
Akm = 2p,a and Skm = % p,s' [34,35]. From the re
sults of optical properties from articular cartilage 
in the 400- to 850-nm spectral region, the absorp
tion coefficients were up to 2.5-fold higher than 
the values of nasal septal cartilage found in our 
study. For the reduced scattering coefficients, the 
values of articular cartilage were also up to two
fold higher than those of nasal septal cartilage 
reported here. The results indicate that articular 
cartilage may absorb and scatter light more 
strongly than nasal septal cartilage over the 400-
to 850-nm spectral region. 

Raunest and Schwarzmaier also measured 
optical density of articular cartilage by microspec-
troscopy in the 250- to 750-nm spectral range to 
examine the potential for selective laser irradia
tion [36]. These authors presented a more narrow 
spectral range than Ebert et al. and did not in
clude calculation of absorption or scattering coef
ficients [36]. In contrast, nasal septal cartilage 
with different constituents and molecular struc
ture from articular cartilage has been modified by 
using longer wavelength laser sources. With re
spect to laser-assisted reshaping of nasal septal 
cartilage, various sources such as He:Ne laser (\ 
= 632.8 nm) for investigating light scattering 
properties and Nd:YAG laser (X = 1.32 fxm) or 
C0 2 laser (X = 10.6 \xm) for the heating source 
were used to identify the phase transformation 
during laser irradiation [2-5,15]. Therefore, the 
spectral region that is needed to study laser-
assisted reshaping of nasal septal cartilage is 
broader than what has been reported. Values of 
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TABLE 2. Absorption and Reduced Scattering Coefficients of Cartilage at 630 

nm and 1320 nm* 

numbers 

25 

Sample 
thickness 

(mm) 

1.466 
(0.374) 

Wavelength (nm) 

630 1.320 

fia (mm-1) n_c' (mm -1) n a (mm"1) m ' (mm-1) 

0.022 0.559 0.095 0.237 
(0.006) (0.127) (0.015) (0.037) 

*The values in parentheses are standard deviations. 

optical and thermal properties determined in this 
study allow selection of an optical source wave
length for noninvasive optical diagnostics and aid 
in determining laser dosimetry for the laser-
assisted cartilage reshaping studies. 

In Table 2, the absorption coefficient (|xa) and 
reduced scattering coefficient (u. s ') of nasal septal 
cartilage are compared at 630 nm and 1,320 nm. 
The data in Table 2 were compared with values 
from the literature. Beek et al. [37] reported the 
absorption and reduced scattering coefficient of 
rabbit cartilage at 632.8 nm (u.a = 0.033 ± 0.005 
mm - 1 , |xs' = 1.94 ± 0.11 mm -1). Unfortunately, 
the authors did not indicate the anatomic location 
where the cartilage was extracted. Descalle et al. 
harvested cartilage from porcine shoulder and 
foot joint and measured the diffuse reflectance, 
absorption, and reduced scattering coefficients of 
ligament and cartilage at 351 nm, 365 nm, and in 
the visible range (440-800 nm) [381. The values of 
optical properties by Descalle et al. had similar 
tendencies with increasing wavelength. 

The accuracy of the inverse adding-doubling 
method varies with the reflectance and transmit-
tance of the sample [30]. For calculation of the 
absorption coefficient, the error is greatest when 
the total transmittance is highest [30]. On the 
other hand, error for the reduced scattering coef
ficient is greatest when little light is reflected by 
the sample [30]. Measurement of thickness and 
variation in thickness with water content is a ma
jor source of error. Additional sources of error are 
the loss of light from the edge of the sample and 
the problem of interference caused by the glass 
slides [39]. The first error manifests itself in 
higher calculated absorption values and may be 
reduced if a relatively large sample size compared 
with the beam diameter is used. For the latter 
error, use of wedge-shaped slides instead of glass 
slides will reduce this problem [39]. 

Various values for the refractive index of car
tilage (i.e., n = 1.40, 1.45, 1.50) were used as an 
input parameter in the inverse adding-doubling 
computer program. The computed absorption co

efficients decreased by approximately 2%, and the 
reduced scattering coefficients increased by ap
proximately 2% with increasing refractive index. 
Although these variations were observed over the 
whole spectral range, the values were within the 
error of calculated values in Figure 4. The conclu
sion is that refractive index does not influence 
computed values of absorption and reduced scat
tering coefficients substantially. 

A considerable variation was observed in 
thermal properties of cartilage (Table 1). The t-
test results show that the thermal conductivity 
increased with higher temperature, and the ther
mal diffusivity values have no dependence on 
temperature. Observed variation may be due to 
measurement error, biological variability, or both. 
Although the former can be reduced by increased 
sample numbers, biological variability likely lim
its accuracy of these measurements. 

Values of thermal conductivity (k) and diffu
sivity (a) in cartilage were compared with other 
tissues such as a human rib at 37°C (k — 3.73-
4.96 mW/cm°C), human cardiac muscle at 37°C (k 
= 4.92-5.62 mW/cm°C, a = 1.47 x 10~3 cm2/sec), 
and porcine skeletal muscle at 30-48°C {k = 4 .3 -
5.1 mW/cm°C, a = 1.022 x lO"3 cm2/sec) [40]. 
These variations are likely caused by different 
structural compositions of the tissues. 

A limitation of invasive thermal property 
measurement is the thermal probe insertion tech
nique. When measuring cartilage thermal proper
ties, we sought to minimize the gap between the 
inner surface of the cartilage cavity and the 
thermistor probe. Although the cavity is rela
tively smaller than the diameter of a probe and 
the probe fits snugly in the cartilage sample, er
rors introduced by the gap cannot be entirely 
eliminated. When micro air pockets are present in 
the gap, a thermal probe exchanges heat by con
duction and radiation through air. The greater 
the air gap that is present at the inner surface of 
a cartilage cavity, the larger the error that will 
propagate in the measurement of thermal conduc
tivity and diffusivity. Consequently, because the 
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conductivity and diffusivity of air in cartilage is 
low, we expect this artifact will give reduced ther
mal conductivity and diffusivity values. To reduce 
this error, the thermal probe insertion technique 
should be improved. One possibility to reduce the 
micro air gap between a thermal probe and the 
inner cavity of a cartilage sample is to place a 
viscous gel in the cavity before inserting a ther
mal probe. Another possibility is to manufacture a 
mechanically enhanced thermal probe so that the 
tip of the sensor can resist the stiffness of carti
lage and interface better with the tissue surface 
in the cavity. 

Another consideration for measurement of 
the thermal properties of cartilage is the sample 
mass change during the experiment. For mea
surements at 37 and 50°C, each sample mass was 
measured before and after the experiment. The 
sample mass after the experiment was reduced 
approximately 4.5% compared with the mass be
fore the experiment. If all mass loss is due to wa
ter, the expected error in thermal properties for a 
4.5% reduction in water content is 4.1% [1]. 
Therefore, we expect that the true thermal prop
erties by using the invasive probe probably are 
approximately 4% higher than what was mea
sured due to the loss of water. The mass reduction 
may originate in dehydration of the cartilage 
sample during measurement. To investigate the 
effect of water loss on the thermal conductivity 
and diffusivity values, accurate measurement of 
cartilage sample mass should be performed at 
each temperature. 

Knowledge of the values of the thermal con
ductivity and diffusivity at different tempera
tures is significant to quantify heat transfer in 
cartilage during laser irradiation. When cartilage 
is heated under laser irradiation during reshap
ing, a phase transition occurs near 65°C [15]. 
Therefore, measurement of the thermal conduc
tivity and diffusivity at additional temperatures 
should be performed (e.g., 62 and 75°C). 

Inasmuch as the thermal controller system 
is designed to operate at 37°C, it is less accurate 
at other temperatures, particularly higher than 
50°C and lower than 20°C. This limitation of the 
system is a result of design features and ambient 
noise in temperature measurements. The uncer
tainty of the measurement technique is approxi
mately 2% for the temperatures less than 50°C 
and 5% for higher temperatures. In the future, 
the effect of water loss during higher temperature 
experiments should be considered and effect on 
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measured thermal properties of cartilage should 
be investigated. 

For the thermal diffusivity of cartilage ob
tained from infrared imaging radiometry, spatial 
resolution has been restricted by practical consid
erations. Our measurements indicate that IR im
aging radiometry gives a value of thermal diffu
sivity consistent with the probe data. Although 
uncertainty for this measurement was relatively 
high, it can be reduced by modifying the current 
setup. First, the excitation laser beam diameter 
should be optimized with respect to characteristic 
thermal diffusion length, which is estimated from 
preliminary measurements. Second, improved 
spatial resolution of the IR-FPA camera may pro
vide higher accuracy in measurements of thermal 
diffusivity. Infrared imaging radiometry has an 
advantage in that no contact with the specimen is 
required and may give more accurate results with 
greater computational economy. 
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