Optical properties of human cranial bone in the spectral range from
800 to 2000 nm
Alexey N. Bashkatov*, Elina A. Genina, Vyacheslav I. Kochubey, Valery V. Tuchin
Saratov State University, 83 , Astrakhanskaya str., Saratov, 41
2, Russia
41 001
0012,
ABSTRACT
The optical properties ofhuman
of humancranial
cranialbones
boneswere
weremeasured
measuredin
inthe
thewavelength
wavelengthrange
range800-2000
800-2000nm.
nm.The
Themeasurements
measurements
were carried out using the commercially available spectrophotometer with an integrating sphere. The inverse addingdoubling method was used to determine the absorption and reduced scattering coefficients from the measurements.
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1. INTRODUCTION
Recent technological advancements in the photonics industry have real progress toward the development of non-invasive
clinical functional cerebral imaging systems. Development of the optical methods in modern medicine in the areas of
diagnostics and therapy has stimulated the investigation ofoptical properties ofbrain tissues, since the efficacy of optical

probing of the tissues depends on the photon propagation and fluence rate distribution within irradiated tissues.
Examples of diagnostic use are the monitoring of blood oxygenation and tissue metabolism"2, detection of brain
malignancies3, and recently suggested various techniques for optical imaging46. Therapeutic uses include applications in
laser surgery7 and in photodynamic
photodynamic therapy3.
therapy. For
Forthese
theseapplications,
applications,the
the knowledge
knowledge oftissue
oftissue optical
optical properties
properties is of great
importance for interpretation and quantification of diagnostic data, and to predict light distribution and absorbed dose for
therapeutic use. Numerous investigations related to determination of tissue optical properties are available however the
optical properties ofmany tissues have not been studied in a wide wavelength range.

Both development of new and optimization of already existing cerebral imaging systems require knowledge of optical
properties of human cranial tissues, such as white and gray brain matter, dura mater, and scalp, in a wide wavelength
range. Recently the optical properties of white and gray brain matter tissues have been measured by Yaroslavsky et a18.

Genina et af investigated the optical properties of human dura mater. The optical properties of skin in a wide
wavelength range have been measured by Bashkatov et al'°. The bone optical properties have been studied by several

authors earlier in the visible and near infrared spectral ranges' ''s.
Firbank
et et l' and
1-15
Firbank
and Ugryumova et al'5 have
investigated the optical properties
properties of
of bone
bone tissues
tissues with
with integrating
integratingsphere
spheretechnique.
technique.Firbank
Firbanketet al' have
have measured
measuredthe
the
optical properties in the spectral
spectral range
range 650-950
650-950 nm
nm and
and Ugryurnova
Ugryumova et
et a/15
al'5 have measured the optical properties in the
nrn. Tauber et al'3 have obtained bone optical properties on the five wavelengths (593, 635, 690,
spectral range 520-960 nm.
nrn) using computerized CCD camera image analysis. Bevilacqua et al'2 have measured the bone optical
780, and 830 nm)
properties by spatially resolved diffuse reflectance (NIRS) and frequency domain photon migration (FDPM) techniques
(674, 81
811,
from 650
650 to
to 1000
1000 nm
nm measure
measure
on the four wavelengths (674,
1, 849,
849, and 956 nm). Pifferi et al'4 in the spectral range from
the bone optical properties with time-resolved transmittance spectroscopy. However, in the infrared spectral range the
optical properties ofcranial bone have not been studied yet.
The goal of this paper is to measure the absorption and reduced scattering coefficients of human cranial bones in the
wavelength range from 800 to 2000 nm.

2. MATERIALS AND METHODS
The measurements were carried out in vitro with ten bone samples, which obtained from post-mortem examinations of
ten corps (seven men and three women). Age of the corps was between 16 and 70 years. The samples were obtained
*
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from parietal, temporal and temporoparietal bones of skull. Table 1 shows specification of the bone samples. All the
51O%14.The
Thestructural
structuralcomponents
componentsof
ofthe
thebones
bones
samples are cortical (or compact) bones. Porosity of the bones is 51O%l4.
consist of an inorganic matrix
matrix (largely
(largely mineralized)
mineralized) and
and an
anorganic
organicmatrix'6'17.
matrix'6"7. The inorganic matrix
matrix contains
contains calcium
calcium
hydroxyapatite, which is responsible
responsible for
for the
the compressive
compressive strength
strengthof
ofbone,
bone,and
andosteocalcium
osteocalciumphosphate.
phosphate.The
Themain
main
components ofthe organic matrix are collagen, proteins, blood cells, and lipids'4. Amount ofthe hydroapatite is 58%,the
collagen content is 25%, water content
content is
is 12%,
12%, and
andcarbohydrate
carbohydratecontent
contentisis5%18•
5%18At the same time, Pifferi et al'4 have
reported that the amount of
bone mineral
mineral matrix is 16%, the lipid content is 54%, the proteins
6%, and water
ofbone
proteins content
content is
is 116%,
contributes 1
16%.
6%.ititisisthe
thecalcium
calciumand
andphosphorus
phosphoruscomponent
componentof
ofthe
theinorganic
inorganicmatrix
matrixthat
thatmakes
makesbone
bonehard
hardand
andrigid,
rigid,
and the arrangement of the collagen fibers in the organic matrix that makes it strong. In both men and women, bone
mineral loss from the skeleton starts generally at ages 40 to 50. In women bone loss can be rapid immediately after
menopause.
Table 1. Specification ofthe bone samples

N
1

2
3
4
5
6
7
8

9
10

Gender

]

Male
Female

Male
Male
Male
Male
Female
Male
Male
Female

L

Age, years
62
38
67
44
70
37
47
65
67
16

Autopsy location
Right temporal bone
Right temporal bone
Right parietal bone
Right parietal bone
Right temporal bone
Right temporoparietal bone
Right parietal bone
Right parietal bone
Right parietal bone
Right parietal bone

]

Thickness, mm
3.0±0.12
5.0±0.49
4.0±0.25
3.0±0.17
4.0±0.28
5.0±0.13
5.0±0.13
2.5±0.4 1

3.0±0.15
3.0±0.16
2.0±0.13

At microstructural length scales,
scales, cortical
cortical bone
bone isis organised
organisedinto
into200-300
200-300tm
m diameter secondary osteons'9,
osteons'9, which
which are
are
composed of large vascular channels (50-90 im
tm diameter) surrounded by circumferential lamellar rings (3-7 m
tmthick),
thick),
with so-called "cement lines" at the outer boundary20. At the nanostructural level, the lamellae are composed of organic
type-I mineralized collagen fibers (up to 15 im
tm in length, 50-70 nm in diameter, and formed by regular arrangement of
subnanostructural collagen molecules) bound and impregnated with inorganic carbonated apatite nanocrystals (about 30
nrri in
nm
in length
length and
and width, 2-3 nm in thickness)21'22.

All samples were kept in saline at temperature about 5°C until spectroscopic measurements. The bone samples were
measured during 4-6 h after autopsy. All the samples have area about 25x25 mm2. The thickness of each bone sample
was measured with a micrometer in several points over the sample surface and averaged. Precision of the single
measurement was
pin.Thickness
Thickness ofthe
ofthe samples
samples are
are varied
varied from 2.0±0.1 to 5.0±0.5 mm.
um
The total transmittance and diffuse reflectance measurements were performed in the 800-2000 nm wavelength range
using the commercially available CARY-2415 ("Varian", Australia) spectrophotometer with an integrating sphere. Inner
diameter of
the sphere
sphere is 100 mm, size of
the entrance
entrance port is 20x20 mm and diameter
the exit port is 16 mm. As
ofthe
ofthe
diameter of
ofthe
As a
light source, a halogen lamp with filtering ofthe radiation in the studied spectral range is used in the measurements. The
diameter of incident light beam on the tissue sample is 3 mm. Scan rate is 2 nm/sec. The measurements were carried out
at room temperature about 20°C.
For processing the experimental data and determination of the optical properties of tissue, the inverse adding-doubling
by Prahl
Prahl et
et a123
a!23 has been used. The method
method is
is widely
widely used
used in
in tissue
tissue optics
opticsfor
forprocessing
processingthe
the
(lAD) method developed by
experimental data of spectrophotometry with integrating spheres'°'2428. This method allows one to determine the
(p = p,
absorption (i,
absorption
(i ) and the reduced scattering coefficients (u
p (i — g)) of a tissue from the measured values of the

total transmittance and the diffuse reflectance. Here u is the scattering coefficient, and g is the anisotropy factor of
scattering. In these calculations the anisotropy factor has been fixed as 0.9, since this value is typical for the tissue in the
visible and NIR
NIR spectral
spectral ranges11'29
ranges"29. The
The main
main advantage
advantage ofthe
of theTAD
TADmethod
method in
in comparison
comparison with many other methods
methods of
of
solution of the radiative transfer equation is connected with its validation for the arbitrary ratio of the absorption and
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scattering coefficients23. The property of the lAD method becomes essentially important in the case of determination of

the optical properties of tissues within strong absorption bands, when the values of the absorption and scattering
coefficients become comparable. Other methods, for example, diffusion approximation3° or Kubelka-Munk method', for
their applicability
applicabilityrequire
requireaafulfillment
fulfillmentofofthe
thecondition
condition p/u.
/u <<
<< 11 . The inverse Monte Carlo technique32 can also be

used for arbitrary ratio of p and

, but requires very extensive calculations. The main limitation of lAD method is
connected with the possible loss of scattering radiation through lateral sides of a sample at calculations33. Loss of light
through the sides of the sample and sample holder may erroneously increase the calculated value of the absorption
coefficient. These losses depend on the physical size and geometry of the sample, i.e., the losses existing in the case,
when the sizes of a sample do not exceed significantly the diameter of the incident beam. The size of the exit and the
entrance ports of the integrating sphere are also important for errorless measurements of the total transmittance and the
diffuse reflectance3. The tissue sample should completely cover the port in the integrating sphere, and the distance from
the edge of irradiating beam on the sample to the edge ofthe port should be much larger than the lateral light propagation
distance, which is determined as 1/(p
i/(ji + uu ) . it
If this is not satisfied, then light will be lost out from the sides of the
sample and the loss will be attributed to absorption, and so the absorption coefficient will be overestimated. These
requirements have been met in our experiments, since maximal size ofthe sphere port does not exceed 20 mm, while the
minimal size of the bone samples is 20 mm. In addition, using the absorption and the reduced scattering coefficients of
the bone tissue presented below, in the next section, we calculated the lateral light propagation distance. For the tissue
the maximal lateral light propagation distance is equal to 0.65 mm for the wavelength 1290 nm. Taking into account the
diameter ofthe incident beam (3 mm), minimal size ofa tissue sample has to be larger than 4.5 mm that was satisfied for
each tissue sample under study. It is seen, that the lateral light propagation distance is smaller than the distance from the
edge of the irradiating beam on the sample to the sample port edge. Besides, Pickering etal3 have reported that area of
tissue sample has to be smaller than the area of the inner surface of the integrating sphere. This requirement has also
been met in our experiments, since the area of the inner surface of integrating sphere used in the measurements was
314.16 cm2, while the area ofthe bone samples does not exceed 7.0 cm2. Figure 1 shows geometry and parameters of the
measurements in the transmittance and reflectance modes, respectively.

al

A'
5

Bi
5
1 : :The
Thegeometry
geometryofthe
of themeasurements
measurementsininA)
A)transmittance
transmittancemode,
mode,B)
B)reflectance
reflectance mode.
mode.1I -- the
Figure 1
the incident beam (diameter 3 mm); 2
- the bone sample; 3 - the entrance port (square 20x20 mm); 4 - the transmitted (or diffuse reflected) radiation; 5 -- the
the integrating
sphere (inner diameter is 100 mm); 6 - the exit port (diameter 16 mm). LPD - the maximal value of lateral light propagation distance.
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Calculation of tissue optical properties was performed for each wavelength point. The algorithm consists of the
following steps: (a) the estimation of a set of optical properties; (b) the calculation of the reflectance and transmittance

with the adding-doubling iterative method; (c) the comparison of the calculated with the measured values of the
reflectance and the transmittance;
transmittance; (d)
(d) iteration
iteration of
ofthe
the above steps until a match (within the
the specified
specified acceptance
acceptance margin)
margin)
is reached. With this iterative process the set of optical properties that yields the closest match to the measured values of
reflectance and transmittance are taken as the optical properties ofthe tissue.

3. RESULTS AND DISCUSSION
Ten bone samples obtained from post-mortem examinations were used for the in vitro measurements. Figures 2-5 show
the measured optical properties of the human cranial bone samples calculated by TAD method on the basis of measured
values of the total transmittance and the diffuse reflectance. Figure 2 presents the wavelength dependence of the bone
absorption coefficient. The vertical lines correspond to the values of standard deviation (SD), which is determined as:
SD =

(, — /J()j ) fl (n — 1) ,

n
where n

= 10
10 is number of the measured tissue samples, p is the absorption

coefficient of each sample, and Z1 is the mean value of the absorption coefficient for each wavelength, which is
calculated as

p. n . In the spectral range, the absorption bands of water with maximums at 978, 1 192, 1464 and

1930 nm
nrn are observed34'35. Absorption band with maximum at 1745 nm correspond to absorption band of lipids36.
Increasing the standard deviation in the range ofthe absorption bands is connected with differences in the water content
for different bone samples. Figure 3 and table 2 show the absorption coefficient values obtained in this paper (solid line)
and presented
presented by
by other
otherauthors
authors(Firbank
(Firbanketetal", Bevilacqua
Pifferieteta114, Ugryumova
Bevilacqua
al'2,Tauber
Taubereteta113, Pifferi
et et
a112,
Ugryumova et al'5)
(symbols). Comparison of the data obtained in this study and presented by these authors shows an agreement between
them in the spectral range 800-1000 nm. Insignificant differences between these data can be explained by differences in
the used measuring techniques and the tissue samples preparation and storage methods.
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Figure 2: The wavelength dependence of the absorption coefficient of human cranial bone in vitro. The vertical lines show the
standard deviation values.
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Figure 3 : The wavelength dependence of the absorption coefficient of human cranial bone in vitro. The solid line corresponds to the

averaged experimental data and the vertical lines show the standard deviation values. The symbols correspond to the experimental data
presented in literature. The squares correspond to the data presented by Ugryumova et al's,
al5, the circles and the up triangles correspond
to
to the
the data
data of
of Bevilacqua
Bevilacquaeteta112
al'2 (NIR
(NIRmeasurements
measurements and
and FDPM
FDPM measurements,
measurements, respectively). Down triangles correspond
correspond to
to the
the data
data
ofPifferi et al'4, the diamonds
diamonds correspond
correspond to
to the
the data
dataofTauber
ofTaubereteta!13,
al'3, and the open circles correspond to the
the data
data ofFirbank
ofFirbank et
et a!11.
a!11.

Table 2. Comparison of bone absorption coefficients obtained in this work and presented in literature. In parenthesis shown standard
deviation values.
_______________ ____________ _____________________________

x, nm
nm
800
830

850
875

900
925

956
975
1000

.

this work
th,s

0.11(0.02)
0.11(0.02)
0.11(0.02)
0.11(0.02)
0.12(0.02)
0.15(0.02)
0.16(0.02)
0.21(0.03)
0.22(0.03)
0.22(0.03)

Pifferi et
al'4
0.07
0.08
0.09
0.11
0.13
0.19
0.18
0.21
0.19

Ugryumova et
al'5
0.25
0.23
0.23
0.23
0.23
0.23
0.22

Firbank et

-

-

al"
0.24
0.25
0.27
0.3
0.36
0.41

0.5

Tauber et
al'3

0.1(0.01)

-

Bevilacqua et al'2
FDPM
NIRS

-

-

0.5(0.2)

0.22(0.01)

-

0.5(0.2)
-

-

0.36(0.01)
-

Figures 4 and 5 present spectral dependence of the scattering properties (shown as reduced scattering coefficient) of the
human bone samples. The dependence was obtained by averaging the scattering spectra measured for the ten samples.
The vertical lines show standard deviation values ofthe reduced scattering coefficients ofthe bone tissue obtained during
the measurements. Figure 4 shows that the reduced scattering coefficient decreases with wavelength increasing, which,
in general, correspond to common nature of spectral behavior of the scattering characteristics of tissues3739. However, in
the spectral range from 1 1
100
00to
to2000
2000nm
nmthe
thereduced
reducedscattering
scatteringcoefficient
coefficientdecreases
decreasesnon-monotonically
non-monotonicallywith
withincreasing
increasing
of wavelength with peaks corresponding to the absorption bands in contrast to spectral behavior of bone scattering in the
spectral range from 800 to 1 1
100
00nm,
nm,where
wherethe
thereduced
reducedscattering
scatteringcoefficient
coefficientdecreases
decreasessmoothly
smoothlywith
withwavelength
wavelength
increasing.
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Figure 4: The spectral dependence of reduced scattering coefficient of human cranial bone in vitro. The solid line corresponds to the

averaged experimental data and the vertical lines show the standard deviation values. The symbols correspond to the experimental data
presented in literature. The squares correspond to the data presented by Ugryumova et al5, the circles and the up triangles correspond
to the data of Bevilacqua et al'2 (NIR measurements and FDPM measurements, respectively). Down triangles correspond to the data
diamonds correspond
correspond to
to the
the data
dataofTauber
ofTauberetetal'3,
al'3,and
andthe
theopen
opencircles
circlescorrespond
correspondtotothe
thedata
dataofFirbank
ofFirbanketetal'1.
al".
ofPifferi et al'4, the diamonds

in contrast to the absorption properties, bone scattering properties, obtained by different authors with using different
measuring methods, demonstrate very different magnitude and spectral behavior. A comparison of the data obtained by
us (solid line) in the spectral range 800-950 nm with the data presented by Ugryumova et al'5 (squares) shows a good
(open circles) also sufficiently close to data presented in
agreement between them. The data presented by Firbank et
this paper. In table 3 it is seen that discrepancy between these data not prevail 20%. However the reduced scattering
significantlysharply
sharplydecrease
decreasewith
withwavelength
wavelength increasing
increasing in
in comparison
comparison to data
coefficients presented by Firbank
Firbank et
et a!11significantly
presented in this paper and obtained by other authors'2"4"5. Besides Tauber et al'3 shows the reduced coefficient values
significantly larger and Bevilacqua et al'2 and Pifferi et al'4 shows ones significantly smaller than presented in this paper.
The discrepancies can be connected with natural dissipation of the tissue properties, differences in the used measuring
techniques, methods of the tissue preparation and differences in bone types (cortical or trabecular) of the measured
samples.

Tauber et al' measured bone optical properties obtained from temporal area of human skull using computerised CCD
camera image analysis. As can be seen in figure 4 and table 3, the data obtained by Tauber et al'3 for skull bone
significantly larger than presented in this paper and by Bevilacqua et a!12 and Firbank et a!11.
. We
Weassume
assumethat
thatthe
the
differences can be connected with the measurement technique using by Tauber et al'3. Ugryumova et al'5 and Firbank et
in their investigations used the integrating spheres technique. In figure 4 and table 3 it is seen that data obtained by
these authors are the more close to the data presented in this paper. Bevilacqua et al'2 and Pifferi et al'4 measured bones
optical properties in vivo but Bevilacqua et al'2 measured the skull optical properties by spatially resolved diffuse
reflectance and frequency domain photon migration techniques and Pifferi et al'4 measured the calcaneous bone optical
properties with time-resolved transmittance spectroscopy. The differences between data presented by these authors and
obtained by us are typical at comparison results of in viva
vivo and in vitro measurements due to tissue dehydration before
and during measurements. In this study, the investigated bone samples kept in saline and consequently the bones are not
1
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dehydrated. We assume that possible reason of the differences is connected with replacing of bone interstitial fluid to
saline. Since saline has refractive index smaller than interstitial fluid then this replacing increases the tissue scattering.
Another reason ofthe differences between data presented by us and obtained by Pifferi et a114 is connected with structure
of investigated bones. In contrast to compact bone of skull investigated in this paper, Pifferi et a114 investigated
trabecular bone of calcaneous. The bone have component content similar to ones of compact bone but porosity of the
trabecular bone are 50-90% 14 whereas compact bone has porosity 5-10%.
Table 3. Comparison of
ofbone
bone scattering
scattering properties obtained in this work and presented
presented in
in literature.
literature. In
In parenthesis
parenthesisstandard
standarddeviation
deviation
values have
havi shown.
ua et
et a112
a!12
Firbank et
Tauber et
Pifferi et
Bevilacqua
Ugryumova et

2, nrn

.

this work

al

al'5
a!15

a114
a!14

800
830
850
875
900
925
956
975

9.48(1.52)
19.48(1.52)
8.71(L48)
18.71(1.48)
8.73(1.37)
18.73(1.37)
18.29(L29)
18.29(1.29)
18.O3(L9)
18.03(1.19)
17.86(1.11)
7.86(Lfl)
7.51(1.O7)
17.51(1.07)
7.36(1.O3)
17.36(1.03)

12.5
12.5
12.7
12.7

21.0
2L0
20.3

12.2
12.4
2.4
13.2
11.8
11.8
12.0
12.0
11.9
11.9

19.3
19.6
19.3

1000

7i1(O.91)
17.11(0.91)

11.7
L1.7

a113
a!13

NIRS

18.4
17.8
16.9

-

-

-

9.0(1)

91(0.23)
9.1(0.23)

38.8(4.4)

-

16.3

15.6
14.4
14.4
13.8

18.6
18.6
8.2
18.2

-

FDPM

a111

-

-

8.5(1)
-

-

7.7(0.19)
-

In the spectral range 600-1500 nm
nrn for many tissues the reduced scattering coefficient decreases with the wavelength in

= a%'
a'
accordancewith
accordance
withaapower
powerlaw
lawu u(,%)
()) =
The wavelength exponent w characterizes
characterizes the
the mean
mean size
size of
ofthe
the tissue
scatterers and defines spectral behavior of the reduced scattering coefficient. Figure 5 shows approximation of the
where Z) is
1533.02%65 where
wavelength dependence ofthe bone reduced scattering coefficient by the power law u (2) = 1533.02265
wavelength, nm. In the figure
figure itit is
is seen,
seen, that
that in
in the
the spectral
spectralrange
rangefrom
from800
800toto11lOO
100 nm
nm this
this power
power law
law well
well approximates
approximates
the experimental data, in contrast to the data in the spectral range from 1 100 to 2000 nm.
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Figure 5: The spectral dependence of reduced scattering coefficient of human cranial bone in vitro and its approximation by power

law. The symbols correspond to the averaged experimental data and the vertical lines show the standard deviation values.
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Typically, the values ofthe wavelength exponent obtained for skin, eye sciera etc in the visible are in the range from 1 to
2, which is defined by the major scatterers type29'38'39. However, in the infrared the values of wavelength exponent are
different. Approximating data of
ofTroy
Troyand
andThennadil28
Thennadil28in
inthe
thespectral
spectralrange
range1000-1250
1000-1250nn-i
nm and Du et at0
al° ininthe
thespectral
spectral
range 900-1350 nm we have obtained w = 0.7 and w = 0.23
0.23 , respectively. Bashkatov et al'° have obtained w = 0.68
for subcutaneous adipose tissue in the spectral range 600-2000 nm, and w = 0.22 for skin in this spectral range. Graaff

2°

at' have
et a14'
havepredicted
predictedfor
forthe
themixture
mixtureofoflarge
largespherical
sphericalparticles
particlesthat
thatp'u' —
—2° . .Thus,
Thus, it is can be seen, that the
wavelength exponent values obtained from different spectral ranges are various. One of the possible reasons for these
large differences is the complex structure of the investigated tissues. For example, for skin, the scattering properties
should be determined by the very thin collagen and elastin fibrils with size of 60-100 nm which are arranged in the
bundles with size of 1-8 m42. Diameter of effective scatterers for adipose tissue has been estimated as 0.8 m'°. The
presence ofthe large so-called Mie scatterers produces a weak wavelength dependence ofthe scattering coefficient in the
IR spectral range.

In this study, we have obtained for the bone tissue w = 0.65 0.29 . The value is indicative of a slowly descending
spectrum that is due to scatterers of large effective size, similar to what we have already found in the case of adipose
tissue'°. Pifferi et al'4 have reported the wavelength exponent value as 0.67 that is very close to the value obtained by us.
Approximating data ofFirbank et al", Bevilacqua et al'2, Tauber et al'3 and Ugryumova et al'5 we, respectively, found w
equal to 1.68,
1 .68,1.23
.23 (NIRS
(NIRS measurement)
measurement) and 0.14 (FDPM technique), 0.87 and 0.5. The obtained
obtained by
by us
us wavelength
wavelength
exponent value is close to
to the
the data
data of
ofPifferi
Pifferi et al'4, Tauber et al'3 and Ugryumova et al'5
aP5 but
but very
verydifferent
differentfrom
fromdata
dataof
of
Firbank et al1
at" and Bevilacqua et al'2. However averaging data ofBevilacqua et a112 we have obtained w = 0.69 that also
close to our data. For bone tissue a primary scatterers are mineralized collagen fibers (50-70 nm in diameter) and apatite
nanocrystals (about 30 nm in length and width, and 2-3 nm in thickness). However, size of the scatterers is very small
and though in the visible spectral range the Rayleigh scattering is dominant, but with the increase ofthe wavelength the
contribution ofthe Rayleigh scattering is decreased sharply and in the IR the contribution is insignificant. In the infrared

spectral range, apparently the vascular channels surrounded by circumferential lamellar rings composed by the
mineralized collagen fibers and conglomerations ofthe apatite nanocrystals should determine the tissue scattering.

The effect of deviation of wavelength dependence of the reduced scattering coefficient from the power law dependence,
i.e. the increase of the reduced scattering coefficients in the spectral range 1 100-2000 nm with peaks corresponding to
the absorption bands, can be connected with the increase of imaginary part of complex refractive index of the tissue

scatterers in the range of the absorption bands. The increase of the imaginary part of the refractive index produces
significant decrease of the anisotropy factor g, which
which together
together with
with the
the scattering
scattering coefficient
coefficientppof
ofaatissue
tissueforms
formsthe
the
—
tissue reduced
reducedscattering
scatteringcoefficient
coefficient p =
= (1
tissue
In the Refs. 40 and 43 it was experimentally shown that in the
(1 g) . 1n
range of water absorption bands, with maximum at 1450 and 1930 nm, significant decrease of the anisotropy factor is
observed that produces the increase of the reduced scattering coefficient and appearance of bands in its spectrum. Note
that degree of the decrease of the anisotropy factor in the range of absorption bands is proportional to intensity of the
the absorption bands decreases
absorption bands. The tissue
tissue scattering
scattering coefficient
coefficient in
in the
therange
rangeof
ofthe
decreases only
only slightly40'43.
slightly40'43. This
This
was confirmed by Pu and Sun44 and Sun et al5 who developed theory and computer model of light scattering on
scattering particles immersed in an absorbing host medium. In the model these authors demonstrated that for large
scatterers immersed in an absorbing medium decreasing of scattering coefficient and significant decreasing anisotropy
factor (up to negative values) should be observed. In figure 2 one can see, that in the spectral range 800-1 100 nm the
absorption of the bone tissue is small. Hence, the scattering properties of the tissue are defined only by the real part of
complex refractive index and the reduced scattering coefficient decreases rather monotonically with the wavelength (see
figure 5). In the spectral range 1 100-2000 nm the absorption bands of water and lipids are observed (see figure 2).The
The

presence of the strong absorption bands leads to the fact that the scattering properties are formed not only under
influence of the real, but also the imaginary part of a complex refractive index of the scattering centers, that produces
the reduced
reduced scattering
scattering coefficient
coefficient in the given spectral region with strong enough
increasing of
ofthe
enough peaks
peaks in
in the
the range
range of
of the
the

absorption bands. Insignificant shift of maxima of the peaks in spectrum of the reduced scattering coefficient in
comparison with maxima of the absorption bands (see figures 2 and 5) can be explained by anomalous light dispersion,
since within an absorption band the real part of refractive index corresponding to the short-wavelength wing of the
absorption band goes down and at the long-wavelength wing it goes up.
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4. CONCLUSION
The reduced scattering and
and the
the absorption
absorption coefficients
coefficients of
ofthe
the human cranial bone in vitro have
have been
been determined
determined over
over the
the
wavelength range 800-2000
800-2000 nrn
nm using
using the
the integrating
integrating sphere
sphere technique
technique and
and the
the inverse
inverse adding-doubling
adding-doubling method.
method. In
In this
this

spectral range the absorption bands of water and lipids with maxima at 978, 1 192, 1464, 1745, and 1930 nm are
observed. For the tissue in the spectral range from 800 to 1 100 nm wavelength dependence of the reduced scattering
1533.02f65 . The presented results can be used for the development and
coefficient can be described as p (2) = 1533.022o65
and
optimization ofcerebral imaging systems and can be useful in tissue optics.
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