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Abstract. Numerical modeling was used for the theoretical analysis of
the propagation of optical radiation in the tissues of the human head,
generated by a single source placed on the surface of the scalp. Of
special interest and importance is the propagation of radiation within
the layer of cerebrospinal fluid contained in the subarachnoid space
(SAS), which is the only low absorption/high transmittance medium
whose width can vary rapidly. Qualitative and quantitative assess-
ment of changes in propagation of radiation within the SAS could
become a source of information on changes in the geometry of this
anatomical compartment playing a crucial role in cranio-spinal physi-
ology and pathology. Essential for the idea of the possible noninvasive
assessment of changes in width of the SAS by an optical method is the
dependence of intensity of radiation reaching a photodetector located
at a certain distance from the source on changes in the width of this
fluid layer, which acts like a biological optical waveguide. Monte
Carlo modeling and numerical analysis confirmed the feasibility of
assessing changes in the width of the subarachnoid space optically.
Presented here are details of the Monte Carlo simulation of light
propagation in the tissues of human head and the results of such
simulation as a function of the width of the subarachnoid space, cal-
culated for different distances between the source and detector and
for a few selected values of bone thickness. Results of numerical mod-
eling were then compared with those of experiments on a
mechanical-optical model. © 2000 Society of Photo-Optical Instrumentation Engi-
neers. [S1083-3668(00)01103-5]
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1 Introduction
Noninvasive methods of assessment of physiological pro
cesses as well as of changes in structure and function of th
human body in cases of pathology continue to be among th
most important objectives of intensive research carried out b
scientists of various disciplines. One of the very promising
techniques, whose successful application may provide muc
information on intracranial homeostasis, including changes in
brain volume and cerebrovascular pulsation, appears to b
transillumination or—when the light source and detector are
close to each other—reflectance of the head. The method in
volves the quantitative analysis of optical radiation penetrat
ing the soft tissues of the head and the skull bones. Althoug
the first experiments with transillumination of the head were
described by Kreutermann as early as in the 18th century, an
by Bright in the first half of the 19th century,1 the method has
not been fully developed due to the complex nature of the
phenomena involved in light propagation in the structures o
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the human head as well as due to a lack of appropriate m
suring and data-processing equipment in the pre-electro
era.

In adults, light transillumination or diffuse reflectance w
not recognized as valuable mainly due to the very low tra
parency to visible~white! light of adult human skull bones
resulting from the bone thickness, and the related serious
ficulties in interpretation. In infants, attempts were made
employ visible light for assessment of magnitude
hydrocephalus.2

Contemporary medical diagnostic techniques utilizing o
tical radiation are mostly based on spectroscopy. Meas
ment of absorbance of radiation of given wavelengths by
moglobin and other chromophores variably saturated w
oxygen, serves mainly the purpose of oximetry, i.e., meas
ment of oxygen supply to the examined tissue or organ. T
method has proved valuable also in the assessment of ox
supply to the brain. This technique employs mainly ne
infrared radiation~NIR!.3–5
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Pluciński et al.
Before the stream of optical radiation reaches the targe
tissue of the brain, it undergoes significant dissipation and
absorption in the skull bones. Initially, this posed a major
limitation for the application of this method in adults, whose
skull bones are relatively thick and constitute a serious ob
stacle to the propagation of radiation. However, with time and
technological progress, diagnostic techniques utilizing NIR
have become valuable tools in oximetric examination of the
brain not only in infants but also in adult patients.6–18

As optical radiation appears to remain the most suitable
information-bearing signal for noninvasive assessment o
changes in cerebral hemodynamics and width of the subarac
noid space~SAS!—reflecting changes in the volume of the
brain—the method of NIR transillumination fully deserves
further extensive research.

In the transillumination of the head the objects of exami-
nation with optical radiation are the anatomical structures o
the head, such as skin, skull bones, cerebrospinal fluid~CSF!
in the SAS and the brain tissue. While penetrating these dif
ferent optical media, photons are subject to absorption, sca
tering in various directions—including forward and retrograde
propagation directions, as well as reflection at the boundarie
of neighboring optical media, e.g., CSF layer in SAS/surface
of the brain.

A better understanding of the phenomena governing propa
gation of optical radiation in layers of various human tissues
could allow for the elaboration and application in medical
practice of techniques that utilize optical radiation as the
information-bearing medium. Introduction of such noninva-
sive techniques would be of unmatched importance for asses
ment of changes in intracranial homeostasis and particularl
fluid space volume reserve and cerebrovascular pulsation.

The objective of this study is to explore with numerical
modeling the feasibility of assessing changes in the width o
the SAS with a noninvasive optical method. Strictly speaking
numerical modeling is expected to reveal the pathway for bes
propagation of optical radiation and the relations between th
propagation magnitude and thickness of particular tissue lay
ers. We think the results of numerical modeling should also
provide us with some useful hints for designing new sensor
and measuring devices. With the assumption that the sourc
and detector of optical radiation are both placed on the surfac
of the head, numerical modeling should answer the following
questions:~1! What is the maximum source-detector distance
at which the power of radiation reaching the detector is suf
ficient to be measured by available optoelectronic equipment
~2! How does the propagation of radiation change with
changes in the width of the SAS?~3! How far from the source
should the detector be located to assure optimum sensitivity t
such alterations? Moreover, numerical modeling is expecte
to enable analysis of the conditions under which the detecto
receives a stream of radiation composed mainly of photon
which are propagated via the superficial path in the scalp an
bone, i.e., are not propagated via the paths through deep
lying tissues. The additional monitoring of simultaneous mea
surement of transmission of radiation via the superficial path
could then allow for the extraction from the measured trans
mission, of a signal dependent exclusively on the rhythmic
changes in the width of the SAS, with elimination of its
modulations resulting from the pulsation of superficial arteries
292 Journal of Biomedical Optics d July 2000 d Vol. 5 No. 3
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of the scalp. The frequency of these fluctuations is equa
the heart rate~HR!.

2 Method of Analysis
2.1 Analysis of Propagation of Optical Radiation
in Human Tissues
Human tissues are characterized by a high complexity
structure, which is the reason why it is rather difficult to d
scribe the propagation of optical radiation in media of th
kind. Propagation of radiation in tissue depends both on
absorption in the tissue and on the scattering. For transmis
of very short ultraviolet and infrared radiation, tissue abso
tion may be substantially greater than scatter.

The length of photon path from scatter to scatter is a r
dom variable, whose probability density function is

ps~rs!5ms exp~2msrs!, (1)

wherer s is a length of photon path,ms is the scattering coef-
ficient.

The deflection of a photon once it is scattered is specifi
by a phase functionp(s8,s), which describes the probability
of a photon to be scattered from a directions to a directions8.
Since the phase function is the only parameter which can
measured independently using thin slices and goniome
equipment, several functions have been discussed in the
erature to enable the best fit to experimental data~isotropic,
Henyey–Greenstein, Delta–Eddington, Rayleigh–Ga
etc.!.19–23 The authors used the Henyey–Greenstein ph
function

pcos u~cos u!5
1
2

12g2

~11g222g cos u!3/2

or

pu~u!5
sin u

2
12g2

~11g222g cos u!3/2 ,

(2)

whereu is a scattering angle, such that

E
21

1
pcos u~cos u!d~cos u!51 or E

0

p

pu~u!du51

(3)

and g is an anisotropy factor fulfilling the following condi
tion:

g5E
21

1
pcos u~cos u!cos ud~cos u!5^cos u&

or

g5E
0

p

pu~u!cos udu5^cos u& ,

(4)

where^ • & stands for the average value. The anisotropy fac
can vary from21 up to 1.

In an absorptive medium photons undergo absorption.
length of path followed by a photon before its absorption i
random variable, whose probability density function is
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Theoretical Foundations for Noninvasive Measurement
pa~ra!5ma exp~2mara!, (5)

where r a is a length of photon path,ma is the absorption
coefficient.

For a highly scattering medium, we may consider the sys
tem to be isotropic, and the propagation of the photons can b
described using the Boltzman transport equation24

1
v

]L~r,s,t !

]t
52s•¹L~r,s,t !2maL~r,s,t !2msL~r,s,t !

1msE
4p

p~s8,s!L~r,s8,t !dV81e~r,s,t !,

(6)

where v is the velocity of optical radiation in the medium
~v5c/n, c is the velocity of optical radiation in vacuum,n is
the refractive index of the medium!, V8 is spatial angle,
L(r ,s,t) is the photon flux at positionr and time t, and
e(r ,s,t) represents the source of radiation.

While the motion cannot in general be derived analytically
for any arbitrary shape medium, Eq.~6! can be used as the
basis for iterative25 or Monte Carlo calculations.25,26 To solve
Eq. ~6!, a special computer program was composed by one o
us ~J. Pluciński!. This program uses the Monte Carlo method
where each photon changes its weight coefficient in orde
with a weight function for the absorption coefficient.27 For
clarity, it should be noted that this use of the term ‘‘photon’’
has little in common with the quantum theory of optical ra-
diation but it is a simplification used by the Monte Carlo
simulation.

In this program, the source of optical radiation~Figure 1!
is modeled as a disk of radiusR whose radiance is modeled
by a raised-cosine function and by selecting an adequate val
of m

e~r,s,t !5H A0~cos a!m if rsource<R and rz50

0 if rsource.R or rzÞ0,
(7)

wherer source5Ar x
21r y

2, a is the angle betweens andz direc-
tion, r x , r y andr z are vectorr components,A0 is the radiance
in z direction.

Fig. 1 Schematic diagram of the optical source, photon paths in the
tissue and system coordinates.
f

e

The computer program uses a random number generat
real numbersxRN in range ,0;1! with probability density
function p(xRN)51 by Knuth.28,29 It is assumed that the
source of photons lies on the surfacez50 and thez axis is
perpendicular to the source~Figure 1!. If each photon is as-
signed its localx8y8z8O coordinate system in which it propa
gates alongz8 axis, the Euler angles relating this system to t
global xyzO coordinate system are

u5arc cos~12~12cos amax!xRN!

w52pxRN50. (8)

The weight coefficient of each generated photon depe
on the direction of its propagation, according to Eq.~7! as-
suming thatA051. The power of the radiation generated b
the source is calculated as a sum of weight coefficients
photons which leave the source. The power mentioned ab
is expressed in arbitrary units.

The input data for modeling of the tissues include th
dimensions, scattering coefficientms , attenuation coefficient
ma and anisotropy factorg. The direction and position of the
photon changes from scatter to scatter in a random way u
the photon manages to exit from the tissues or the pho
weight coefficient is smaller than a given value.

The length of path from scatter to scatter is calcula
according to the density function~1!

rs5
2ln~12xRN!

ms
. (9)

Every time photon scattering occurs, a new localx9y9z9O
coordinate system is introduced, in which the photon pro
gates along thez9 axis. Thex9y9z9O coordinate system is
related to the previous localx8y8z8O coordinate system of the
photon by the Euler angles

u5arc cosH 1
2g F11g22S 12g2

12g12gxRN
D 2G J ,

w52pxRN50. (10)

The weight coefficient is calculated from the total length
the photon pathl

eout5e ine2mal, (11)

wheree in is the weight coefficient of photon entering the ti
sue,eout is the weight coefficient of the photon leaving th
tissue.

The input data for modeling of the detector are its dime
sions, location and aperture angle. The power of radiat
~expressed in arbitrary unit! received by the detector is calcu
lated as a sum of weight coefficients of the photons, wh
reach the detector. The actual power of the received radia
can be calculated by multiplying the received/emitted pow
ratio, expressed in arbitrary units, and the actual power of
source. As a result, we get the surface distribution of powe
a function of the detector location. These results are store
files to generate charts with specialized software~for ex-
ample, with Excel™ or Statistica™ programs!.
Journal of Biomedical Optics d July 2000 d Vol. 5 No. 3 293
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Pluciński et al.
2.2 Optical Model of Tissues of the Head
The cross section of the modeled head tissues in the front
region is presented in Figure 2.

The simplified model of the adult human head is a
multilayer block 10 cm wide310 cm high33 cm thick. The
first, outer layer 3 mm thick is the skin with the subcutaneous
tissue. Below it there is the skull bone of heterogeneous struc
ture. The bone consists of two compact laminae of 2.5 mm
with porous spongy lamina containing air and fat between
them. As the optical densities of the layers are not identica
two different parameters were assumed for them in the mode
The thickness of the skull bones varies between individual
over the range from 3 to 15 mm, according to the results o
our own measurements~see measurement experiment!. More
than 80% of the investigated skull bones fell within the range
3–12 mm. For the numerical modeling, four most common
thicknesses of skull bones were chosen from that range~3, 6,
9, and 12 mm!. Deeper below the skull bone there is another
different layer, composed of the cerebrospinal fluid, which
fills the SAS between the inner surface of the skull bone an
the surface of the brain, surrounding the brain like a sof
cushion. The thickness of this layer, i.e., width of the SAS
varies between regions of the cranial cavity in the range from
0.5 to 2 mm. The last layer is the brain tissue. The mode
consists of four layers, in which propagation of photons oc
curs, three of them characterized by significantly higher opti
cal density~skin, bone, brain tissue! than the cerebrospinal
fluid. In the light of the results of model studies by Okada
et al.,30 who found weak dependence of transmission of opti
cal radiation on the texture of the brain surface, in our study
the latter was assumed to be smooth.

For the sake of simplification of the calculations an as-
sumption was made of isotropy of the tissues and homogen
ity of their optical parameters. It was also assumed that th

Fig. 2 Cross section of the modeled set of tissues: 1-scalp, 2-skull,
3-cerebrospinal fluid, 4-brain.
294 Journal of Biomedical Optics d July 2000 d Vol. 5 No. 3
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border surfaces between the consecutive layers are planes
allel to the skin surface~Figure 3!. The xyzO system of co-
ordinates was designed in such a way that the source o
diation was located in its very center~0,0,0! and thez axis
was perpendicular to skin surface and directed towards
brain.

The modeled source of radiation was a light-emitting dio
~LED!-type SFH 484-3 by Siemens. For the modeling pro
dure the following source parameters were assumed: ape
diameter 5 mm, directional characteristics as described in
mula ~7! with the m parameter equal to 70.88, which corr
sponds to an emission angle68°; the power of the source wa
134 mW ~impulse mode with impulse current 537 mA!.

For the photodetector a photodiode-type BPW-34 by
emens was modeled, with a photosensitive area of7.45 mm2.

Values of parameters used as input data for the numer
modeling are presented in Table 1.

Notes:

~a! There are major discrepancies between the val
of the above parameters in the works by differe
authors. This is particularly true in the case of t
absorption coefficient~e.g., its value can bema

50.013 1/mm31 or ma50.025 1/mm32 or evenma

50.45 1/mm33!. For the calculations we chos
such values of the parameters which cause re
tively high attenuation of the power of the signa

~b! At distances from the source markedly exceedi
1/ms , power distribution does not depend on th
scattering coefficient and scattering anisotropy c
efficient if the reduced scattering coefficientms8
(ms85ms(12g)) remains constant. Therefore, fo
the sake of reduction of the calculation time, a
isotropic model of propagation of radiation withi
the bones, SAS and brain was assumed in wh
g50 andms5ms8 . An anisotropic model of propa-

Fig. 3 Schematic diagram showing consecutive layers of tissues and
the location of the source and detector against each other.
Table 1 Optical properties of tissues of the head used for numerical modeling.

Tissue
Thickness

[mm]

Absorption
coefficient
ma [1/mm]

Scattering
coefficient
ms [1/mm]

Anisotropy
coefficient

g

Reduced
scattering
coefficient
ms8 [1/mm] Reference

Skin 3 0.27 18.7 0.82 34

Bone 3, 6, 9, 12 0.0269 0.86 35

SAS 0–5 0.001 0.001 0.0

Brain 10 0.038 65.0 0.97 36
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Theoretical Foundations for Noninvasive Measurement
gation was assumed for the skin, to enable analysi
of situation, when the photodetector is located in
very close proximity to the source.

~c! In Ref. 35 parameters for the skull were given for
wavelengths of 849 and 956 nm. The value for 890
nm, needed for our calculations, was obtained
through approximation.

~d! The width of the fluid layer in the SAS changed in
the range from 0 to 5 mm, calculations were made
with increments of 0.1 mm; absorption and scatter
were neglected because they are minute, compare
with the bordering tissues, however, nonzero val-
ues for both absorption and scatter coefficients
were assigned~0.001 l/mm and 0.001 l/mm, re-
spectively! in order to avoid division by zero in the
calculation procedure; the scatter anisotropy coef-
ficient was assumed to be 0.

~e! The width of the fluid layer was assumed to be
much greater than in real conditions~about 4 mm!
and much greater than the depth of the intracere
bral penetration by NIR light. The penetration
depth is equal toA1/(3ma(ma1(12g)ms)),

37

which is much less than the thickness of the brain
layer ~for brain of ma50.038 1/mm, ms

565.0 1/mm,g50.97 at 890 nm, the penetration
depth of brain tissue equals 2.1 mm!. Such an as-
sumption eliminates the need for modeling the
deeper layers of the brain in this model study. In-
creasing the depth of penetration in this model
study led to a marked increase in model calculation
time, with no change observed in the distribution
of power of radiation on the surface of the head. In
studies by other authors, other values of parameter
for the skull can be found, e.g., in Ref. 38ma

50.03 1/mm,ms526.0 1/mm,g50.94at 890 nm.

The distance ranges from the source in directionsx andy
were limited to 5 cm with a view to reduce the time needed
for the calculations. The calculation time was further cut
down through introduction of a minimal weight coefficient
emin for each photon, below which value calculations for a
given photon were abandoned. The coefficient was10230,
while the weight coefficient for each photon upon its genera
tion by the source was equal to 1 in the perpendicular direc
tion; its values were lower than 1 for the other directions to
preserve the directional characteristics of the source—see fo
mula ~7!. Further reduction of calculation time was obtained
by performing parallel calculations for different widths of the
SAS. When a photon left the tissues without reaching the
SAS, then an identical path of the photon was assumed for a
widths of the SAS. Therefore, only for very few photons,
namely those that reached the SAS, was it necessary to ca
culate individual paths within that space, and this only at the
distance SAS—surface of the skin. In determining transmis
sion as a function of the source-detector distance, the isotrop
of the system was used in directions perpendicular to thez
axis. Therefore, with the source of radiation characterized b
axial symmetry about thez axis, we receive a planar distribu-
tion of the power of photons leaving the tissues through the
skin, which also reveals axial symmetry. It was assumed then
-

l

l-

y

,

that the power of the radiation reaching a detector ofa3a
dimension, located a distanced from the source, is equal to
the summed power of the photons leaving the skin in
distance intervald6a/2 from the source multiplied by the
factor a/(2pd).

3 Numerical Results
Presented below are the results of modeling of transmissio
optical radiation in tissues of the human head; the numbe
photons analyzed was 100 million~Figure 4 and Figure 6! or
10 million ~Figure 5!. This number is a result of compromis
between accuracy of the results and the time required for
culations.

Figure 4 shows the distribution of power density on t
surface of the head as a function of the distance from
source~1 W power! and the SAS width, for a frontal bon
thickness of 6 mm. For the assumed LED source of 134 m
power and for a detector active area of7.45 mm2, the power
of radiation received by the detector can be calculated
multiplying the surface power density plotted in Figure 4
the factor 1.

Similar relations between the distribution of power dens
on the surface of the head as a function of the distance bu
a SAS width 1 mm and for different thickness of skull bon
are shown in Figure 5. The amount of radiation, which w
propagated in the skin or in the skin and bone only, are a
presented in Figure 5.

For potential constructors of a system for measuremen
the width of the SAS it is very important to know the magn
tude of relative changes in power of the optical radiation a
function of the width of that space for a given source-detec
distance. This relation is presented in Figure 6. The dista
from source was limited to 25 mm to ensure the power
radiation received was not less than 1 pW for all bone thi
nesses under the conditions described above.

4 Measurement Experiment
For the future utilization of the method in clinical practice,
was necessary to identify the power level of the optical sou
that would have to be used, as well as the sensitivity of
detectors for skull bones of different thickness. Therefore
average thickness of skull bones was determined during

Fig. 4 Surface distribution of received power density vs distance from
the source and width of SAS (100 million photons).
Journal of Biomedical Optics d July 2000 d Vol. 5 No. 3 295
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Fig. 5 Surface distribution of received power density vs source-detector distance for SAS of 1 mm width (10 million photons).
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topsy in 150 cadavers of both sexes, age 18 through 83 yea
Measurements were made with a micrometer. The results a
presented in Figure 7.

We also examined the character of the relation betwee
NIR transmission ratio and thickness of the skull bone. Figure
8 shows the dramatic decrease of NIR transmission ratio wit
increase in bone thickness. An exponential curve fitted th
experimental data well and shows the character of the depe
dence of NIR propagation with thickness.

Experiments designed to verify the results of numerica
modeling, presented in this study, were carried out on a sim
plified mechanical-optical model~tester! imitating the system,
the ‘‘brain surface-cerebral fluid space-skull bones’’~BFS!.39

The tester is a cylinder with a movable piston installed inside
The piston’s position is adjusted with a micrometer. The de
vice has a special socket where a fragment of human front
bone and the emitting/sensing module are placed. A sche
matic representation of the experimental system is shown i
Figure 9.

Measurements with and without the 3 mm layer imitating
the skin were performed. However, the optical parameters o
the skin-imitating layer in the prototype model proved too

Fig. 6 Relative changes in received power density vs the width of SAS
for a given source-detector distance (100 million photons).
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poor an approximation of those of the live skin and therefo
the experiments described in this study were performed o
simplified model of ‘‘brain–cerebrospinal fluid-skull’’ sys-
tem @BFS#. In the initial experiments, however, we have n
ticed that the skin-imitating layer did NOT affect the magn
tude of relative changes in received power as a function
SAS width at source-detector distances exceeding 8 mm,
at distances of greatest interest to us. Simultaneously, we
observe a significant attenuating influence of the sk
imitating layer on the absolute power of the received sign
i.e., the absolute power of signal was significantly higher
the model without this layer.

In the search for the best imitation of the surface of t
brain we tested a number of substances of varied reflecta
ratios. In the particular case of the mechanical-optical mod
it should ideally possess the same values of coefficients
absorption, diffusion and anisotropy of diffusion as the bra
These parameters determine the reflection coefficient
depth of penetration of the medium by light. In our model, t
surface of the brain cortex-imitating layer formed the boun
ary for the fluid layer. When the length of this fluid layer
much greater than the penetration depth of the neighbo
tissue layers, the optical transmission properties of the fl
layer depend predominantly on its width~thickness! and re-
flection coefficient. The depth of brain tissue penetration
NIR light is equal to 2.1 mm. This is why reflection was th

Fig. 7 Distribution of thickness of the frontal bones in 150 human
cadavers (measurement taken at the frontal tubers).
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Theoretical Foundations for Noninvasive Measurement
most important phenomenon analyzed in our mechanica
optical model. Of the materials available, the authors chos
duracryl No. 4.5~a special plastic produced by Spofa Dental,
Czech Republic! as possessing a reflection coefficient mos
similar to that of the brain cortex. Therefore the surface of the
metal piston of the tester was covered with duracryl. The
penetration depth is also much smaller than the width of th
fluid space in the case of duracryl coating used in mechanica
optical model.

The space between the fragment of skull bone and th
surface of the brain phantom was filled with 0.9% saline imi-
tating the cerebrospinal fluid. This space communicated wit
an overflow compensation reservoir, which enabled the simu
lation of fluid redistribution to the fluid space of the spinal
cord. The source of radiation was placed on the surface of th
bone fragment in fixed position. The width of the space was
changed in the range from 0 to 5 mm~in increments of 0.25
mm! with a micrometer.

Fig. 8 Transmission of NIR through skull bones of different thickness.
Exponential curve y536.432e20.3604x (where x is bone thickness in
mm, y is transmission ratio in percent) closely matches the relation
between experimental data of transmission ratio and bone thickness
(correlation ratio equals R50.9708).

Fig. 9 A schematic representation of the model of the BFS system
(modified from Ref. 39). 1-NIR emitting/sensing module A: source, B:
detector, C: preamplifier; 2-compression spring; 3-stabilizing unit;
4-plastic film imitating skin; 5-fragment of human frontal bone; 6-thin
layer of soft plastic imitating the dura mater of the brain; 7-face of
piston covered with 1 cm duracryl layer (imitating the surface of the
brain); 8-0.0% saline; 9-compensatory reservoir (overflow safety
tank); 10-micrometer; 11-piston adjustment limiter; 12-base construc-
tion; 13-piston; 14-cylinder.
-

To assess propagation of radiation in the examined fl
milieu, we performed measurements of reflected power
ceived by the NIR detector. As the source of radiation
used a SFH 484-3 LED~l5890 nm,P5134 mW, impulse
mode!. The detector was a photodiode BPW-34. The dista
between source and detector was changed within the ra
4.5–25.5 mm in increments of 3.5 mm.

The measured distribution of received power density v
sus distance from the source and width of the SAS and m
sured relative changes in received power density versus
width of SAS for a given source-detector distance are sho
in Figures 10 and 11, respectively.

5 Discussion
The results obtained indicate that it is feasible to ass
changes in the width of the SAS with the use of optical rad
tion. The magnitude of changes in transmission of radiat
between the source and detector placed on the surface o
skin of the head, which result from changes in the width
the SAS, is dependent on the source-detector distance. Di
ences between power densities in Figures 4 and 10 result f
the fact that the skin-imitating layer was omitted in th
mechanical-optical model due to lack of an appropriate ph

Fig. 10 Measured surface distribution of received power density vs
distance from the source and width of SAS.

Fig. 11 Measured relative changes in received power density vs the
width of SAS for a given source-detector distance.
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tom material. Comparison of the two figures indicates that
contrary to the numerical model~Figure 4!, in the experiment,
a continuous decrease of power with increase in source
detector distance was not observed~Figure 10!. This resulted
from unevenness of the inner surface of the frontal bone. Thi
is also why the surface plot in Figure 11 is far from flat and
exhibits numerous peaks and valleys.

Results presented in Figure 5 indicate that with source
detector distances exceeding 5 mm, the contribution of ligh
propagated in the superficial skin layer to the total signal re
ceived by the detector is negligible. Therefore, neglecting the
skin-imitating layer in the mechanical-optical model should
not affect the relative changes in the signal received by th
detector, which are caused by changes in the width of the SA
imitating layer. However, the skin or skin-imitating layer does
exert a strong influence on the magnitude of the absolut
power of the signal, which is the source of differences be-
tween results of the numerical modeling and those from ex
periment~Figures 4 and 10!.

The relations presented in Figures 4 and 5 show, howeve
that the maximum value of the distance is limited by the mini-
mum power of radiation detectable by the receiving photodi-
ode, i.e., the sensitivity of the detector. For this minimum
level of power equal to 1 pW, the maximum source-detecto
distance is 25 mm. With the detector placed at such a distanc
from the source, a 1 mm change in the width of the SAS
causes a significant change in the power of radiation received
between 10% and 30%~Figures 6 and 11!. At source-detector
distance lower than a certain value~range 5–20 mm, depend-
ing on the thickness of the frontal bone!, the amount of radia-
tion propagated to the detector via deep paths in the cere
brospinal fluid is too small in comparison with the very large
amount of radiation following the more superficial propaga-
tion paths in the skin or skin and bone only. Assessment o
the changes in the width of the SAS is then no longer pos
sible. However, placement of the detector in close proximity
to the source enables assessment of changes in transmiss
of radiation in the skin.

The obtained results indicate that the quality and degree o
changes in the power of the NIR signal received by the de
tector, accompanying the changes in SAS width, are depen
dent on the source-detector distance. When the source
detector distance is short~less than 15 mm—see Figures 6 and
11!, the power of the reflected NIR stream is almost constan
over the whole analyzed range of bone-brain distances. Whe
detector is placed farther from the source, a stronger influenc
of the width of the fluid-filled space on the power of the
received signal is observed. The greater the SAS width, th
greater the power of the received signal. This two-phase rela
tion could be explained with the hypothesis of the ‘‘optical
duct effect’’ occurring in the space between the bone and
brain. The optical duct effect results from the propagation of
radiation within the thin SAS layer due to multiple diffuse
reflections of numerous individual beams from the inner sur
faces of the walls of the optical duct. The wider the SAS, the
more radiation reaches the detector at the remote position
Conversely, a decrease in the width of the optical duct result
in a decrease in the amount of radiation received by the de
tector.

This observation leads to the conclusion that, with the de
tector placed far enough from the source, it should be possibl
298 Journal of Biomedical Optics d July 2000 d Vol. 5 No. 3
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to monitor changes in power of the deep reflected NIR sign
i.e., the one that travels in the propagation duct formed by
SAS. It is important to note the strong correlation between
power of the reflected stream and the bone-brain dista
This conclusion is fully consistent with the assumptions p
sented by other authors16–18,30as well as with the results o
numerical modeling. However, the other studies described
effect of source-detector distance on the received signal, w
a constant width of SAS, and their results were relev
mostly to oximetric applications of NIR.

As to the selection of the source-detector distance, the
sults obtained in our study converge with those of Okada
his team.32 Particularly, both teams found that at sourc
detector distances less than 5 mm, radiation is transmi
virtually only within the skin layer, and that with distance
above 15 mm radiation is transmitted also within SAS a
brain cortex.

6 Conclusion
In this study, we examined the influence of changes in
width of the SAS on NIR transmission in the tissues of hum
head. The main goal here is to experimentally verify and p
vide background for a totally different technique called NI
Transillumination~NIR-TI!.

The results of our experiments prove the feasibility of no
invasive assessment and monitoring of changes in the w
of the SAS in vivo by the use of optical radiation. Such
noninvasive technique would be of great clinical importan
for diagnostic and prognostic purposes in patients with int
cranial pathology affecting this variable, e.g., in cereb
edema. The chances of utilization of such a method in hum
will be verified in further experiments. Results of experimen
evaluating features of the measurement system are the su
of other publications.
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