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Abstract. A modified Monte Carlo method was used for numerical
modeling of the propagation of near-infrared radiation �NIR� within
the anatomical layers of the human head. The distribution of NIR
transmission between particular anatomical layers in the measure-
ment region �frontal tubers� of the head was obtained. The study dem-
onstrates the effect of the cardiac pump function-dependent changes
in the width of the subarachnoid space �SAS� on the intensity of the
backscattered radiation. It was proved that the influence of this factor
increases with increasing distance between the observation point and
the location of the NIR source placed on the surface of the head.
Moreover, with sufficiently small NIR detector-source distance, the
contribution of the optic radiation propagated within the SAS to the
total signal received is negligibly low, which gives a basis for estima-
tion of the modulatory influence of blood circulation within the su-
perficial skin layer on the total intensity of the backscattered radiation.
The dimensions of anatomical layers used in the study are real values
measured in a female patient, in whom—due to unique
circumstances—it was possible to make measurements followed by
recordings in clinical conditions, a situation essential for verification
of the results of numerical modeling. © 2007 Society of Photo-Optical Instrumen-
tation Engineers. �DOI: 10.1117/1.2757603�
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Introduction

s a result of long-lasting research focused on noninvasive
ethods of evaluation of intracranial physiology and pathol-

gy that utilize propagation of near-infrared �NIR� radiation, a
umber of theoretical models of NIR propagation within the
issues of the head were investigated. Several theoretical pa-
ers on the modeling of this propagation were published.1–9

oreover, two measurement techniques based on these mod-
ls were developed.

One of the two methods is cerebral oxymetry �NIR spec-
roscopy�, which enables on-line measurement of changes in
lood hemoglobin oxygen saturation in superficial cerebral
lood vessels. This technique is based on theoretical models
evised mainly in Refs. 10–21. The other method is NIR tran-
illumination, which allows for monitoring of the changes in
he width of the subarachnoid space �SAS�, an important pa-
ameter of intracranial homeostasis influenced by a number of
ignificant diseases and disorders �e.g., cerebral edema, brain

ddress all correspondence to Jerzy Pluciński, Gdańsk Univ. of Technology,
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ournal of Biomedical Optics 044015-
tumors, etc.�. This method is based on a theoretical model of
propagation of optical radiation in the tissues of the human
head with particular attention to that in the SAS, which was
prepared by one of the authors of this study �Pluciński�.8,9,22

These models have some common elements, including the
propagation of NIR within the scalp, skull bone, and cerebral
parenchyma. However, in their models, most of the authors
focus more on the determination of optical path length within
the brain to calculate the changes in absorption coefficient for
oxymetric measurements. Contrary to that, in our model,
which was prepared for the transillumination method, we pay
particular attention to the propagation of NIR within the
SAS—an optical medium of variable width. The knowledge
of propagation of the radiation within the SAS at its different
and changing dimensions is of key importance for the design
of detectors suitable for the transillumination method.

Acquisition of new, unique data from on-line recordings in
patients necessitated a revision of the numerical model that
we prepared several years ago.8 On the other hand, the emer-
gence of a new type of equipment—a device capable of re-
cording fast-variable �cardiac-pump dependent or respiration-
1083-3668/2007/12�4�/044015/10/$25.00 © 2007 SPIE
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elated� and slow-variable �brain-volume dependent� changes
n the SAS width allowed for experimental verification of the
umerical model in clinical conditions.

The objective of this study was to verify the theoretical
odel of propagation of NIR within tissue layers of the head

t different SAS widths, utilizing the new, unique data ac-
uired from a special patient who had suffered from traumatic
oss of scalp �skin of the head� from one half of the head.
hus, in vivo parameters of the head tissues could be deter-
ined.
In our study, we decided to explore:
• The relationship and degree of similarity between the

ower of the signal estimated with numerical modeling and
hat obtained from live recording from the patient. �This refers
o the level of absolute power received by the detector in
elation to the source-detector distance, both with and without
he superficial skin layer.�

• The importance of the use of two detectors: �a� a distal
etector �DD� monitoring the changes of optical signal result-
ng from fluctuations and oscillations of the width of the SAS
both when the detector is placed on the scalp and directly on
he skull bone�; �b� a proximal detector �PD� monitoring the
hanges of signal undergoing retrograde scattering influenced
y changes in optical properties of the scalp due to pulsatile
ow of blood through the vessels of the skin layer. �The signal
rom this detector is used for compensation of this influence
n the signal detected by the DD.�

• The optimum theoretical positioning of the PD and DD
distance from the source and distance between the detectors�,
hich is important for the transillumination method �enabling
onitoring of changes of the width of the SAS�.
• The potential appearance of low-order harmonics �sec-

nd, third, and higher� of the SAS-width-modulated signal,
iven the fact that transmission of radiation within the SAS in
nonlinear function of the SAS width.

Numerical Modeling of Transmission of
Optical Radiation Within Anatomical
Layers of the Head

.1 Description of the Method
ost of the tissues of the head, including skin, skull bone, and

rain parenchyma, exert strong scattering effect on the propa-
ating radiation, and this is why modeling of this propagation
an be accomplished with good approximation with the
ethod based on diffusion approximation. This approxima-

ion, however, cannot be used for low-scattering layers, in-
luding the SAS, where most photons cross the layer without
change in the direction of their propagation. Alternative at-

empts to examine the effect of including a low-scattering
egion in the head have relied on Monte Carlo models,4–8,23

nite difference transport models,24 a hybrid radiosity finite
lement model,25,26 or a hybrid radiosity-diffusion model.3

In order to achieve the high accuracy of numerical simu-
ation of the propagation of optical radiation within the tissues
f the head, the calculations were performed using a dedicated
omputer program developed by one of authors �Pluciński�
nd based on a modified Monte Carlo method, briefly outlined
ere.

The starting point for our consideration is the radiative

ransport equation �also known as the Boltzmann transport

ournal of Biomedical Optics 044015-
equation� describing the process of light scattering27:

1

v

�L�r,s,t�
�t

= − s · �L�r,s,t� − �aL�r,s,t� − �sL�r,s,t�

+ �s�
4�

p�s,s��L�r,s�,t�d� + ��r,s,t� , �1�

where L�r ,s , t� is the radiance at position r traveling in a
direction s at time t, p�s ,s�� is the normalized phase function
representing the probability of scattering from the direction s
into a direction s�, �s is the scattering coefficient, �a is the
absorption coefficient, v is the speed of optical radiation in
the medium �v=c /n, c is the speed of optical radiation in
vacuum, n is the refractive index of the medium�, � is the
spatial angle, and ��r ,s , t� is the power of the source radiation
per unit volume per unit solid angle in the directions s at
time t.

A Monte Carlo solution of the radiative transport equation
involves tracking of simulated photons from collision to col-
lision �for clarity, it should be noted that this use of term
“photon” has little in common with the quantum theory of
optical radiation but is a simplification used by the Monte
Carlo simulation�. In collisions, the photons change directions
or they are absorbed. We shall not discuss the details of the
collisions themselves. The reflections and refractions of light
on boundaries between mediums that have different refractive
indices are also taken into account. A more efficient algorithm
can be obtained if a weight number w is introduced to absorp-
tion �and partial reflection� computation.28,29 As a result, all
generated photons can reach the surface of the modeled object
and contribute to the modeling result.

The most time consuming computation is that of photon
paths between collisions. This is done in a four-step loop until
the photon intersects any boundary �between the media hav-
ing different optical properties� or it is absorbed:

1. For a known photon direction s, a random step size st is
calculated as st=−ln��1� /�s, where �s is the scattering coef-
ficient and �1 is a random number uniformly distributed29,30

over the interval �0,1�. The new position r� of the photon is
given by r�=r+sts.

2. A check is made whether the photon crossed a bound-
ary between two mediums having different optical parameters
while moving from position r to position r�. If yes, the posi-
tion r� is replaced by a position r� lying on the boundary, and
a new photon direction s� and new a photon weight w� are
calculated using refraction and reflection laws.

3. Absorption is taken into account by calculating a new
photon weight w�=w exp�−d�a�, where w is the photon
weight in the old position r, d is the distance between the old
and the new positions, and �a is the absorption coefficient.29

If the new photon weight w� is smaller than a prescribed limit
wmin, variance-reducing techniques are used, in particular,
“Russian roulette” or “splitting” methods.31 To reduce the
computation time, the calculation of w� can be done only at
the moment of the photon exiting the layer �d is then the total
distance covered by the photon within the layer up to the
moment of exit�, while Russian roulette was used when the

cumulative distance covered by the photon since its entry to

July/August 2007 � Vol. 12�4�2
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he layer was greater than a previously calculated distance

max, for which w� is smaller than wmin.
4. Last, we find the new direction of photon propagation

�. The deflection of a photon once it is scattered is specified
y the phase function p�s ,s��. Since the phase function de-
ends on only one parameter—deflection angle � between
irections s and s�—several functions have been discussed in
ifferent contexts �isotropic, Henyey-Greenstein, Delta-
ddington, Rayleigh-Gans, etc.� to enable the best fit to ex-
erimental data.32–36 In our simulation, we utilized the
enyey-Greenstein phase function, which describes single

cattering in tissue very well. Using this function, the sine and
osine of the angle � are obtained from33:

cos � = � 1

2g
�1 + g2 − � 1 − g2

1 − g + 2g�2
	2
 if g � 0,

2�2 − 1 if g = 0,
�

sin � = �1 − cos2 ��1/2, �2�

here �2 is a random number that is uniformly distributed
ver the interval �0,1�, and g is an anisotropy factor equal to
cos �� and has a value between −1 and 1.
The azimuthal angle 	, which is uniformly distributed over

he interval 0 to 2�, is given by 	=2��3, where �3 is a
andom number that is uniformly distributed over the interval
0,1�. Having the sine and cosine of the deflection and azi-
uthal angles, we can find the new direction of photon move-
ent. For this, we have used a modified method of description

f photon movement,37 based on the introduction of a so-
alled matrix description of the photon direction, allowing for
omputation time to be reduced compared to the method,
hich describes direction of photon movement with the use of

he vector s.
In this modification, the direction of propagation of a pho-

on is defined with matrix K= �kx ,ky ,kz�T �instead of the
ector s�, where three orthogonal unit vectors kx
�kxx ,kxy ,kxz�, ky = �kyx ,kyy ,kyz�, and kz= �kzx ,kzy ,kzz� define
local Cartesian coordinate system whose origin is at the

urrent position of the photon, and kz coincides with the di-
ection of the photon propagation. The new direction of
ropagation is obtained by rotating this system using the Eu-
er rotation theorem. The most common “x convention” is
sed where the first rotation is by an angle 	E about the z
xis, the second is by an angle �E about the x axis, and the
hird is by an angle 
E about the z axis �again�. If 	E=	
� /2, �E=�, and 
E is chosen in such a way that kyz=0 and

he signs of kxz and kzz are opposite, the resulting photon
irections are identical to those obtained from Ref. 28. Notic-
ng that the statistical distribution of the sine and cosine of a
andom angle 	 are equal to those of sin�	−� /2� and
os�	−� /2�, respectively, and that the statistical distribution
f the azimuthal angle 	 does not depend on 
E, we can set

E=	, �E=�, and 
E=0 in Euler formulae, which then be-
ome:

kxi� = cos � cos 	kxi + cos � sin 	kyi − sin �kzi,

k� = cos 	kyi − sin 	kxi,
yi

ournal of Biomedical Optics 044015-
kzi� = sin � cos 	kxi + sin � sin 	kyi + cos �kzi, �3�

where i=x, y, or z.
In this method, there was one more algorithm modification

introduced, designed to enable parallel computations for a
number of different widths of the SAS. The modification was
that computations of propagation were not repeated for each
different width of the SAS for the photons that failed to reach
the SAS, accounting for the largest share in the total balance
of backscattered radiation. Therefore, it was only for the pho-
tons that did reach the SAS that the computations of propa-
gation paths were carried out for each different width of the
SAS.

Noteworthy is the fact that in the simulation of photon
propagation within the anatomical layers of the head, only a
small number of photons reaches the SAS layer. Therefore, in
comparison with simulation for just a single SAS width, simu-
lation of photon propagation for multiple SAS widths requires
additional computations to be performed exclusively for the
quantity of photons reaching the SAS, which is small com-
pared with the total number of photons used for simulation.
Moreover, these additional computations related to photon
propagation need to be performed for the distance between
the SAS and the detector; the assumption is made that the
propagation of these photons from the source to the SAS is
the same for all the simulated SAS widths. This modification
enabled simulations of the fates of a very large number of
photons for a number of different SAS widths to be performed
on a typical PC, within a reasonable time span. Another ad-
vantage of such a modification is that the computed changes
of the signal received by the detector, resulting from alter-
ations in the SAS width, are solely due to changes in trans-
mission of these photons that reached the SAS layer. If the
simulation were conducted independently for each SAS
width, the variance of the computed signal would increase,
due to the contribution of the variance of the photons failing
to reach the SAS. In other words, for the same number of
generated photons, the modified simulation method exhibits a
lower variance of the signal incident on the detectors for
simulations performed with changing SAS width.

Moreover, in the course of simulations of photon propaga-
tion through the anatomical layers of the head, the peak depth
reached by each photon prior to its backscattering on the sur-
face of the head was recorded. Based on the knowledge of the
peak depth, it can be determined whether a given photon has
reached a particular layer. This enabled estimation of not only
the total intensity of the radiation backscattered on the surface
of the head, but also of the contributions of photons propa-
gated within different tissue layers to the total balance of
backscattered radiation. The knowledge of this “breakdown”
of the total balance is of particular importance for successful
design of the source-detector module for the method of near-
infrared transillumination/backscattering sounding �NIR-T/
BSS�, intended to enable monitoring of the changes in the
width of the SAS and capable of compensating the skin-
circulation-induced modulation of the optical signal due to
pulsatile changes of the optical parameters of the skin of the
head.

A key issue in this type of modeling is the accuracy of
adopted dimensions of the modeled skull bone with all its

sublayers and the skin �scalp�, as well as the accuracy of their
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ptical parameters. The results of simulation of propagation of
IR optical radiation within the tissues of the head as well as

he results of in vivo recordings presented later refer to a
nique medical case of unilateral loss of the skin layer of the
ead as a result of injury.

On the side with scalp removed, skull bone was excised to
nable coverage of the missing surface with transplanted skin.
hus, measurements were possible on the excised fragment of

he frontal bone �usual site of detector placement�, determin-
ng both the width of the component bone layers �internal
ompact layer, spongious layer, and external compact layer�
nd their density.

The measured width of the skin of the head was approxi-
ately 3 mm. The widths of the internal and external com-

act layers of the bone were measured in the excised fragment
f the frontal bone. The ratio of specific gravities of both
hese layers was also calculated. This ratio enabled estimation
f the scattering and absorption coefficients for the spongious
ayer on the basis of the values of these coefficients for the

Table 1 Optical parameters of tissues of the he

Tissue
Thickness

�mm�

Skina,b 3

Bone—external
compact laminab,c

2

Bone—spongious
layerd

5

Bone—internal compact laminab,c 3

SASe 0 to 5

Brainb,f 10
aThere are major discrepancies between the values of
particularly true in the case of the absorption coefficien
�a=0.27 1/mm �Ref. 41� or �a=0.45 1/mm �Ref. 42
values are highly exaggerated for individuals of Cauca
by the parameters reported by Simpsony.38 Optical pa
Okada in his works on NIR propagation within tissues o
those parameters reported in Ref. 38 in our model.
bAt distances from the source markedly exceeding 1/�
cient and scattering anisotropy coefficient, if the redu
Therefore, in order to reduce the computation time, an
bones, SAS, and brain was assumed in which g=0 an
cIn Ref. 39, parameters for the skull were given for 849 n
our calculations, was obtained through linear approxim
dInthe analyzed case, the measured density of the spon
bone lamina.
eThe width of the fluid layer in the SAS was changed
increment 0.1 mm. Absorption and scatter were negle
tissues; however, nonzero values for both absorption
0.001 l/mm, respectively� in order to avoid division
coefficient was assumed to be of 0 value.
fThe width of the fluid layer was assumed to be much g
than the depth of the intracerebral penetration by NIR.
�Ref. 43�, which is much less than the width of the brai
870 nm, and the depth of brain tissue penetration equa
ing the deeper layers of the brain in this model study. I
marked increase in model calculation time, with no chan
surface of the head. In studies by other authors, other v
e.g., in Ref. 44, �a=0.03 1/mm and �s�=1.56 1/mm
ompact bone, with the assumption that the contribution of

ournal of Biomedical Optics 044015-
scattering and absorption within the pores of the bone is neg-
ligible, compared to that in the compact bone constituting the
bone trabecules. These pores, however, contribute to an in-
crease in the mean distance between the scattering or absorp-
tion centers. As the trabecules within the spongious bone are
made of the same material as the compact bone, it should be
noted that with an n-times increase of the distances, at a given
mass of the bone tissue, the spatial dimensions of the bone
would have to increase n times as well, on the assumption that
the mass of air within the pores is neglectably low compared
to that of the bone material, and the volume of the bone would
have to increase n3-times. Thus, density of the bone would be
reduced n3-times, too. For this reason, we assumed that the
scattering and absorption coefficients are proportional to the
third root of the ratio of specific gravities of both these layers.
Other material constants were taken from reference data pro-
vided in reports by other authors. Dimensions of specific ana-
tomical layers of the head along with their optical parameters

for numerical modeling.

sorption
efficient
�1/mm�

Reduced Scattering
Coefficient
�s� �1/mm� Reference

.013 1.7 Ref. 38

.0242 0.88 Ref. 39

.01627 0.59268

.0242 0.88

.001 0.001

.037 2.0 Ref. 40

eding parameters in works by different authors. This is
its value can be �a=0.013 1/mm �Ref. 38�, or even
arlier experience indicates, however, that the two latter
in. It seems that the real values are best approximated

s of the skin provided by Simpsony were also used by
d, e.g., Refs. 4–6. Therefore, we also decided to apply

r distribution does not depend on the scattering coeffi-
ttering coefficient �s���s�=�s�1−g�� remains constant.
ic model of propagation of radiation within the skin,
.
56 nm wavelengths. The value for 870 nm, needed for

one layer was 3.29 times less than that of the compact

range from 0 to 5 mm; calculations were made with
cause they are minute compared with the bordering
catter coefficients were assigned �0.001 l/mm and
in the calculation procedure. The scatter anisotropy

han in real conditions �about 4 mm� and much greater
th of penetration is equal to �1/ �3�a��a+ �1−g��s��
brain width of �a=0.037 1/mm, �s�=2.0 1/mm, at

m.� Such an assumption eliminates the need for model-
g the depth of penetration in this model study led to a
rved in the distribution of the power of radiation on the

f parameters for brain parenchyma can also be found,
nm.
ad used

Ab
Co
�a

0

0

0

0

0

0

the prec
t �e.g.,

��. Our e
sian orig
rameter
f the hea

s, powe
ced sca

isotrop
d �s=�s�
m and 9
ation.
gious b

in the
cted be
and s

by zero

reater t
The dep

n. �For a
ls 2.1 m
ncreasin
ge obse
alues o
used for simulations are provided in Table 1. These param-
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ters are valid for a wavelength of 870 nm, which was ap-
lied in the measurements in the patients—see part 2 of this
tudy.45

Schematic presentation of particular anatomical layers of
he head is presented in Fig. 1. For the sake of simplification,
n the model it was assumed that the particular anatomical
ayers �except the SAS� constitute zones of one, fixed width
Fig. 1�. Fresnel reflection, resulting from the refractive index
ifference, was taken into account, but only at the skin-air
order �a skin refractive index of 1.35 was assumed�. In the
odel, it was also assumed that the NIR source is a light-

mitting diode �LED; power P=1 W, wavelength �
870 nm, and 2.5-mm diam� generating a divergent beam of
ivergence angle �60 deg. �The diameter and divergence
ngle of the model NIR source were equal to those of the
ctual LED used in real in vivo measurements in the patient.�
n the process of modeling, photons of backscattered NIR
adiation �NIR-BSR� were recorded.

Modeling was performed for 100 million photons gener-
ted by the source. This number is the result of a compromise
etween the accuracy of simulation �low variance of the out-
ut data� and the computation time—a typical PC machine
Athlon 64 3000+� was used and total model computation
ime for the SAS range 0 to 5 mm with step 0.1 mm was 36 h
2 min for all tissue layers �scalp included� and 36 h 17 min
or the scalp-free tissue set.

As will be demonstrated in part 2 of this study,45 the num-
er of photons used for simulation resulted in negligibly low
ariance of the output data, proved by the lack of fluctuations
n most of the examples of a change in source-detector sepa-
ation or a change in the SAS width. It was only at the longest
ource-detector distance, when the detector is reached by a
elatively low number of photons, that minor fluctuations can
e noticed, which proves that the number of photons selected
or simulation guarantees high precision of simulation at the
dopted parameters of particular layers. When needed, the
ariance of the received output data can be easily determined
ased on these fluctuations.

.2 Results of Numerical Simulations

.2.1 Results of modeling of NIR propagation within
tissues of the head: scalp included

or the estimation of the NIR-BSR power, received by a de-
ector placed on the surface of the head, density of that radia-
ion was calculated in the function of both the source-detector

ig. 1 Simplified diagram presentation of a vertical section of a block
f tissues of the head, with NIR conducting layers identified.
istance and the SAS width �Fig. 2�. The presented results of

ournal of Biomedical Optics 044015-
modeling of NIR-BSR density were obtained assuming a
source of 1 W power. NIR-BSR power density for a light
source of the power Psource other than 1 W can be obtained by
multiplication of the received power density by the power
ratio Psource/1 W. Power level of the signal received by a
particular photodiode can be obtained by multiplying the ac-
tive area of the detector by NIR-BSR power density for the
power of the source applied.

For the purpose of noninvasive assessment of changes in
the SAS width with NIR, it is essential to obtain information
on the changes in NIR-BSR power density in the function of
the SAS width, rather than on the absolute power level of
NIR-BSR received. To achieve this, it is very useful to calcu-
late power density on the surface of the head, normalized
against the maximum power received by the detector at a
given source-detector distance. This normalized power den-
sity is presented in Fig. 3. The simulation clearly shows that
the depth of modulation of the signal received by the detector
resulting from the changes in the SAS width increases with
the increase of source-detector distance. The obtained rela-
tionships also indicate that the function describing depen-
dence of the signal power on the SAS width is nonlinear. The
nonlinearity is particularly prominent for source-detector dis-

Fig. 2 NIR-BSR power density on the surface of the head with scalp
intact as a function of source-detector distance and SAS width, for
source power 1 W.

Fig. 3 Relative changes in received power density of NIR-BSR versus
the width of the SAS for a given source-detector distance for head with

scalp intact.

July/August 2007 � Vol. 12�4�5
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Pluciński and Frydrychowski: New aspects in assessment of changes in width of subarachnoid space…

J

ance exceeding 30 mm, especially at SAS width below
mm. This nonlinearity must be taken into account in fre-

uency analysis of the received signal, which is one of the
echniques of assessment of cerebral edema. In the initial
hase of this pathology, the SAS width is decreased and, de-
ending on the degree of edema, may transiently approach
ero value at the peak of the systolic phase of the cardiac
ycle. In such circumstances, a greater relative contribution of
he harmonics to the total energy within the signal frequency
pectrum can be expected. Yet with a nonlinear relationship
etween radiation intensity and the SAS width, at sinusoidal
attern of changes of that width under the influence of the
yclic function of the heart—as expected with sinusoidal
hanges of cerebrospinal fluid pressure46,47—harmonics may
lso appear, which can make detection of the initial phase of
erebral edema on the basis of measurement interpretation
ore difficult than if the relationship were linear.
It is important to notice that modulation of optical param-

ters of the tissues, e.g., under the influence of changes of
lood content within the tissues with pulsatile blood flow,
ould result in the modulation of the signal received by the
etector. Such modulation is possible mainly in the scalp. The
nfluence of skin-blood-flow-related modulation on the signal

ig. 4 Contribution of radiation propagated within the skin only to the
otal NIR-BSR received by the detector as a function of the source-
etector distance and SAS width for part of the head with scalp intact.

ig. 5 Contribution of radiation propagated within the skin and bone
nly to the total NIR-BSR received by the detector as a function of
ource-detector distance and SAS width for the part of the head with

calp intact.

ournal of Biomedical Optics 044015-
can be eliminated by using two detectors: the PD located
close enough to the light source to record radiation propa-
gated from the source through the skin or skin and bone only;
and the DD located farther from the source and receiving
radiation propagated mostly within the SAS. To enable selec-
tion of appropriate source-detector distances for both detec-
tors, shares in the total NIR-BSR balance were calculated for
radiation propagated within the scalp only, within the scalp
and bone only, and within the SAS. These contributions are
presented in sequence in Figs. 4–6. The relationships pre-
sented in these figures show that as the source-detector dis-
tance increases, the contribution of the radiation propagated
within the skin or skin and skull bone only decreases, while
that of radiation propagated within the SAS increases.

Further analysis, whose results are presented in Figs. 7 and
8, yields the contribution of transmission within particular
tissue layers of the head to the total NIR-BSR. This analysis
enables us to determine the optimum positioning of the PD
and DD. The PD should be located far enough from the NIR
source to ensure that the signal it receives is based mostly on
NIR transmission within the skin and bone rather than on the
transmission within the skin only. With such a setting, it is
guaranteed that the optical signal crosses the skin �scalp�
twice: from the surface of the head on its way to the deeper

Fig. 6 Contribution of radiation propagated within the SAS to the total
NIR-BSR received by the detector as a function of source-detector
distance and SAS width for head tissues with scalp included.

Fig. 7 Power density of NIR-BSR on the surface of the head and the
contribution of radiation: transmitted within the skin only, transmitted
in the skin and skull bone only, and propagated within the SAS, for
SAS width 1 mm and source power of 1 W, for tissues of the head

including the scalp.
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natomical layers of the head, and again on the return from
he deeper layers toward the detector. Noteworthy, the signal
eceived after transmission in the SAS has the same history of
wice crossing the scalp layer. With the detector positioned
oo close to the source, the detector would also record the
ignal transmitted longitudinally within the scalp layer, paral-
el to other layers and skin surface. Such a signal would be

uch more difficult to use for compensation of the signal
odulation resulting from changes of optical parameters of

he scalp due to pulsatile blood flow within this layer.
If we assume that the signal resulting from transmission of

adiation within the anatomical layers of the head deeper than
kin should be at least 10 times greater than that propagated
ithin the skin only, then the source-PD distance should be
reater than 11.5 mm.

On the other hand, PD distance from the source should not
xceed the maximum distance for which the contribution in
otal NIR-BSR of the radiation propagated within the skin
nly is still greater than that of the radiation propagated
ithin the SAS. The performed simulation indicates that

ource-PD distance should not exceed about 13 mm. This dis-
ance is marked on Figs. 7 and 8 with thick vertical lines in
he left parts of the charts. The lower arrow at that line indi-
ates the source-PD distance value at which the intensity of
he backscattered radiation transmitted within the skin bal-
nces only that of radiation propagated within the SAS. The
pper arrow at that line shows the contribution of the radia-
ion propagated only within the scalp and skull bone collec-
ively. It would be better if the PD receives much more radia-
ion propagated within the skin only than of that transmitted
ithin the SAS. Assuming that the ratio of the two should be
reater than 10, the source-PD distance should be lower than
9.5 mm.
Based on the preceding analysis, it appears impossible to

nd such a PD position at which simultaneously contribution
f transmission within anatomical layers deeper than the scalp
ould be 10 times greater than of that within the scalp only

nd contribution of transmission within the scalp only would
e 10 times greater than of that within the SAS. Anticipating
trong modulation of radiation propagated within the SAS,
aused by pulsatile changes in the width of that space, it
eems appropriate and fully justified to strongly adhere to the

ig. 8 Relative contribution of radiation: transmitted in the skin only,
ransmitted in the skin and skull bone only, and propagated within the
AS, for head with scalp intact, in the total balance of NIR-BSR.
econd condition, with a softer approach to the first one. If we

ournal of Biomedical Optics 044015-
reduce the requirement of the first condition to the contribu-
tion of the transmission within anatomical layers deeper than
the skin being double that within the skin only, then the
source-PD distance should simply exceed 6.5 mm. Summing
up, the PD should be positioned at a distance of 6.5 mm to
9.5 mm away from the source.

As to the DD, which receives a signal dependent on the
changes of the width of the SAS, its distance from the source
should be large enough to guarantee a considerable contribu-
tion of radiation propagated within the SAS in relation to the
total NIR-BSR received by this detector. Results of our simu-
lations indicate that this contribution will be greater than 10%
for source-DD distance exceeding �16 mm and greater than
50% for source-DD distance above 36 mm—this position is
marked with a vertical line and an arrow in the right part of
the Figs. 7 and 8. However, any increase of source-DD dis-
tance results in a corresponding decrease of the total power of
radiation received by the DD.

2.2.2 Results of modeling of NIR propagation within
tissues of the head on the side with scalp
removed

Simulations of NIR propagation for head model with scalp
removed enabled us to verify the contribution of transmission

Fig. 9 NIR-BSR power density on the surface of the scalp-void head as
a function of source-detector distance and SAS width, for source
power 1 W.

Fig. 10 Relative changes in received power density of NIR-BSR versus
the width of the SAS for a given source-detector distance for the scalp-

void part of the head.
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f radiation within particular tissue layers and are particularly
aluable for the interpretation of the results of measurements
f NIR transmission in the scalp-void part of the head, used to
onfirm the postulated thesis that—with high source-detector
istance—the observed modulation of NIR-BSR intensity is
aused mainly by changes in the SAS width, and not by
hanges in optical parameters of the scalp induced by pulsa-
ile blood flow within the skin. Similar to the case of the head
ith scalp intact, power densities of NIR-BSR were calcu-

ated on the surface of the scalp-void part of the head, and
elative changes in received power density versus the width of
he SAS for a given source-detector distance for the scalp-
oid head, and the contributions of powers of radiation trans-
itted in particular tissue layers to the total power received
ere measured. Results of modeling are presented in Figs.
–14.

Comparison of the results of measurements of NIR-BSR
ntensities on the surface of the head for scalp intact and scalp
oid in the function of the SAS width reveals their remarkably
igh similarity. The only significant difference is a few-
ecibel-higher level of NIR-BSR intensity in the case of the
calp-void part of the head. Considering the earlier sugges-
ions on PD and DD positioning, we should expect the signal
eceived by the PD placed on the scalp to be amplitude-

ig. 11 Contribution of radiation propagated within the skull bone
nly to the total NIR-BSR received by the detector as a function of
ource-detector distance and SAS width for the scalp-void part of the
ead.

ig. 12 Contribution of radiation propagated within the SAS to the
otal NIR-BSR received by the detector as a function of source-

etector distance and SAS width for the scalp-void part of the head.

ournal of Biomedical Optics 044015-
modulated at the heart rate frequency as a result of the
changes of optical parameters of the skin, while that should
not be the case for the PD placed directly on the skull bone;
on the other hand, signals received by the DD should be simi-
lar regardless of scalp presence or absence—in both cases, the
expected modulation of the signal results from pulsatile
changes of the width of the SAS.

3 Conclusions
This study shows the influence of changes in the SAS width
on the intensity of NIR-BSR with the method of numerical
modeling of NIR propagation within anatomical layers of the
head in a unique medical case of monolateral traumatic scalp
removal. Access to a patient with this rare injury enabled us to
collect parameters of particular tissue layers needed for the
process of numerical modeling and also to verify the results of
measurements of NIR propagation within particular anatomi-
cal layers—especially to assess the contribution of transmis-
sion within the skin to the total NIR-BSR intensity on the
surface of the head. We have demonstrated that the influence
exerted on the intensity of that radiation by the changes in the
SAS width increases with increasing distance between the
source and the detector placed on the surface of the head.
Results of this study have also proved that at short source-

Fig. 13 Power density of NIR-BSR on the surface of the head and the
contribution of radiation: �a� transmitted within the skull bone only,
and �b� propagated within the SAS, for SAS width 1 mm and source
power of 1 W, for the scalp-void part of the head.

Fig. 14 Relative contribution of radiation: �a� transmitted in the skull
bone only, and �b� propagated within the SAS for the scalp-void part

of the head, in the total balance of NIR-BSR.
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etector distances, the contribution and influence of NIR
ransmission within the SAS is negligibly low, which allows
or estimation of the influence of the modulation of optical
adiation within the scalp on the total intensity of NIR-BSR.
he received quantitative results of measurements of intensity
f optical radiation in the function of source-detector distance
onstitute valuable information to be used in the process of
esigning the source-detector module for the SAS width
onitoring with the technique of NIR transillumination. De-

ign of that module and the results of measurements per-
ormed with the use of that module are presented in part 2 of
his study.45
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