
l
a
s
s
a
p
o
t
r
i
g

Near-infrared spectroscopy of the adult head: effect of
scattering and absorbing obstructions in the
cerebrospinal fluid layer on light distribution in the tissue

Hamid Dehghani and David T. Delpy

Previous modeling of near-infrared ~NIR! light distribution in models of the adult head incorporating a
clear nonscattering cerebrospinal fluid ~CSF! layer have shown the latter to have a profound effect on the
resulting photon measurement density function ~PMDF!. In particular, the presence of the CSF limits
the PMDF largely to the outer cortical gray matter with little signal contribution from the deeper white
matter. In practice, the CSF is not a simple unobstructed clear layer but contains light-scattering
membranes and is crossed by various blood vessels. Using a radiosity-diffusion finite-element model, we
investigated the effect on the PMDF of introducing intrusions within the clear layer. The results show
that the presence of such obstructions does not significantly increase the light penetration into the brain
tissue, except immediately adjacent to the obstruction and that its presence also increases the light
sampling of the adjacent skull tissues, which would lead to additional contamination of the NIR spec-
troscopy signal by the surface tissue layers. © 2000 Optical Society of America

OCIS codes: 300.6340, 170.3660.
1. Introduction

Near-infrared spectroscopy ~NIRS! of the head, which
was initially applied to the monitoring of changes in
the oxygenation level of the neonatal brain,1,2 is now
increasingly being used to study the adult brain.3–5

Its use involves the application of near-infrared ~NIR!
ight to the surface of the head with an optical fiber
nd the collection of exiting light from a point on the
ame surface with a similar fiber. The separation of
ource-detector optodes is usually no less than 10 mm
nd no larger than 70 mm, with larger separation
roviding information from deeper tissue. Changes
f optical attenuation are measured over a period of
ime over a number of wavelengths, and these can be
elated to changes in hemoglobin and cytochrome ox-
dase concentrations within the area under investi-
ation.6
Until recently, most interpretations of results were

based on the single assumption that the area under
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investigation is homogeneous and single layered.
This assumption in reality is not correct, since the
light traveling from the source to the detector will
travel through at least five different layers, namely,
scalp and skull, cerebrospinal fluid ~CSF!, and gray
and white matter. Each of these layers will contrib-
ute to the total path taken by the light, and its at-
tenuation will obviously have an effect on the overall
results. Of these layers, the most important is the
CSF, because previous numerical modeling has
shown that the path taken by the light is significantly
influenced by its presence.7–12

It is clinically important to be able to measure with
some accuracy the contribution of the absorption
change in the brain to the detected signal and the
volume of brain tissue interrogated. This will obvi-
ously be effected by the nonhomogeneous structure of
the head and in particular the presence and geometry
of the CSF layer. Present numerical analysis of pho-
ton migration within tissue is usually based on the
diffusion approximation of the Boltzmann transport
equation, and this is not valid where scatter is small or
neglible as would be the case in the clear CSF. Al-
ternative attempts to examine the effects of including
clear layers in the head have relied on Monte Carlo
models,7 finite-difference transport models,13,14 or a
hybrid radiosity finite-element model.9 However, all
these models have the disadvantage of requiring con-
siderable computation time. For the research pre-
1 September 2000 y Vol. 39, No. 25 y APPLIED OPTICS 4721
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sented here we used a new fast modeling method with
a radiosity-diffusion-based finite-element model.11

In previous studies modeling the effect of the CSF
layer it has been shown that the presence of this clear
layer significantly reduced the penetration of light
into the deeper underlying cortical white matter,
with the detected light having largely been confined
to the outer cortical gray matter and the inner skull
tissue. Surprisingly, the presence of the CSF-filled
voids penetrating the cortical surface and mimicking
the presence of sulci on the brain surface have little
effect on the overall light distribution.7

In the real head, however, the CSF layer is not an
uninterrupted structure, and it contains light-
scattering membranes ~the arachnoid membranes!
nd is traversed by various blood vessels. It has
een suggested that the presence of these light-
cattering and light-absorbing structures within the
SF layer may result in significant alteration of the

ight distribution around this otherwise clear layer.
Our aim in this study was therefore to look specifi-

ally at the effects of these intrusions in the CSF on the
ight distribution and hence on the contribution of the
arious tissues in the adult head to the NIRS signal
the signal of interest here being the measured light
ntensity, the parameter most commonly measured by
he existing commercially available NIRS instru-
ents!. To do this, we investigated the photon mea-

urement density function ~PMDF! within a series of
odels of the adult head containing a clear CSF ring.
he PMDF defines the sensitivity of the measured
ata to a change in the optical parameter of interest ~in

this instance the absorption function! within a region
or element. We investigated the nonsmoothness of
the CSF layer within the head by introducing block
intrusions within the smooth CSF layer and show the
effects of both single and multiple obstructions in the
CSF ring and the corresponding PMDF within the
model.

2. Forward Model

A. Three-Layer Diffusive Model

Under the assumption that scattering dominates ab-
sorption in a region of interest the Boltzmann trans-
port equation can be simplified to the diffusion
approximation that in the frequency domain is given
by

2 ¹ z k~r!¹F~r, v! 1 Sma 1
iv
c D F~r, v! 5 q0~r, v!,

(1)

where q0~r, v! is an isotropic source and F~r, v! is the
photon density at position r. The diffusion coeffi-
cient k is given by

k 5 1y3~ma 1 m9s!. (2)

Here ma is the tissue absorption; ms the tissue-scatter
oefficient; and m9s 5 ms~1 2 g!, the transport-scatter

coefficient, where g is the mean cosine of the single-
scatter function ~the anisotropy factor!. Theoretical
722 APPLIED OPTICS y Vol. 39, No. 25 y 1 September 2000
and experimental results have so far demonstrated
the validity of these equations under appropriate con-
ditions where m9s .. ma.15–17

B. Four-Layer Diffusive Model with a Void Layer

We have modeled a nonscattering region within a dif-
fusing medium, using a new radiosity-diffusion mod-
el.11 Within a clear nonscattering region, photon
migration can be calculated with the radiosity theo-
ry.18 This theory simply calculates the irradiance of a
surface from a light source at a given point and angle.
In the case of a clear layer with an absorption coeffi-
cient ma, the irradiance at a point r2 on a surface G2,
which is due to a source r1 on another surface G1, is
given as

G2
i ~r2! 5

I1~r1! cos~u1! cos~u2!

ur1 2 r2u2
exp@2 ur1 2 r2u

3 ~ma 1 ivyc!#, (3)

where I1 is the source strength from point r1 on sur-
ace G1. ur1 2 r2u represents the distance between

the two points. u1 is the angle between the source
vector from point r1 and the normal at point r1, and

2 is the angle between the source vector at point r2
and the normal at point r2.

This radiosity-diffusion method for calculating pho-
ton propagation in diffusing tissue containing nonscat-
tering regions has shown good agreement with models
of the Boltzmann transport equation and the Monte
Carlo models as well as with measured data.9,11

C. Calculation of the Photon Measurement Density
Function

Following Ref. 19, we use a finite-element method as a
general and flexible method for solving the forward
problem in arbitrary geometries. As developed in
Refs. 20 and 21, given a domain V, bounded by ]V, Eq.
~1! is expressed in the finite-element-method frame-
work as

@K~k! 1 C~m! 1 zA 1 ivB#F~v! 5 q0~v!, (4)

where z is a constant dependent on the refractive-
index mismatch at the tissue boundary and the sys-
tem matrices K, C, A, and B have entries given by

Kij 5 *
V

k~r!¹ui~r! z ¹uj~r!dnr, (5)

Cij 5 *
V

ma~r!ui~r!uj~r!dnr, (6)

Bij 5
1
c *

V

ui~r!uj~r!dnr, (7)

Aij 5 *
]V

ui~r!uj~r!dn21r, (8)



r h
where ui is the shape function associated with node i
of the finite-element-method mesh and F~v! and
q0~v! are vectors representing the field and the
source, respectively, at the nodal points at the mesh.

The above mechanism is easily modified to the case
in which the domain V contains nonscattering void
egions. The forward problem @Eq. ~4!# has an addi-

tional coupling term added for each void to give

@K~k! 1 C~m! 1 zA 1 ivB 2 E~v!#F~v! 5 q0~v!,
(9)

where the new term E~v! is assembled from compo-
nent matrices for each void region, with entries given
by

Eij 5 z *
Ai

ui~r1! *
Aj

uj~r2!h~r1, r2!
cos~u1! cos~u2!

ur1 2 r2u2

3 exp 2 @ur1 2 r2u~ma 1 ivyc!# dn21r2d
n21r1,

(10)

where h~r1, r2! is a binary function with value 1 if
points r1 and r2 are mutually visible.

To calculate the PMDF, we used the same princi-

Fig. 1. Smooth-surfaced three-layer model. The model has a
radius of 86 mm. The outer layer ~representing scalp and skull!
has a thickness of 12 mm; the middle layer ~representing gray
matter!, a thickness of 4 mm; and the inner region ~representing
white matter!, a radius of 70 mm. The optical properties are as
stated in Table 1.
1

ples and methods as described above.19 Let Fi~v! be
the solution vector in the mesh for a source at position
i on the boundary, and let FAdj

j ~v! be the solution
vector in the mesh for an adjoint source at position j
on the boundary. For integrated intensity, where
the solutions are simply the Fourier-domain results
at frequency zero, the reciprocity theorem states that
for the absorption kernel we have

PMDF~i, j! 5 Fi 3 FAdj
j . (11)

Fig. 2. ~a! Smooth-surfaced four-layer model. The model has a
radius of 86 mm. The outer layer ~representing scalp and skull!

as a thickness of 10 mm; the second layer ~representing CSF!, a
thickness of 2 mm; the third layer ~representing gray matter!, a
thickness of 4 mm; and the inner region ~representing white mat-
ter!; a radius of 70 mm. The optical properties are as stated in
Table 1. ~b! For the four-layer model with a single block intrusion
the thickness of the block is either 1 or 2 mm, and its height is
varied from 0.5 mm to 2.0 mm.
September 2000 y Vol. 39, No. 25 y APPLIED OPTICS 4723



t
i
e
T
e

T
c
l

t
~
e
t
v
o
i
i
C
b
a

s
3
m
a
t
s
t
F
s
t
t
u
d
t
f
t

C
p
v
t
3
a
c
h
i
m
h
a
s
b
a
s
i
m
t
t
t
o

t
d
s
a
t
i
3
s

Table 1. Definition of the Model Layers and Their Optical Properties

ition

4

3. Methods and Results

The PMDF for the following models were calculated:

1. A three-layer model for which no CSF was taken
into consideration. This consisted of an outer layer
representing the scalp and skull combined, a gray-
matter layer, and a white-matter layer. All layers
were considered to have smooth boundaries ~Fig. 1!.
Here the diffusion approximation alone is used to
calculate the PMDF; therefore no CSF layer was in-
cluded, since this approximation is not valid where
there is no scatter or where the scatter is much
smaller than absorption.

2. A four-layer model consisting of a scalp and
skull, a CSF layer, a gray-matter layer, and a white-
matter layer. All layers were considered to have
smooth boundaries @Fig. 2~a!#.

3. A four-layer model as in the previous case, except
hat the gray-matter layer included a single block
ntrusion into the CSF layer at a position located
quidistant between the source and the detector.
his single block was given the same optical param-
ters as the gray matter @Fig. 2~b!#.

The optical properties of each layer are shown in
able 1. The exact characteristics of the models, in-
luding mesh sizes and the source model, are tabu-
ated in Table 2.

The PMDF’s for a single measurement type of in-
ensity and six different source-detector separations
15, 10, 30, 40, 60, and 70 mm! were calculated for
ach model. For the model with a single block in-
rusion into the CSF layer the size of the block was
aried between a height of 0.5–2.0 mm with a width
f 1 mm. When the intrusion has a height of 2 mm,
t completely extends from the gray matter to the
nside of the skull layer and therefore fully blocks the
SF layer. The PMDF for a model for which the
lock has a height of 1.5 mm and a width of 2 mm was
lso calculated.

Layer m9s ~mm21! ma ~mm21!

Scalp and skull 2.0 0.04
CSF — 0.005
Gray matter 2.5 0.025
White matter 6.0 0.005

Table 2. Defin

Parameter Three-Layer

Scalp and skull 12 mm
CSF —
Gray matter 4 mm
White matter 70 mm
Nodes 7051
Elements 13829
Source Point at a depth
Boundary condition Robin
724 APPLIED OPTICS y Vol. 39, No. 25 y 1 September 2000
The calculated PMDF’s for all models, for optode
eparations of 40, 50, and 70 mm, are shown in Fig.
. From Fig. 3~a! it is seen that for the three-layer
odel for which no CSF layer is taken into consider-

tion the well-known banana-shaped PMDF is ob-
ained. It is also seen that, for increasing optode
eparation, the regions deeper within the white mat-
er show great sensitivity to the measurement. In
ig. 3~b! the significant effect of the CSF layer can be
een in that the sensitive regions are more concen-
rated around the tissues immediately adjacent to
he CSF layer. This effect arises because the atten-
ation suffered by photons that travel from source to
etector by multiple diffuse reflections between the
issues on either side of the CSF layer is far less than
or those that penetrate deeply into the scattering
issues.

When a single block intrusion is introduced into the
SF layer, it essentially blocks the path of the some
hotons propagating within the clear layer, the se-
erity of its effect on light propagation depending on
he size of the block. The results can be seen in Figs.
~c!–3~g!. When the block is small ~height 0.5 mm
nd width 1 mm!, the PMDF shows little change
ompared with the smooth CSF layer case. As the
eight of the block is increased no significant increase

n the sensitivity of regions deeper within the white
atter is seen. However, the block itself becomes
ighly sensitive, and regions directly below and
bove it also show more sensitivity. This is easily
een in the case with the 2-mm-high block. Here the
lock itself exhibits a high sensitivity, and the regions
t either end of the block also show an increase in
ensitivity compared with previous cases. The max-
mum increase in penetration depth is seen in the

odel where the block has a width of 2 mm. Here
he wider block greatly reduces the number of pho-
ons traveling within the CSF layer and causes them
o sample the scattering tissue on either side of the
bstruction.
Figure 4 shows a cross section of the PMDF across

he three-layer model in Fig. 3~a! for all source-
etector spacings ~the line corresponding to the cross
ection is shown in Fig. 1!. These results show, as
lready known, that, as the optode spacing increases,
he depth of penetration by the detected light also
ncreases. For an optode spacing of 70 mm a region
5 mm deep ~well into the white matter! shows good
ensitivity to the measurement signal.

of the Models

el Four-Layer Model

10 mm
2 mm
4 mm
70 mm
9976
18111

m9s mm Point at a depth of 1ym9s mm
Robin
Mod

of 1y
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Figure 5 shows a cross section of the PMDF across
the smooth four-layer model in Fig. 3~b! for all source-

etector spacings. The effects of the CSF layer can
learly be seen here as a significant reduction in the
epth to which the light penetrates. For smaller
ptode spacings the effect is minimal as an optode
eparation of 10–15 mm; light penetration as far as
he inner skull table is minimal. However, for op-
ode spacings of more than 30 mm the effects are
ore substantial. For a separation of 30 mm the

enetration depth along this midline profile is larger

Fig. 3. Conti
1

han that at 40 and 50 mm. Also, at 30 mm the
egions around the boundary of the CSF layer show a
igher sensitivity than those of 40- and 50-mm spac-

ngs. This effect can be seen also in Fig. 3~b!. For
he 40- and 50-mm spacing the PMDF plots are seen
o be stretched along the CSF boundary compared
ith those of the 30-mm spacing. It is not until the
0-mm optode spacing that slightly more penetration
y the light is regained.
Figure 6 shows a cross section of the PMDF across

ll models including those with various sized block

on next page.
nues
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intrusions, for the optode spacing of 30 mm. Here
minimum depth of penetration is obtained from the
smooth four-layer model. An obvious feature from
this plot is that, as soon as a CSF layer is introduced,
the position of the peak sensitivity moves inward
from the outer boundary of the model toward the CSF
layer, and in fact this effect is not overcome until a
large obstruction is introduced into the CSF. The
maximum penetration is obtained when the obstruc-
tion is at its widest, since this allows for the inter-
ception of more photons as they travel through the
CSF layer. The presence of a continuous obstruc-
tion extending from the gray matter to the skull
~height of 2 mm! does not result in a greater pene-
ration, but it provides greater sensitivity around the
oundary of the CSF and within the obstruction it-
elf.

Fig. 3. PMDF for intensity data and absorption @units, optical
model. ~c! Four-layer model with block intrusion of width 1 mm a
1 mm and height 1 mm. ~e! Four-layer model with block intrusio
intrusion of width 1 mm and height 2 mm. ~g! Four-layer model w
~i! shows the PMDF for a source-detector separation of 30 mm, the
50 mm, and the fourth ~iv! for a separation of 70 mm. For optical
line represents a 5% change.
726 APPLIED OPTICS y Vol. 39, No. 25 y 1 September 2000
Figure 7 shows a cross section of the PMDF across
all models including those with various sized block
intrusions, for the optode spacing of 40 mm. Here
maximum penetration depth is obtained from the
three-layer model where no CSF is present, whereas,
again, the minimum depth is obtained from the
smooth four-layer model. The maximum penetra-
tion is obtained from the use of the widest obstruc-
tion. The continuous obstruction from gray matter
to the skull ~height of 2 mm! again does not result in
ny greater penetration, but as seen above it provides
reater sensitivity around the boundary of the CSF
nd within the obstruction itself. A similar pattern
f results is seen in the PMDF’s for the optode spac-
ngs of 50 and 70 mm ~Figs. 8 and 9, respectively!.

To see whether the attenuation of the obstruction
ould significantly change the light penetration

ty ~OD! in millimeters#. ~a! Three-layer model. ~b! Four-layer
eight 0.5 mm. ~d! Four-layer model with block intrusion of width

idth 1 mm and height 1.5 mm. ~f ! Four-layer model with block
ock intrusion of width 2 mm and height 1.5 mm. The first column
nd ~ii! for a separation of 40 mm, the third ~iii! for a separation of
erties and model specifications see Tables 1 and 2. Each contour
densi
nd h
n of w
ith bl
seco
prop
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Fig. 5. PMDF for intensity data and absorption ~units, OD in
illimeters!. Cross section through the smooth four-layer model

hown in Fig. 3~b!. The dashed vertical lines represent the bound-
aries of the clear CSF layer and also the boundary of the skin layer.

Fig. 6. PMDF for intensity data and absorption ~units, OD in mil-
imeters!. Cross section through all models for a source-detector

spacing of 30 mm. The dashed vertical lines represent the bound-
aries of the clear CSF layer and also the boundary of the skin layer.

Fig. 4. PMDF for intensity data and absorption ~units, OD in
illimeters!. Cross section through the three-layer model shown

n Fig. 3~a!. The dashed vertical line represents the boundary of
he skin layer.
1

Fig. 8. PMDF for intensity data and absorption ~units, OD in mil-
limeters!. Cross section through all models for a source-detector
spacing of 50 mm. The dashed vertical lines represent the bound-
aries of the clear CSF layer and also the boundary of the skin layer.
Fig. 9. PMDF for intensity data and absorption ~units, OD in mil-
limeters!. Cross section through all models for a source-detector
spacing of 70 mm. The dashed vertical lines represent the bound-
aries of the clear CSF layer and also the boundary of the skin layer.
Fig. 7. PMDF for intensity data and absorption ~units, OD in mil-
limeters!. Cross section through all models for a source-detector
spacing of 40 mm. The dashed vertical lines represent the bound-
aries of the clear CSF layer and also the boundary of the skin layer.
September 2000 y Vol. 39, No. 25 y APPLIED OPTICS 4727
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depth, the ma of the block intrusion was increased to
0.05 mm21 for all the above models and the PMDF’s
calculated again. This increase in the absorption of
the block was found not to alter the PMDF’s signifi-
cantly, the results being similar to those obtained at
the lower ma.

Finally, the effects of including multiple intrusions
were investigated ~Fig. 10!. Here three blocks of
1-mm width and 1-mm height were modeled at a
distance of 12 mm apart. From the results it is seen
that the area immediately adjacent to the block in-
trusions and the intrusions themselves again show
enhanced sensitivity. However, these multiple ob-
structions do not result in a significant increase in
light penetration into the cortical white matter in the
model.

4. Discussion and Conclusions

Various simple models of light propagation in the
adult head have been investigated. The three-layer
model with no CSF present confirmed previous ob-
servations that a reasonable sensitivity of the de-
tected intensity to white matter can be obtained at
larger optode spacing, but it is known that this three-
layer model is not a good representation of the adult
head. Therefore a four-layer model that includes a
clear nonscattering layer has been used. This model
confirmed that the presence of such a clear layer with
smooth boundaries significantly reduces the penetra-
tion of light into the deeper tissues within the head,
and therefore the sensitivity of the NIRS signal to
changes within the white matter is reduced.

The effect of introducing intrusions within the CSF
gap has been investigated. These intrusions were
intended to mimick the nonsmoothness of the CSF
layer within an adult head and the presence of light-
scattering membranes and light-absorbing blood ves-
sels on the surface of the gray matter. It has been

Fig. 10. PMDF for intensity data and absorption ~units, OD in
illimeters!. The four-layer model @similar to Fig. 3~d! with three

lock intrusions of width 1 mm and height 1.0 mm and a source
etector separation on 70 mm#. Each contour line represents a
% change.
728 APPLIED OPTICS y Vol. 39, No. 25 y 1 September 2000
shown that, even with the introduction of intrusions
that completely span the CSF layer, the sensitivity of
the the NIRS signal to the deeper tissues is not
greatly improved. However, the sensitivity of the
signal to absorption changes in the intrusion itself is
considerably increased together with that of the tis-
sues immediately adjacent to the intrusion. This is
because the light sampling of the adjacent tissue is
increased, since the propagating photons have been
forced to travel through the outer gray matter and
the inner skull tissue to get around the obstruction.

For optode separations of less than 20–30 mm the
effects of both the CSF and any intrusion are mini-
mal, since at this separation the penetration of light
into the cortical matter is small; but as the optode
separation increases, the effects of the CSF become
more significant. The depth at which the detected
NIRS signals is most sensitive is greatly reduced be-
cause of the greatly reduced attenuation of light that
travels from source to detector mainly within the
CSF. Since the most common path for such photons
will involve repeated diffuse scatters across the CSF
layer, the NIRS is mainly sensitive to absorption
changes that arise in the tissue immediately adjacent
to the CSF layer. When an intrusion is placed
within the CSF gap, it essentially blocks the path of
some photons traveling through the CSF. Therefore
the number of photons encountered by the intrusion
is high, resulting in a high sensitivity of the NIRS
signal to absorption changes in the intrusion itself
and also in the regions immediately adjacent to it.
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