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ABSTRACT

In recent years the possibility of measuring the blood oxygenation in the brain with near
infrared light has been studied by several authors. However the fact that the brain is encapsulated
by different layers of tissues (skin, skull, meninges) has attracted little attention. The goal of this
study was to quantify the influence of these different layers on brain blood oxygenation
measurements. Experimental results obtained from time resolved reflectance measurements on
layered tissue phantoms were compared to Monte Carlo simulations of layered models, diffusion
theory, and in vivo measurements on the human head.

Both, the experimental results and simulations show that the absorption coefficient p.s,
which is closely related to the blood oxygenation, of deeper layers can be accessed in the time
domain. The early parts (t � 1 .0 ns) of the impulse response are influenced by the outer layers of
the head (skin, skull, meninges), which leads to a shift of the peak position of the impulse
response. However the later parts (t � 1 .0 ns) are clearly dominated by the optical properties of the
underlying tissue. Thus by fitting analytical expressions found from diffusion theory only to the
late part of the time resolved reflectance allows to determine p.a and subsequently the blood
oxygenation of the deepest medium (e.g. brain tissue).

1. INTRODUCTION

Two major areas, where continuously monitoring the blood oxygenation in the brain is of
major interest are newborn and cardiac surgery intensive care. Cerebral injuries due to hypoxia as
well as hyperoxia are considered to be the cause of about one third of all deaths in the full term
infants1. In the preterm infant it is estimated to be the cause of neuro-developmental abnormality
in up to two thirds of the survivors2. Of the 340,000 patients who undergo cardiac surgery each
year in the US, roughly 100,000 suffer at least a minor neurological deficit because of cerebral
ischemia, during or after surgery. Therefore objective measurement techniques are needed which
allow for an oxygen support that is sufficient yet minimal toxic.
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The clinical symptoms of hypoxia (e.g. tachypnea, tachycardia or cyanosis) and hyperoxia
(e.g. worsening lung disease from direct oxygen toxicity or retinopathy) are unreliable indicators
and may even be completely absent until irreversible damage has occurred3 . The same critique
holds for conventional imaging methods like ultrasound, X-ray, CT or NMR, which can only
detect irreversible tissue damages4. The "gold standard" assays, arterial blood gas measurement or
estimation of oxygen consumption, are invasive, expensive, often painful, and risky. In addition,
these standard methods only reveal static information about oxygenation at one point in time,
rather than continuous measurements over time. What is needed is a technique for non invasively
and continuously monitoring the oxygenation status of the blood in the brain. This would allow to
intervene in time to prevent irreversible damage.

This.paper first discusses briefly the possibilities and limitations of a current state of the art
method of non invasively measuring the blood oxygenation with light. This will be followed by a
proposal how to overcome these limitations with time resolved reflectance measurements. After an
introduction to the principles of these techniques, the problem of layered tissue structures will be
addressed in detail. The brain is knowingly encapsulated by different layers with varying optical
properties (skin, skull and meninges). How this layers effect the determination of the blood
oxygenation of the underlying brain tissue, the brain, is of substantial interest and has up to know
not been studied systematically.

2. STATE OF THE ART TECHNIQUE

Jöbsis first demonstrated the possibility of detecting near infrared light of only 48jiWcm2
in a 6.6nm wide band around 800nm, after it traveled through a brain of 13.3cm diameter5. In the
wavelength region between 700-900 am, known as the therapeutical window, the major absorbing
chromophores in the brain are the two blood constituents hemoglobin (Hb) and oxygenated
hemolobin (Hb02). These two absorbers display well known different absorption character-
isticsb. Therefore, with the use of at least 2 wavelength it is in principle possible to determine the
two unknowns, the concentration of hemoglobin [HbI and deoxygenated hemoglobin {Hb02],
with a set of linear equations:

AX1 = [Hb] +
8HbO2 [Hb02] } L (la)

A2 = [Hb] +
EHbO2 [Hb02] I L (ib)

where A :=Absorbance at wavelength X.
c :=Extinction coefficient [mMlcml]
L := Optical path length at wavelength .

Several studies have shown the possibility of monitoring changes in the blood oxygenation
based on the equations (la,b) 49. However in order to quantify [Hb] and [HbO2] from the
measurements of the absorbance (A), the path length (L) traveled by the photons before they reach
the detector must be known. Usually L is assumed to be a constant, independent of wavelength,
blood concentration, or individuals. However Benaron et. al found that the path lengths measured
among infants of even similar weight and age differ substantially 10 Since blood itself is a highly
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scattering medium, with a different scattering coefficient then brain 1 1,12, the total blood volume
vtot = [Hb] + [Hb02] will also affect the path length. Thus devices based on pure absorbance
measurements may only qualitatively detect changes of the oxygenation status, but fail to give
absolute blood volume and oxygenation values. To solve this problem one has to measure the
absorption coefficient J'a which is the absorbance A per unit pathlength.

. 3. TIME RESOLVED REFLECTANCE SPECTROSCOPY

Time resolved reflectance measurements on tissues can provide the necessary information
for the determination of the absorption coefficient 1a 0 tissues. As will be demonstrated in this
paper, this method is especially suited for the determination of the absorption coefficient of the
brain which is encapsulated by layers of tissues with different optical properties. In this technique
a picosecond pulsed light source is used as an input signal and the reflectance is measured as a
function of time at a distance of a few centimeter. A detailed description of the experimental set
up can be found elsewhere13. In this work the correct interpretation of the measured data, will be
discussed. First a semi-infinite homogenous media is studied. It will be shown that the results
found for this simple case, can be generalized to the more complicated problem of layered tissue
structures. This will illuminate the influence of the skin, skull and meninges, on blood
oxygenation measurements of the brain. In part II of this study14 on blood oxygenation
measurements of the brain, the consideration will be extended to the case of distributed local
absorbers (blood in vessels) embedded in a homogenous medium.

3.1. Homogenous Tissues

Currently there exist essentially two methods to extract ia from a time resolved reflectance
measurement. The most accurate, but also the most computation time consuming one is based on
Monte Carlo simulations. In this kind of computer simulations light is treated as consisting of
single photons, which are injected into the tissue one by one. Each single photon bounces around
statistically inside the tissue, until it is either absorbed or reemitted from the medium. The statistics
of the photon propagation process depends on the absorption and scattering coefficient of the
tissue. These coefficients basically describes the probability that a photon gets either absorbed or
scattered over a unit length. A comprehensive description of Monte Carlo simulation techniques
can be found in [15] and [16].

If a large enough number of photons (...'106) is injected into a tissue with given optical
properties, Monte Carlo simulations have been found to give rather accurate description of the
light distribution inside and outside the tissue. Figure 1 shows a comparison of an experimental
result and a Monte Carlo simulation. The experiment was performed on a homogenous tissue
phantom, made out of gelatin with polystyrene spheres which act as scatterers and india ink which
provides the absorption. From the concentration of polystyrene spheres and india ink one can
calculate the expected optical properties. These properties were fed into the Monte Carlo code
developed in our laboratory. The result of the simulation was compared to the measurement. The
difference between the Monte Carlo simulation and experiment was minimized by changing the
optical input parameters for the simulation slightly and rerun the program. The final result of the
optical properties determined by the Monte Carlo simulation in this case was 5% above the
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Fig.]: Comparison of time resolved reflectance experiment, diffusion theory and Monte Carlo
simulation.

A much faster way to extract optical properties from an experimental data set is to fit simple
analytical expressions found through diffusion theory17. Light propagation is treated here as a
diffusion process. However this theory partially fails to describe the photon transport accurately,
as shown in figure 1 . On can observe that after a certain time tjf , the diffusion theory agrees well
with the Monte Carlo simulation and experiment, while at early times the diffusion theory suggests
a too' strong signal which starts rising to early.

Knowing that diffusion theory gives accurate results at late times, the question is what
optical properties can we determine by using just this part of the time resolved reflectance? The
expression for the reflectance measured at a distance r at time t is given by (for a more detailed
derivation see [17]):

R(r,t) = (4 ic c D)312 t5'2 exp(
r2 + (14ts')2

-) exp( - C t) (2)

where is the reduced scattering coefficient, D[31.La(Jia + 1s')]4 the diffusion constant and c
the speed of light in the medium. R(r,t) essentially consist of an amplitude factor and two
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calculated ones. This is within the error for the calculations, since they depend on the exact
concentration measurement of polystyrene spheres and india ink. As already mentioned, the
drawback of Monte Carlo simulations is that they take a long time for completion. In the
described example each simulation with 2,000,000 photons took about 30 hours on a sparclO-
workstation. This is much too long for any practical algorithm for the determination of blood
oxygenation applied in a clinical environment.
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exponentials. One exponential depends on lit and the other one on t. For large times the first
exponential goes to 1 and the second exponential term, which contains (ta c t) dominates. Thus
ta C be found from a fit to the tail of the curve. Eq. (1) can be linearized in Jia and j1s' by
taking the natural logarithm of R and assuming ps'>>JJ-a:

(r2+l4t'2)3i. 1.1' 1
ln(R(r,t)) = const - 5/2 ln(t) - a s ÷ 'a C t (3)

This provides a simple and fast linear fitting algorithm.

Why does diffusion theory not work at early times? This can be understood by the fact that
the photons have to travel some distance or time within the tissue before they loose their original
directionality and become really diffuse (randomized). Furthermore it has to be noted that the
expression given in eq.(2) is derived for a semi4nfinite medium with the so called zero boundary
condition. Using a more appropriate boundary condition leads to better results at early times,
however for the price of complexity. A linearization of eq.(2) in J.La i5 not possible anymore and
more advanced and more time consuming fitting algorithms are required. As a rule of thumb we
found that for the optical properties of interest, the diffusion theory with zero boundary condition
can be considered accurate after 4OO7OO ps.

It can be concluded that even though diffusion theory is not as accurate as Monte Carlo
simulations in the overall description of the time resolved reflectance, it can be used very well for
an accurate determination of the absorption coefficient of a homogenous medium. The deviation of
the diffusion theory from the experimental data occurs only at early times, and has little effect on
the determination of I'a• The absorption coefficient controls the shape of the late part of the
impulse response, were diffusion theory shows good agreement with the experiment and Monte
Carlo simulations. Monte Carlo simulations are more accurate, but take much more time to finish.
Thus they may not be used in partical fitting algorithms. However they may well be used as "gold
standards", to check the accuracy of diffusion theory.

3.2. Layered Tissue Structures

When time resolve reflectance measurements are made on the head, the light injected into
the tissue does not encounter a homogeneous medium. The brain is actually encapsulated by layers
of skin, skull and the meninges. The questions arise: "How do these layers influence the time
resolved reflectance measurements ?" and " Can the simple linear fitting routine based on eq.(3)
still be applied?"

Before complex multi-layer tissues are considered, simpler two layer structures are
investigated. As a first example figure 2 displays a time resolved Monte Carlo simulations for the
following systems: Curve I is the results for a homogenous medium, with a low absorption
coefficient of 0.01cm-1. Curve II belongs to a homogenous medium with a high absorption
coefficient of 0.2 cm1. Inbetween the reflectance for a layered system with an 8mm layer of the
high absorbing tissue on top of the low absorbing tissue is shown. The time response of the layered
tissue follows in the early time the curve II for the homogenous medium with high absorption.

8 ISPIE Vol. 2136
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 12/11/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Cl)

c1 io.4
E

-5'—'10

C.) in-6

0

10.8

Fig.2: Monte Carlo simulation ofa layered system with a high absorbing material on top ofa low
absorbing material.

Fig.3. Experiments on layered gel phantom with a layer of high absorbing gel on top of a low
absorbing gel. The values labeled near the curves are indicate the thicknesses of the top layer.

The photons travel only in the upper layer and are not influenced by the lower layer. After roughly
400 Ps curve II and III start to deviate. This indicates that photons which have reached the lower
layer contribute to the signal. After 1 ns the curve of the layered medium becomes parallel to the
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curve I of the homogenous medium with the optical properties of the lower layer. As shown
earlier, the absorption coefficient of a tissue is only determined by the slope of the late part of the
time resolved reflectance. Thus a fit of diffusion theory (eq.(3)) to curve I (homogenous medium)
and curve II (layered medium) yields the same Jia. This suggests, that one can measure through
the upper layer the absorption coefficient Pa of the hidden tissue.

. This might be surprising, on the first view. However, if one looks at the numbers which are
added under the time scale one can see that after 1 ns the photons actually have traveled 22 cm in
the tissue. This means that by far most of the time a photon propagates, it spends in the lower
layer. The 8mm thick upper layer becomes optically thinner and thinner the more time elapses.

The results of the simulations were also tested experimentally on layered tissue phantoms,
made out of collagen gels. Polystyrene spheres with a diameter of 207 nm were added to the gel to
introduce scatterers into the medium. India ink in different concentrations served as absorber. Gels
with different optical properties were stacked on top of each other to yield a layered tissue
structure. The findings from Monte Carlo simulations could be confirmed as shown in figure 3.
Through the upper layer one can measure the absorption coefficient of the underlying medium, by
fitting the late part of the time resolved reflectance. Different thicknesses of the upper layer seem
only to affect the amplitude of the signal, but not the determination of the absorption coefficient of
the lower layer.

Simulating next the skull on top of the brain, the case was considered, where a low
absorbing layer is on top of a high absorbing tissue. Figure 4 shows the corresponding Monte
Carlo simulations. The curves of the homogenous medium ar erepresented by the upper and lower
curve, respectively. The curves for the layered tissue structures with different thicknesses of the
upper layer are displayed inbetween. Very similar to fig.3, after a certain time, the tail of the time
resolved reflectances are dominated by the absorption properties of the lower layer. Different
thicknesses of the upper layer only result in an amplitude shift and a delay of the time when the
tails of the curves become parallel. The results from the simulations are confirmed experimentally
with a layered gel tissue phantom (Fig.5).

Until now the scattering coefficients in both layers were the same. However one might
argue that if the scattering coefficient in the upper layer is higher than in the lower layer, photons
are kept longer in the upper layer an thus the influence of the upper layer is increased. Figure 6
shows results from time resolved Monte Carlo simulations. The lower curve corresponds to a
homogenous medium with a sëattering coefficient of j.t5'=5cm1 and an absorption coefficient of
11a =0.2cm1. Now a 4mm lower absorbing layer, with the same is added on top. The amplitude
is increased, however as already discussed after a certain time the tail of the two layer system is
parallel to the one of the homogenous medium. Next the scattering coefficient of the upper layer is
increased three times, which is quite large for biological tissues. This increase in scattering leads to
a smoothening of the peak in the early part. However, in this example no significant increase in the
time when the tail of the curves become parallel can be seen. Thus also in this case the absorption
coefficient of the lower layer can be retrieved.
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Fig.5: Experiments on layered gel phantoms with a layer of low absorbing gel on top of a high
absorbing gel. The values labeled along the dashed curves indicate the thicknesses of the top
layer.
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Fig.4: Monte Carlo simulation of a tissue structures with a layer of low absorbing material on top
of a high absorbing material.
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Ti me[ns]
Fig.7: Monte Carlo simulation of a multi layer tissue with varying scattering and absorption
coefficient, as labeled in the graph.

Figure 7 finally shows a simulation of a three layer system. All three layers differ in ab-
sorption and scattering coefficient which are similar to typical values for skin, skull, and brain
tissues in the near infrared. The second curve corresponds to a homogenous medium with the
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Fig.6: Monte Carlo simulation of a two layer tissue with varying absorption and scattering
coefficients.
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optical properties of the underlying medium. After 1 .5 ns, the tail of the two curves become
parallel, which once again confirms that the lowest layer in a layered system determines in general
the late part of the time resolved reflectance. By fitting diffusion theory (eq.3) to this part of the
experimental data one can obtain the absorption coefficient 1a of the underlying medium. Thus the
absorption coefficient ia of the brain tissue is accessible through the skin, skull, and meninges!
Over eq.(la,b) ia is connected to the blood oxygenation in the brain.

4. SUMMARY

This work was motivated by the fact that measuring the blood oxygenation in the brain is in
particular important on newborn intensive care units as well as during and after cardiac surgery.
Current devices, based on pure light absorption measurements, can only detect changes in blood
oxygenation but fail to give absolute values for the brain blood oxygenation. This limitation is due
to the lack of knowledge of the path length L of the photons reflected from the head. Thus it is
essential to measure the absorption coefficient ia, this is absorbance per unit path length. In this
work it was proposed to use time resolved reflectance measurements, rather than a continuous light
source to probe the tissues. In this technique a short light pulse (-5Ops) is injected into the tissue
and the time resolved reflectance is measured at a distance of 4-3cm.

In studying how the absorption coefficient 1a can be extracted from time resolved re-
flectance measurements, two cases were discussed: In homogenous media, diffusion theory, even
so incorrect at earlier times can be used to determine accurately the absorption coefficients. The
shape of the reflectance curve for times larger than roughly 400-700 ps, when diffusion theory is
accurate, provides the necessary information . In layered media, the properties of the upper layer
only influence the time resolved reflectance at early times. The late part of the impulse response
yields information about the absorption coefficient pa of the lowest layer. The absorption
coefficient is an indicator for the blood oxygenation. More discussion on the determination of the
blood oxygenation from the measured 1a values, will be given in the next paper14.
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