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We report the development of a heterogeneous resin-tube model to study the influence of blood
vessels on the apparent absorption of the system, u,(sys), using a time-resolved technique. The
experimental results show that u,(sys) depends on the absorption inside the tubes, u,(tube), tube
diameters, and tube-to-sample volume ratios. A mathematical expression relating u,(sys) and
M, (tube) is derived based on the experimental results and is verified by time-resolved Monte Carlo
simulations for heterogeneous models. This analytical formula predicts that the apparent absorption
coefficient measured on a biological organ is a volume-weighted sum of the absorption coefficients
of different absorbing components. We present some apparent absorption coefficients measured in
vivo in animals and humans and discuss improved algorithms that calculate the hemoglobin satu-
ration by including background-tissue absorption and blood vessel distribution.
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I. INTRODUCTION

In recent years, near-infrared reflectance measurements have
been used to determine the blood oxygenation status of liv-
ing biological tissues by using continuous light or time- or
frequency-domain techniques.'™® All these methods rely on
the fact that in the wavelength range of 700-900 nm oxy-
genated and deoxygenated hemoglobin are the major absorb-
ers in tissues, and have very distinct absorption spectra.g’l0
Measuring light absorption in the tissue of at least two wave-
lengths allows us to calculate blood oxygenation and concen-
trations of oxygenated and deoxygenated hemoglobin. !~

These techniques all assume that the absorbers are homo-
geneously distributed in the tissue. So far, little attention has
been paid to the fact that the high-absorbing blood is actually
located in vessels that are surrounded by rather low-
absorbing background tissue. This is so, particularly in the
case of the brain, in which the determination of hemoglobin
oxygenation status is of special interest. Reflectance mea-
surements on the outside of the head only yield an apparent
absorption coefficient of a mixed tissue~blood system. Using
this apparent absorption coefficient, rather than the blood
absorption coefficient in algorithms to determine the blood
oxygenation of the brain may yield doubtful results.

The goal of our study is to investigate the dependence of
the apparent absorption coefficient on the blood absorption
in blood vessels by using a time-resolved reflectance tech-
nique. We developed a resin-tube model to simulate blood
vessels embedded in a background tissue. In this paper, we
use the expressions u,(back) and u,'(back) and the expres-
sions u,(tube) and w,’(tube) to represent the absorption and
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reduced scattering coefficients of the resin background and
the absorbing turbid solution filled in the tubes, respectively.
We use p,(sys) to note the apparent absorption coefficient of
the system. Based on the experimental data obtained from
the tissue phantom, an analytical expression is derived, relat-
ing the apparent absorption coefficient to the distribution and
sizes of the tubes (i.e., blood vessels). The analytical expres-
sion is also verified by time-resolved Monte Carlo simula-
tions of cylindrical blood vessels distributed in a background
medium. Finally, we propose algorithms to calculate the
blood saturation by including background-tissue absorption
and blood vessel distribution.

Il. MATERIALS AND METHODS

The experimental model was made of polyester resin
(Swanson; Deep Flex Plastic Molds, Inc., Murfreesboro,
TN), which is liquid and can be cast in any shape before a
chemical hardener is added.'® We mixed 0.75 mg/ml of Ti-
tanium dioxide (TiO,) powder (Sigma Chemical Co.) with
clear resin liquid to introduce scatterers, giving rise to
;' (back)=6 cm™!. The TiO, powder was well dissolved in
alcohol by sonicating the powder—alcohol mixture and was
then added to the resin before the resin solution was hard-
ened. The intrinsic absorption coefficient of resin is low and
similar to that of blood-free tissues in the near-infrared range
[, (tissue)=0.02—-0.04 cm™!]. To make various resin-tube
models, we placed different numbers of metal rods of differ-
ent sizes vertically in 15 cm diam cylindrical containers and
cast the resin with the rods. When the resin was almost hard-
ened, we removed the rods, leaving hollow tubes in the resin
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FiG. 1. A schematic diagram showing the experimental model and setup.
The experimental model is made of plastic resin and mixed with a certain
concentration of TiO,. A series of vertical tubes were made through the
sample and filled with an Intralipid-ink solution. 50 ps, 780 nm pulses were
delivered by a 200 um fiber to the sample, and the response signal was
collected by a 2.5 mm fiber bundle and sent to a single-photon counting
system. It contains a microchannel plate. Photo Multiplier Tube (PMT), a
Constant Fraction Discriminator (CFD), a Time-to-Amplitude Converter
(TAC), and a computer.

to simulate blood vessels of different diameters (1.6, 3.2, and
6.4 mm) that took up various volume fractions of the sample
(5.5%, 11%, and 22%, respectively).

During the measurements, the tubes were filled with
Intralipid-india ink solutions. An Intralipid concentration of
0.3%-1.5% was chosen to yield a reduced scattering coeffi-
cient of u.'(tube)=3-15 cm™' for the filling solution in the
tubes. The india ink concentration was varied to yield an
absorption coefficient in the range of 0—5 cm™!, which cov-
ers the range of absorption coefficients of the whole blood in
the near-infrared spectrum.

As shown in Fig. 1, time-resolved reflectance measure-
ments were performed on these samples using the method of
time correlated single photon counting.!” A Hamamatsu pi-
cosecond laser pulser at 780 nm with a pulse width of 50 ps
was used. A detailed description of the detection scheme can
be found elsewhere.!® The source and detector were placed
2-3 cm apart on the side of the sample in a line perpendicu-
lar to the tubes. Once a measurement on a sample was made,
the raw data were deconvolved with a separately recorded
instrument function. Then a least-squares-fitting algorithm
based on diffusion theory for a semi-infinite medium with a
zero-boundary condition was applied to obtain the apparent
absorption coefficient u,(sys) of the sample.'*?® Besides the
measurements on the resin-tube models, measurements were
also performed on homogeneous resin samples and
Intralipid-ink solutions to determine the optical properties of
the resin background, w,(back), and u,’(back), and those of
the solutions filled in the tubes, u,(tube) and w,’(tube).

In the case of in vivo measurements of human heads, the
source and detector of the TRS system were placed at a
separation of 3 cm tightly against the right side of the fore-
head of five normal adult volunteers. The measurements
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were performed with the subjects setting down comfortably
and breathing room air. In the case of in vivo measurements
of animal heads, the source-—detector separation was kept 3
cm, and the fibers were placed about 1 ¢m lateral to the
sagittal suture over the frontoparietal cerebrum. To obtain
blood-free conditions, the animals were euthanized with in-
travenous pentobarbital, phlebotomized, and perfused with
saline until no hemoglobin was detected in the vasculature
by a co—oximetry.zl The rat liver was removed from a male
rat weighing 250-300 g and perfused by Krebs~Ringer
bufter solution until the output fluid became blood-free. The
M, values of the blood-free rat liver were obtained by em-
ploying the matching method, as described in Ref. 18. The
absorption of the blood-containing liver is very high so that
the u, value was estimated by extrapolation from the absorp-
tion of the blood-free liver and the red blood cells.”

The signal-to-noise ratio of the single photon counting
system improves in proportion to the square root of sampling
time.”* Thus, the data acquisition of each single measure-
ment was maintained until a good signal-to-noise ratio of
200 was obtained. In this way, a singular time-response pro-
file can give rise to an accurate singular set of u, and u,’.
On the other hand, multiple measurements were also re-
peated to determine the accuracy of the results, and a preci-
sion of 5*x1% for the apparent g, and w,’ values was ob-
tained in most cases.

lll. EXPERIMENTAL RESULTS

Two groups of resin-tube samples were studied in order to
investigate the influence of vessel distribution and sizes on
the apparent absorption coefficient w,(sys). To study the in-
fluence of vessel distribution, we prepared three models hav-
ing tube-to-sample volume ratios of 5.5%, 11%, and 22%
while keeping the tube diameter constant. To study the influ-
ence of size, we used the models in which the tube-to-sample
volume ratio was kept constant while the diameters of the
tubes were changed in different models. In all these cases,
only the absorption coefficient in the tubes, w,(tube), was
changed, whereas the scattering coefficient of the solution in
the tubes matched that of the resin background. In addition, a
study on the u,(sys) dependence on g, '(tube) was performed
while the u,(tube) was held constant.

A. Influence of vessel distribution

Figure 2 displays a comparison of three samples having
tube-to-sample volume ratios of 5.5%, 11%, and 22%, re-
spectively, while tube diameters are 3.2 mm in all cases. It
can be seen that for small u,(tube) values, the apparent ab-
sorption coefficient w,(sys) depends linearly on w,(tube) for
all volume ratios. The straight lines in this figure represent a
linear least-squares fit to data points with wu,(tube)=<1.5
ecm™'. When u,(tube) becomes larger than 1.5 em™!| this
linear relationship breaks down, and an increase in the
,(tube) beyond 5.0 em ™! leads to only a negligible increase
in u,(sys). Notice that the deviation from the linear depen-
dence starts at about the same g, (tube) value, 1.5 cm ™!, for
all three volume ratios. The ratios of the slopes of the linear-
fitting lines of the volume ratio of 22% to 11% and of 22% to
5.5% are 2 and 4.5, respectively. This indicates that in the
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FiG. 2. The relationship between the apparent absorption coefficient of the
system, p,{sys), and the absorption coefficient of the filling fluid in the
tubes, w,(tube), for three samples. The samples have the same tube diam-
eters (3.2 mm), but different tube-to-sample volume ratios of 22% (circles),
11% (squares), and 5.5% (triangles). The straight solid lines are linear least-
squares fits to the ‘data when the u,(tube) value is less than 1.5 cm™!. The
dashed curves are calculated using Eq. (7).

linear range a doubling of the tube-to-sample volume ratio
leads to a doubling of apparent absorption. Figure 2 also
illustrates that doubling the volume ratio results in a dou-
bling of the apparent absorption coefficient in the nonlinear
range.

B. Influence of vessel size

Figure 3 shows the relationship between u,(sys) and
1, (tube) for two samples with the same tube-to-sample vol-
ume ratio (5.5%), but with different vessel diameters (1.6
and 3.2 mm). Similar to that in Fig. 2, we can observe a
linear relationship between p,(tube) and wu,(sys) when
#,(tube) values are low, whereas at higher u,(tube) values
the apparent absorption does not follow the straight line. Fur-
thermore, this graph shows that a sample with smaller tube
diameters has a larger linear range, resulting in larger values
of u,(sys) at u,(tube)>2 cm~! than does a sample with
larger tube diameters.
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FiG. 3. The relationship between the apparent absorption coefficient of the
system, u,(sys), and the absorption coefficient of the filling fluid in the
tubes, u,(tube), for two samples, with 1.6 mm (open squares) and 3.2 mm
(solid diamonds) tube diameters at a tube-to-sample volume ratio of 5.5%.
The straight solid line is a linear least-squares fit to the 1.6 mm sample when
the p,(tube) value is less than 1.5 cm™'. The dashed curves in both figures
are calculated using Eq. (7).
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FiG. 4. The relationship between the apparent absorption coefficient of the
system, u,(sys), and the scattering coefficient of the filling fluid in the tubes,
1’ (tube), for a model having 3.2 mm tube diameters and a 22% tube-to-
sample volume ratio at two different, fixed ink concentrations in the filling
fluid. The data with smaller error bars are obtained with pu,(tube)=0.42
cm’i, and the data with larger error bars are obtained under y,(tube)=1.5
cm™ .

C. Influence of different scattering coefficients

All of the data given in Secs. IIl A and III B were ob-
tained under the condition of u,’(back)=p,’(tube)=6 cm™".
However, it is known that blood in vessels can have a differ-
ent scattering property from that of surrounding tissue. To
understand the effect of various scattering coefficients on the
determination of the apparent absorption, another set of mea-
surements was performed. In this case, we varied the scatter-
ing coefficients inside the tubes, u,’(tubes), by increasing the
concentration of Intralipid while maintaining the u,(tube)
constant. As an example, Fig. 4 displays the results obtained
on a sample with tube diameters of 3.2 mm and a tube-to-
sample volume ratio of 22%. Data shown in this figure are
for two different, fixed absorption coefficients in the tubes of
u,(tube)=1.5 cm™! and p,(tube)=0.42 cm™". It can be seen
that in the range of observation, the influence of w,’(tube) on
M, (sys) can be neglected.

IV. DATA ANALYSIS

In this section, we wish to establish an analytical expres-
sion that relates the apparent absorption coefficient, w,(sys),
to both the background absorption, u,(back), and the absorp-
tion in the tubes, u,(tube). Such a relationship will help to
determine the blood absorption and thus the blood oxygen-
ation based on apparent absorption coefficients measured on
a tissue—blood system.

In a two-component system, such as the resin-tube model,
we propose that u,(sys) is proportional to a weighted sum of
component absorption coefficients:

Ma(8y8s) = Ppuy(back) + P u,(tube). (1

Weighting factors P, and P, are the probabilities that a de-
tected photon has traveled either in the background or in the
tubes, respectively. Because all detected photons travel
through either or both of the materials, it is reasonable to
have

Py+P,=1. 2
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FiG. 5. Relationship between In(k) and [, (tube)-pu,(back)] for two sets of
samples. (a) is for three samples with the same tube diameters (3.2 mm), but
having tube-to-sample volume ratios of 22% (circles), 11% (squares), and
5.5% (triangles). The dashed line is an average of three linear fits to the
three sets of data. (b) is for two samples at the same tube-to-sample volume
ratio (5.5%), but with 1.6 mm (open squares) and 3.2 mm (solid diamonds)
tube diameters. The dashed lines in (b) are linear least-squares fits to the
data points.

The greater the number of tubes packes into a tissue, the
more likely a photon will have to travel through the tubes
before it reaches the detector. Thus, we further assume that
P, depends linearly on the tube-to-sample volume ratio, r,,
written as

P,=kr,. 3)
By substituting Egs. (3) and (2) into (1), we get

a(8yS) = po(back) + r k[ p,(tube) — p,(back)], )
where k is a parameter and can be rewritten as

_ Ma(sys)— po(back) 1
"~ u(tube) — p,(back) r,’

(5)

All parameters on the right side of Eq. (5) can be known: r,
and p,(back) are given through the design of the tissue phan-
tom, whereas pu,(sys) and u,(tube) are determined through
measurements. Thus, the key in finding a mathematical ex-
pression for u,(sys) entails obtaining parameter k, which is
experimentally determinable. Based on the data given in
Figs. 2 and 3, we can calculate In(k) as a function of
[ u,(tube)— u, (back)], as shown in Figs. 5(a) and 5(b). Fig-
ure 5(a) corresponds to three models having constant tube
diameters (3.2 mm) but different tube-to-sample volume ra-
tios. Figure 5(b) results from two samples with a constant
tube-to-sample volume ratio (5.5%) but different tube diam-
eters. These two graphs suggest that when
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TasLE I. List of sample physical and mathematical parameters used for
determining apparent absorption of the model. d represents the tube diam-
eter in cm, r, is the tube-to-sample volume ratio in percent, m is the slope of
In(k) vs u,(tube)-u, (back), b is the intercept of In(k) vs u,(tube)-p, (back).
« is equal to m/d, and B is equal to exp(—b).

Model # d [cm] r, [%] m b a B
1 0.16 5.5 0.096 0.325 0.60 0.72
2 0.32 5.5 0.225 0.284 0.70 0.75
3 0.32 11 0.175 0.294 0.55 0.75
4 0.32 22 0.181 0.288 0.57 0.75
5 0.64 20 0.268 0.350 0.42 0.71

[, (tube)— u,(back)] is greater than 0.5 cm™', the relation-
ship between In(k) and [u,(tube)— u,(back)] can be consid-
ered linear. Thus, we can have

In(k)= —m[ p,(tube) — p,(back)] - b, (6)

where “m” and “b” are magnitudes of the slope and inter-
cept of the fitting lines to the data of In(k) vs
[, (tube) — u, (back)]>0.5 cm ™. The fitting lines are repre-
sented by the dashed lines in Figs. 5(a) and 5(b). Replacing
Eq. (6) in Eq. (4) leads to u,(sys) as

Ma(5YS) = po(back) + r,Be ~ a1t 4y (tube)
- /-La(baCk)]v (7)

where B=exp(—b). Thus, Eq. (7) is the desired mathematical
expression for u,(sys), giving the dependence of u,(sys) on
both u,(tube) and p,(back). This equation can, in turn, fit the
data well, as shown by the dashed lines in Figs. 2 and 3, after
we obtained the slope and intercept of In(k) vs
[, (tube)— p, (back)] from the experimental results.

In order to employ Eq. (7) practically, it is necessary to
understand variables “m” and “b.” It is seen that the slope,
—m, is independent of tube-to-sample volume ratios [Fig.
5(a)] but dependent on tube diameters [Fig. 5(b)]. So we
suggest that the value of the slope, m, may be related linearly
to the tube diameter “d”" by

m=ad, (8)

where « is a constant. Table I lists tube diameter “d,” tube-
to-sample volume ratio ““r,,” values of slope “m,” intercept
“b,” and parameters « and B for five different resin-tube
samples. It is seen that a varies between 0.4 and 0.7, while 38
seems to be the same for all the samples. A constant of 8
indicates that 8 may depend mainly on the materials made
for the tissue phantom. It is known that the polyester resin
with added TiO, powder has a refractive index of 1.55 and a
g value of 0.5.1° On the other hand, Intralipid solutions have
a refractive index of 1.38 and a g value of 0.7-0.9. Mis-
matches of refractive indices and g values between the resin
background and Intralipid solution in the tubes may cause
this B value. In biological tissues, 8 should be close to 1
since tissue background and blood in vessels have about the
same refractive index and g value.
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FiG. 6. Time-resolved Monte Carlo simulation results for a resin-tube
model, schematically shown in (a). The input parameters are u,(back)=0.05
cm™, p,'(back)=10 cm™!, u (tube)=0.5 cm™!, d=0.4 cm, r,=34.9%, and
p=1.8 cm. In (b), the empty and solid circles correspond to u,'(tube)=10
cm™ ! and u,’(tube)=5 cm ™!, respectively. The solid line is calculated based
on the diffusion theory with parameters of u,(sys)=0.194 cm™! and
i, (sys)=10 cm™'.

V. MONTE CARLO SIMULATIONS

To confirm our experimental findings of Eq. (7), we made
time-resolved Monte Carlo simulations for semi-infinite, het-
erogeneous, resin-tube models [Fig. 6(a)] by modifying a
well-tested Monte Carlo simulation code.?* Input parameters
for the simulation are the tube diameter, d, the tube-to-
sample volume ratio, r,, and optical properties of the back-
ground and the filling material in the tubes, namely,
ma(back), u,’(back), u,(tube), and w,’(tube).

Circular points in Fig. 6(b) are two sets of simulated re-
sults, with d=4 mm, p=1.8 cm, r,=34.9%, u,(back)=0.05
em™!, u,(tube)=0.5 cm™!, and wu'(back)=10 cm™!. The
empty and solid circles correspond to w,'(tube)=10 cm™!
and u,’(tube)=5 cm™', respectively. The apparent reflec-
tance signal for the system is insensitive to a doubling of
4, (tube) inside the tubes, consistent with the experimental

result shown in Fig. 4. By substituting some of the param-
eters listed above into Eq. (7), we have g, (sys)=0.194 cm™',
using «=0.5 and B=1. With this u,(sys) value and
' (sys)=10 cm™!, diffusion theory gives rise to the solid
curve plotted in Fig. 6(b). We can see that the solid curve
matches the simulation data well.

A variety of conditions for tube diameters, tube-to-sample
volume ratios, and u,(tube) values have been applied to the
simulations. By fitting the diffusion equation to the time-
resolved simulation data, we obtain the fitted apparent ab-
sorption and scattering coefficient, u,(fit) and w,’(fit). Table
I shows a comparison of absorption coefficients obtained
from the Monte Carlo simulations and from Eq. (7) for the
resin-tube model. In this table, d, r,, and g, (tube) are simu-
lation input parameters; u,(fit) and wu,'(fit) are obtained by
fitting diffusion theory to the simulation data; and w,(cal) is
calculated from Eq. (7). Other common parameters used for
four cases in the table are a=0.5, B=1, u,(back)=0.05
cm !, and u,’(back)=p,'(tube)=10 cm™'. We can see that
the ratio of w,(fit)/u,(cal) under various conditions is very
close to 1, indicating the consistency between Eq. (7) and the
simulations.

VI. DISCUSSION

The findings from the experiments of the tissue phantoms
and the Monte Carlo simulations suggest that Eq. (7) is an
adequate description of the dependence of w,(sys) on
pg(back) and p,(tube). This relationship is nonlinear and
leads to a complicated analysis of reflectance data from com-
posite biological tissues. However, the experimental results
given in Sec. III display a linear range between u,(sys) and
1, (tube), and this range varies, depending on tube diameters
and values of the u,(tube). In this section, we first study
general characteristics of Eq. (7), and investigate the criteria
in which Eq. (7) gives a linear dependence of u,(sys) on the
1, (tube). Then the focus shifts to whether the linear relation-
ship still holds in blood—tissue systems. Finally, combining
the developed formula with irn vivo measurement results, we
discuss improved algorithms for blood oxygenation determi-
nation in biological tissues.

A. Nonlinearity of Eq. (7)

The nonlinear dependence of u,(sys) on the tube diam-
eter, d, and u,(tube) is introduced by the exponential term in
Eq. (7). It follows that larger tube diameters in the resin-tube
system give rise to larger values of “m,” and thus to smaller

TaBLE I1. Comparison of absorption coefficients obtained from the Monte Carlo simulations and from Eq. (7)

for the resin-tube model.

M, (tube) u, (fit) e, (cal)® Ma(fit) u' (fit) ®

d (cm) r, [%] (em™) (em™) {em™) Ho(cal) ' (tube)
0.4 34.9 0.5 0.205 0.194 1.06 1.01
0.4 34.9 2.5 0.666 0.669 1.00 0.98
0.2 8.73 25 0.231 0.217 1.06 0.94
0.2 8.73 35 0.238 0.263 0.90 0.99

2a=0.5, B1=1, p,(back)=0.05 cm™".
b4, (tube)= .’ (back)=10 cm™".

Medical Physics, Vol. 22, No. 8, August 1995
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Fic. 7. Dependence of w,(sys) on large tube diameters (a) and small tube
diameters (b) of the distributed absorbers. The tube-to-sample volume ratio
is 20%, and the values of u,(tube) are 1 cm ™! (solid line), 2.5 cm ™! (dashed
line), and 5 cm™! (dotted line).

values of u,(sys), while keeping other conditions the same.
Figure 7(a) shows the dependence of u,(sys) on the tube
diameter for three different g, (tube) values and the same
volume ratio of 20%. It is clear that w,(sys) is smaller for
larger values of d. This means that in a system consisting of
small- and large-diameter vessels, the detected photons more
likely come through small vessels than through large vessels.
The photons entering a large vessel are more likely to be
absorbed before they leave the vessel than they are in a small
vessel. However, as Fig. 7(b) demonstrates, u,(sys) is ap-
proximately independent of the tube diameter when tube di-
ameters are less than 1 mm, particularly if the absorption in
the tubes is not too high, such as u,(tube)=1 and 2.5 cm™".
So small vessels with diameters thinner than a few hundred
micrometers contribute much more to the detected signal
than do large vessels.

B. Linearization of Eq. (7)
After substituting =0.5 and =1 in Eq. (7), we have
a(5S) = p(back) + rye ~O-3Lhalibe) = albaeR 1 (tube)

— u {back)]. ©)

Expanding the exponential term to the first order yields
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Ha(sys)= u,(back)+r{1—0.5d[ u,(tube)— p (back) |}
X[ pa(tube) — p,(back)]. (10)
When
0.5d[ p,(tube) — p (back)]<<1, (1)
we obtain a linear equation between u,(sys) and u,(tube):
Ha(sys)=(1—r)u,(back)+r u,(tube). (12)

This equation states that in a two-component system, the
apparent absorption coefficient equals a sum of the absorp-
tion coefficients of the components weighted by the compo-
nent volume fraction. Equation (11) indicates that the linear
approximation is justified when either the tube diameter, d,
or the absorption difference between the background and the
solution in the tubes is small. This explains why the sample
with smaller diameter tubes has a larger linear range than the
sample with larger diameter tubes, as shown in Fig. 3. We
can estimate a threshold value of ,(tube)y,, below which
Ma(sys) and w,(tube) are linearly related, by replacing Eg.
(11)

0.5d[ p,(tube)y,— u,(back)]=<0.1. (13)

Thus, we obtain u,(tube),, values of 0.3, 0.6, and 1.25 cm™'

for the resin-tube samples with 6.4, 3.2, and 1.6 mm diam,
respectively. These data are in agreement with the w (tube)
values, below which pu,(sys) is linearly dependent on
1 (tube), as observed in Figs. 2 and 3.

C. Blood-tissue systems

In the case of blood oxygenation determined by time-
resolved reflectance measurements, it is useful to know
whether the linear relationship given in Eq. (12) can be ap-
plied to blood—tissue systems.

The absorption coefficient of whole blood at A=780 nm
can be estimated by

t,(blood)”#0=[c]€780
=8 mMX0.46 cm™' mM™'=3.68 cm ',

where [c]=8 mM is the blood hemoglobin concentration,
and €%°=0.46 cm™! mM ™! takes an average value of extinc-
tion coefficients of oxygenated and deoxygenated hemoglo-
bin at 780 nm.” Depending on the oxygenation status of the
blood, values of u,(blood) are 3-5 cm™' in the near-infrared
range. The background absorption is, in general, much lower
than blood absorption. For example, we found that u,(back)
is 0.06 cm™! for blood-free brain tissues. According to Eq.
(13), if the blood vessels have diameters equal to or smailer
than 0.2/(3.00-0.06)~0.07 cm=700 um, Eq. (12) is then
valid, and p,(sys) depends linearly on p,(blood). Most
blood vessels in tissue have diameters smaller than 700 pm.
Thus, we suggest that the apparent absorption coefficient,
u,(sys), of a blood-filled biological organ can be approxi-
mated by a volume-weighted sum of absorption coefficients
of whole blood and background tissue.
Furthermore, Eq. (12) results in

Apg(sys)=r, Ap,(blood), (14)
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TaBLE III. List of absorption coefficients measured in vivo with or without
blood on animal and human heads and on rat liver by a time-resolved re-
flectance at 780 nm. Ag,"*(blood)=3.68 cm ™.

Dog head  Piglet head Rat liver”> Human head
Separation p (cm) 3 3 1.8-2 3
#,%%sys) em™")  0.16+0.01 0.18+0.01  1.08" 0.15+0.01

1, %%back) (cm™'} 0.08+0.005 0.10£0.007 0.42*0.01
Ap,™(sys) (cm™') 0.08+0.01 0.08x0.01  0.66
r, [%] 2.2 2.2 18

Refer to Ref. 22 for the estimation of this high wu, value.

and gives a means to study the response of u,(sys) to the
change of u,(blood) in vessels. Table III lists some apparent
absorption coefficients measured in vivo in animals and hu-
mans, with the time-resolved technique at 780 nm. In this
table, u, %(sys) represents the results under normal condi-
tions for both animals and humans, whereas u,”**(back) cor-
responds to the blood-free absorption measured only in ani-
mals. The value of Ap,*%sys) is equal to
1, *0(sys)— e, *%back), and Awp,’*°(blood) is calculated,
based on Au,*=A[c]A€*. For the change from a normal to
blood-free condition, we assume A[c]=8 mM and
A€'®=0.46 cm 'mM™!. These two values lead to
A, ®(blood)=3.68 cm™'. Thus, Eq. (14) gives rise to a
vessel-to-organ volume ratio, r, for the head and liver in
animals. The calculated blood-to-brain volume ratio of 2.2%
seems a little too small for animal heads. Several possible
explanations for underestimating the ratio are (i) although
the actual blood-to-brain volume ratio?®*’ may be about 5%,
the optical field of the near-infrared light includes the skin
and skull and a part of the brain. The inclusion of the skull
makes the blood-to-sample volume ratio decrease; (ii) some
leftover blood in vessels increases the background absorp-
tion, m, °(back), and thus decreases the value of
A/.La780(sys); and (iii) variation of blood concentration, [c],
and extinction coefficient for different saturation states may
cause a deviation of Au,"®*(blood) from the theoretical value
of 3.68 cm ™. In spite of smaller values of r, for the animal
brain results, the in vivo data given in Table III are in rea-
sonable agreement with Eq. (14).

D. Determination of hemoglobin oxygenation

The purpose of having an accurate u,(sys) at wavelength
A is to determine hemoglobin oxygenation noninvasively.
The widely used two-wavelength algorithm is based on the
assumption that the oxygenated and deoxygenated hemoglo-
bin are the only two components absorbing the near-infrared
light. This leads to

po' = [Hbleg, ' +[HbO Jeimo, (15a)
g =[Hb]e,*+[HbO,] EHbozu, (15b)

where [Hb] and [HbO,] are deoxygenated and oxygenated,
respectively, hemoglobin concentrations in blood, and €y
and eHbgz are extinction coefficients at wavelength \, and can
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be found in previously published studies.”> The hemoglobin
saturation, Y, is defined as Y =[HbO,]/{[HbO,]+[Hb]} and
can be solved from Egs. (15a) and (15b) as
Y= acin”chn (16)
(€two, — €t) — @ (€tivo, — €tip)”

where a=ul!/ /.ng can be measured from the time- or
frequency-domain techniques.* From our study, it is clear
that the measured w," is a volume-weighted sum of the ab-
sorption as a result of both the whole blood in vessels and
the background tissue. Although the value of u,(tissue) is, in
general, much smaller than the vatue of u,(blood), the con-
tribution of u,(tissue) to u,(sys) cannot be neglected be-
cause the volume ratio for the background tissue is rather
large. Table Il shows unambiguously that in many cases the
background absorption contributes to the signal as much as
does the blood.

To consider background tissue, we use Eq. (12), and have

#a' = riiood([Hb]e, ' +[HO, J€gypo,M ) + 8, (17a)

#a"*= Foiooa((Hb ]y >+ [HDO lepo, ) + 82, (17b)

where 7yo.q4 1S the volume ratio occupied by blood vessels,
M=(1~ryooa) . (tissue), and 8'2=(1—ry oo, (tissue).
However, parameters of ry,,y and u,!(tissue) are often not
available in the clinical environment. To solve this problem,
we assume the absorption of background tissue, &tissue) or
u,(tissue) to be wavelength independent, since the absorp-
tion band of hemoglobin-free tissue should be quite flat in
the near-infrared range. Based on this assumption, we sug-
gest several possible solutions to calculate hemoglobin oxy-
genation. One solution is that absorption coefficients of
blood-free samples, &tissue), for various kinds of tissues are
premeasured in laboratories and entered into an empirical
table. Then accurate hemoglobin saturation values can be
obtained based on the two-wavelength formula, Eq. (16), just
by replacing u,'/p,M* with [, (sys) — 8Yu, (sys)— ).
A second solution, on the other hand, adds a third wave-
length as an extra equation to Egs. (17a) and (17b), and these
three enable us to solve for ry[Hb], ryeqd HPO,], and 6.
The expression for hemoglobin saturation, Y, is then ob-
tained as

(a—1)elp—(a—c)ehm—(c—1)eN,

= , (18)
—(a— 1)t (a—c) e+ (c— 1) el
A 2 A A
where a=puy'/py?, c=py’py?, and €} g, €Hb0,

— €}y Quantities of “a” and “c” are determined from mea-
surements.

Figure 8 shows a comparison of simulated results for
a hemoglobin oxygenation calculation using three algo-
rithms: a two-wavelength method without background sub-
traction, a two-wavelength method with background subtrac-
tion, and a three-wavelength method. Parameters used
for this figure are \;=780 nm, \,=830 nm, A\;=750 nm,
r,=5%, [Hb]+[HbO,]=8 mM, &=0.95u,Ntissue), and
1,70 8%(tissue)=0.05 cm™'. It is clear that the two-
wavelength algorithm without the background subtraction
has errors as much as 20%, particularly near the 100% oxy-
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FIG. 8. A comparison of simulated results of hemoglobin oxygenation cal-
culated using a two-wavelength method without the background subtraction
(plus sign), a two-wavelength method after the background subtraction
(solid squares), and a three-wavelength method (open squares).

genated and deoxygenated ranges. In contrast, either the
three-wavelength method or the two-wavelength method
with the background correction gives more accurate results.
However, further investigations, particularly for in vivo mea-
surements, are needed to determine whether it is suitable to
assume & to be wavelength independent.

E. Summary

In this paper, we first investigated a heterogeneous tissue-
vessel model experimentally using time-resolved reflectance.
Specifically, we studied the dependence of the apparent ab-
sorption coefficient w,(sys) on tube distribution, tube sizes,
and the absorption inside the tubes. The results show that the
accurate relationship between u,(sys) and u,(tube) is non-
linear, proportional to the absorbers’ volume ratio, and has an
exponential decay term. The Monte Carlo simulation verified
these findings. This complex relationship between w,(sys)
and w,(tube), however, becomes a simple volume-weighted
sum of the absorption coefficients of different absorbing
components for biological samples when blood-vessel diam-
eters are smaller than a few hundred micrometers. The re-
sults in vivo support the findings. Furthermore, we suggest
two improved algorithms to correct tissue background ab-
sorption for accurate hemoglobin oxygenation determination.
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