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Effects of tissue absorption on calculation of mean photon path
length using modified Beer-Lambert law

SHANG Yu'?, GUI Zhi-guo'**

(1. Science and Technology on Electronic Test & Measurement Laboratory .
North University of China . Taiyuan 030051, China;
2. Key Laboratory of Instrumentation Science & Dynamic Measurement (North University of China) ,
Ministry of Education, Taiyuan 030051, China)

Abstract: The mean path length (MPL) of photons is a critical parameter to calculate tissue absorption coefficient as well as
blood oxygenation using modified Beer-LLambert law, where in the differential path factor (DPF) is often assumed as constant
over range of tissue absorption. By utilizing the Monte Carlo (MC) simulation of photon migrations in the leg, this study used
four approaches to estimate MPL, and compared them with that determined by the MPL definition. The simulation results indi-
cate that the DPF is remarkably affected by tissue absorption, at approximate 10% variation. A linear model is suggested to
calculate MPL for measurements of tissue absorption as well as blood oxygenation using modified Beer-Lambert law.
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0 Introduction

Beer-Lambert law is a commonly used algorithm to
calculate the concentration of a substance in liquid so-
lution or gas by using a variety of physical particles,
such as X-ray, y ray, and more often, near-infrared
(NIR) light. This law is mathematically expressed as

below!™

In(I,/1,) = p.d. (1

where I, and I, are the doses of physical particles in-
jected from the source and collected by the detector,
respectively, u, is absorption coefficient of the sub-
stance to be measured, and d is the distance between
the source and detector.

Eq. (1) indicates that all detected physical particles
travel in a straight way and their directions are never
In other

altered before arriving at the detector.

words, the path length of the particles is equal to the
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separation (d) of source and detector that are placed
on both sides of substance solution.

The assumption of particles with straight path way
meets many measurements on thin substance samples
using spectrometer. It is also approximately accurate
for hard particles such as X-ray and y ray, whose di-
rections are seldom altered even if penetrating
through bulk and thick samples.

Beer-Lambert law, however, is no longer valid
when using light, especially in NIR range, to detect
the biological tissue in vivo. The primary reason is
that there are various scatterers within tissues, such
as organelles, mitochondria, as well as red blood
cells (RBCs). Due to scatterers, the photons (i. e.
light particles) frequently change direction before ar-
riving at the detector. As a results, the path lengths
of photons are remarkably increased. To account for
the scattering events (i. e. photon path direction

changes due to the scatterers), Eq. (1) is modified
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In(I./I,) = pL. (2)

9y

Eq. (2) is called “modified Beer-Lambert law”.
Here I, and I, denote the light intensity (i. e. photon
amount) at source and detectors, respectively, L is
the mean path length ( MPL).
Eq. (1), it is clear that source-detector (S-D) separa-

Compared with

tion (d) is replaced by MPL (L). Accordingly, a pa-
rameter, called “differential path factor (DPF)”, is
defined as DPF=L/d.

Eq. (2) is more often used in diffuse optical spec-
troscopy (NIRS) to measure the blood oxygenation
in the tissue. This concept was also extended to
measure the blood flow change in the tissue'®™. Here
the term “diffuse” denotes the light diffusion caused
by scattering events. Eq. (2) takes both factors of
absorption and scattering into consideration, and uti-
lizes multiple wavelengths of light to separate the
oxy-hemoglobin and deoxy-hemoglobin, two major
absorbers in the tissue blood. More oxygenation pa-
rameters, such as total hemoglobin concentration and
oxygen saturation, can be calculated from oxy-hemo-
globin and deoxy-hemoglobin.

Although there are some partial differential equa-
tions to depict the light diffusion due to absorption
and scattering, modified Beer-Lambert law is widely
adopted to calculate the oxygenation changes, owing
to simple instrument requirement and fast computa-
tions.

When using Eq. (2) to calculate absorption coeffi-
cient (y,) > L must be a known parameter, which is,
in practice, assumed to be proportional to d. Accord-
ingly, DPF is assumed to be constant regardless p,
variation. Under this assumption, the unknown s,
can be calculated with Eq. (2) as long as light inten-
sity and S-D separation (d) are measureable.

The DPF and the corresponding MPL, however,
are not easily determined through experiments!'®.
Because of light diffusion, the photons injected from
the same source have different path lengths. There is
no unique method to estimate the MPL through the
path lengths of all detected photons. In this study, a
total of four approaches, in different ways to esti-

mate the MPL from individual detected photons.,

were compared. In contrast to the conventional
method that measures the photon path length
through the experiments, a Monte Carlo (MC) simu-
lation of photon migration within the tissue was uti-
lized to determine the path lengths of each packet of
detected photons. The algebra and geometrical avera-
ging methods were adopted, respectively, to calcu-

late the MPL, and compared with those determined

by the definition of modified Beer-Lambert law.

1 Methods

1.1 Approaches to estimate MPL of photons

Approach 1 is the MPL calculated directly from

modified Beer-Lambert law, 1. e.
Loena = 1n(IS/Id)/#;\- 3

As seen from Eq. (3), approach 1 is determined by
the light intensity (i. e. the sum of the photons at
source and the detector), not a derivative of individu-
al photon path lengths. Here we selected it as a
standard to evaluate other approaches.

Although the approach of modified Beer-LLambert
law is well recognized and the MPL can be deter-
mined through the experiments, there is a lack of ap-
propriate approaches to directly estimate the MPL
from individual photon path length. Thus, we estab-
lished approaches 2—4 in this study by averaging o-
ver the path lengths from individual photons in dif-
ferent ways, specified as below.

The direct average of the photon path length over
detected photon packet is selected as approach 2.
Here the photons in each packet from the source are
assumed to have an identical trajectory within the tis-
sue. Assuming a total of n photon packets are detec-

ted, approach 2 can be depicted by

Lmum,z = 1 iL,a (4)
i=1

n -

where L, is the path length of i-th photon packet.
Notice that only the weight factor from the source is
considered in Eq. (4). In other words, each photon
packet from the source is treated to be equal. The
weight factor from the detector is ignored.

By contrast, the weighted average of path length
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over detected photon packet is selected as approach

3, which is depicted by
mean.S = ZwiLi’ (5)
i—1

where w; is the weight factor in the detector, quantif-
ying how many percentage of photons are collected in
i-th detected photon packet. A 100% is defined as
the total percentage of all detected photon number.

According to the definition, we have

Zn:wi = 1. (6)
i=1

Notice that the weight factor from the detector is
considered in Eq. (6). In other word, each detected
photon is treated to be equal. The weight factor from
the source (i. e. photon packet) is ignored.

The arithmetic average of MPL from approacheses

2 and 3 is selected as approach 4, i. e.
mean,4 - (mean,2 + mean.S )/2~ (7)

The geometric average of MPL from approaches 2

and 3 is selected as approach 5, i. e.

/Lmean,z ° Lmezm.3 . (8)

Approaches 4 and 5 are two ways to balance be-

Lmean,S =

>

tween approach 2 (considering the weight of source)

and approach 3 (considering the weight of detector).
1.2 Monte Carlo simulation of photons

A free software Monte carlo modeling of photon
migration in voxelized media (MCVM), developed in

D7) was adopted to perform

the university laboratory
the MC simulations of photon migrations in the tis-
sue. The MCVM enables simulation of photon mi-
grations in highly scattered media, for which the
media was divided into a large number of voxels. A
cylinder with diameter of 10 cm and length of 20 cm
as shown in Fig. 1, was adopted to mimic the human
leg. For the simulation setup, the cylinder was divid-
ed into 2 million (100X 100X 200) voxels, with size
of 1 mm?® for each voxel. The source (S) and detector
(D) was placed on the middle part of cylinder sur-
face. The S-D separation was fixed at 2. 0 cm. To in-
vestigate the influence of tissue absorption, p, was

1

centered at 0.1 cm™' and varied in range from 0. 06

to 0.14 em ', with step interval of 0. 02 em™'. For
each p, value, 10 million photon packets were
launched from the source and injected into the tissue.
Each photon was either absorbed or scattered by the
tissue, and determined by the probability relevant to
the absorption (p,) or scattering (/1;) coefficients.
The photons following multiple scattering events and

escaping at the given location were collected by the

detector.

(@ (®)

Fig. 1 Schematic diagram of cylinder

1.3 Data analysis

For each p, value, path length (L,) and weight
(w;) of each photon packet were determined by MC
simulation, and the MPL and DPF were calculated by
using approaches 1 — 5, as specified in Egs. (3) —
(8). Correlation and linear regression methods were
adopted to exam the relationship between ,, value
and MPL. A variation coefficient, i.e. cv=100% -»
Std(DPF)/DPF, was used to quantify the DPF varia-
bility when g, changes. Here Std(DPF) and DPF de-
note the standard derivation and mean value of DPF,
respectively. Additionally, the square of correlation
coefficient (R*) and p-value were used to evaluate

the linear relationship between y, and MPL.

2 Results

When approach 1 was used, the MPL and DPF in 5
steps of p, variation are shown in Fig. 2(a). An ex-
cellent relationship between MPL and g, values is

found (R*= 0. 99, p<C0.000 1), as denoted by
Y = o +(111‘9 9)

where the intercept and slope for the linear relation-
ship are represented by a, and a,, respectively. Ide-

ally, the intercept should be zero if DPF is constant.
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However, a non-zero intercept (i. e. a, =22.0) was
found. Furthermore, the DPF value in each step of
o value is shown in Fig. 2(b), which exhibits the re-

markable variation in DPF caused by the non-zero in-

tercept.
19 Approach 1 0 Approach 1
18 \ R2=0.99 11
R X p<0.000 1 10
Ry AN wol ©
i 16 y=22.0-54.1x Asg K
2 7. >k
15 6
14 5
0.05 0.10 0.15 0.05 0.10 0.15
s (cm™) M (cm)

(a) psand MPL (b) DPF and p.
Fig. 2 Correlation analysis and linear regression

When p, changes, the intercepts and slopes of
MPL calculated through approaches 1—5, as well as

the mean (m) and variation coefficient (c¢v) of DPF
are summarized in Table 1. All approaches lead to
positive intercepts, and reach maximal and minimal
values when approach 2 and 3 were used, respective-
ly. The largest (11.7%) and smallest (7. 9%) varia-
tions of DPF were found in approach 3 and 2, respec-
tively. The approach 5 is closest to approach 1 in
most calculated parameters. In fact, both arithmetic
average (approach 4) and geometric average (ap-
proach 5) account for the balance between the source
and detector, overcoming the limitations of direct av-
erage and weighted approaches (approach 2 and ap-
proach 3). Moreover, the geometric average ap-
proach (approach 5) minimizes the effects of extreme

large and extreme small values in the data, thus the

result is closest to the mean value calculated by the

MPL definition.

Table 1 MPL and DPF in S steps of u, variations
Variable Parameter Approach 1 Approach 2 Approach 3 Approach 4 Approach 5
ao 22.0 .5 16.9 26.3 25.9
MPL
ai —54.1 —60.7 —45.3 —57.4 —57.8
m 8.3 12.2 6.2 10.3 10.1
DPF
co( %) 10.3 7.9 11.7 8.9 9.1

3 Conclusion

The results indicate that the MPL decreases linear-
ly with the increase of y, value. Any approach, how-
ever, leads to a non-zero intercept. As the results,
DPF varies around 10% over the steps of . values.
Of all adopted approaches, approach 5 is closest to
approach 1, and representative of the true MPL and
DPF.

In summary, this study shows that the MPL gen-
erated by combination of the photon path averages
(i. e. approach 5) is closest to the true value. The
DPF is remarkably affected by p, value. Thus, a line-
ar model with non-zero intercept, rather than DPF,
is suggested to calculate MPL, for measurements of
tissue absorption as well as blood oxygenation using

Beer-Lambert law.
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