COL 11(Suppl.), $23001(2013)

CHINESE OPTICS LETTERS

September 30, 2013

Quantifying spectroscopic concentration ratio by
polarization subtraction technique

Bo Lu (& #)' and Jiwei Wu (& %45)>

!Department of Electronics and Information Engineering, Shanghai Normal University
Tianhua College, Shanghai 201815, China
2School of Electronics and Information Engineering, Tongji University, Shanghai 201804, China

*Corresponding author: wujiwei@tongji.edu.cn
Received January 30, 2013; accepted March 10, 2013; posted online July 17, 2013

Nonlinear correlation between attenuation and absorption due to the presence of scattering is the main
reason for inaccurate spectroscopic quantitative investigations. The polarization subtraction methods are
applied to reduce the scattering in order to linearise attenuation to absorption. Monte Carlo simulation
shows that the polarized light offers better performance than unpolarized light at giving the most accu-
rate estimate of the concentration ratio of absorbers using the modified Lambert-Beer law. Our results
demonstrate that spectrophotometry with polarized technique offers the potential to be a simple and cost-

effective system.
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Optical spectroscopy of biological tissue is a fast grow-
ing field as it provides a noninvasive tool in medical and
biological applications, such as the blood volume and
oxygenation detection for interrogating tissue tumours.
However, the highly scattering properties of tissue cause
inaccuracies in spectroscopic measurement and analysis
resulting from the nonlinear relationship between atten-
uation and absorption. This is due to light being heavily
scattered along many random paths. Conventional ana-
lytical methods for spectrophotometry are based on the
Lambert-Beer law, but it is no longer valid in the presence
of scattering as the path length is scattered longer than
the source-detector spacing. However, if the scattering
problems can be overcome then spectroscopic informa-
tion can be accurately measured.

Mathematical pre-processing techniques have been
previously applied to compensate for the effects of
scattering!! 3. Delpy et al[¥l have proposed a linear
model to approximate the nonlinear relationship between
attenuation and absorption by taking into account the
effects of scattering, called the modified Lambert-Beer
law. It is widely used in quantifying tissue chromophore
concentration with the assumptions that the differential
path length and scattering loss is constant in a limited
range of the absorption changes and that attenuation (A)
is linearly dependent on pi,.

Experimental techniques for reducing the effects of
scattering are well known within the field of biomedi-
cal optics where the multiple scattering of tissue makes
it difficult to perform tissue optical spectroscopy. In this
letter, the polarization subtraction method*~° is used
to reduce the effects of scattering. The polarization sub-
traction technique has been widely applied in imaging,
spectroscopy and the study of layered media by selecting
the weakly scattered photons.

Quantifying the concentrations of absorbers in a scat-
tering medium is a common question in the biological
science. Absolute concentrations cannot be obtained as
the standard Lambert-Beer law is no longer applicable
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since there are multiple unknown path lengths. However,
it is still possible to estimate concentration changes via
the modified Lambert-Beer law, as proposed by Delpy
et all® with the assumption that the scattering loss is
constant with wavelength. The validity of this method
depends on the constancy of scattering losses and the ac-
curacy of differential path length factor (DPF). Matcher
et all”) have stated that the linear approximation of the
modified Lambert-Beer law is only applicable for small
changes in attenuation AA with respect to absorption
Apy.

This letter aims to study whether the application range
of the modified Lambert-Beer law can be improved by
using the polarization subtraction technique. This letter
models the estimation of the ratio of concentrations of
two absorbers in order to investigate the benefit of the
method in practice. The computer simulation is based
on the polarized Monte Carlo Modell®].

The Lambert-Beer’s law is the basis of quantitative
spectroscopic analysis. Based on the Lambert-Beer law,
in the absence of scattering, the attenuation A of a sam-
ple is linearly related to the total absorption coefficient,
fta. That isl®!

A:Ma'dzzaici'da (1)
i=1

where « is the extinction coefficient in units of mol/L; ¢ is
the concentration of absorber in units of L-mol~'-mm™1;
and the source detector distance d is in units of mm. In a
multi-absorber medium, the overall pu, is the linear sum
of (- ¢) for each absorber.

The dependence of A upon p, becomes nonlinear in
the presence of scattering. The simulation performed in
this letter is based on the modified Lambert-Beer law!®!,
which is widely used in near-infrared (NIR) spectroscopy
analysis and is expressed as

A=a-c-DP+G, (2)
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where DP is the differential path length and is proved to

be the gradient of A with respect to u.[gl,

DP =v <t>=AA/Apa, (3)

where v is the speed of light in the medium and < ¢t >
is the mean flight time. In the absence of scattering DP
is equal to the slope of the A versus u, curve, i.e., DP
= d. In the presence of scattering the DP is a nonlin-
ear function of both the reduced scattering coefficient
(u, = ps(1-g)) and the absorption coefficient (u,) which
are both wavelength dependent!”l. In Eq. (2) G is the
attenuation caused by scattering only.

Figure 1 shows the plots of A versus p, and the
modified Lambert-Beer law schematically. The standard
Lambert-Beer law is valid at us = 0 and the relationship
between A and pu, is linear with the slope of d from Eq.
(1). The A versus p, plots become more nonlinear with
increasing fis.

The essence of the modified Lambert-Beer law is to
approximate the nonlinear A versus u, graph with a
straight line. This linear approximation, A = u,- DP
+ @G, is the modified Lambert-Beer law used to approxi-
mate the nonlinear A versus pu, relationship. DP and G
are the gradient and the intercept of the straight lines,
respectively. It is only a reasonable approximation over a
limited range of u, and depends on the chosen u, range.
At high p, (such as pa2 in Fig. 1) the gradient DP is
close to the slope at ps = 0, i.e., AAy/Apas — d, but G
is much larger than As. At low p, (such as p, in Fig.
1) the intercept G is close to the real scattering losses
Ag, ie., Gy — Ag, but DP is greater than d. If applying
the modified Lambert-Beer law, for example to measure
a concentration ratio, the trade-off between G and DP
related to the range of p, will influence the error.

The polarization method is based on the property
of polarization memory of light!¥.  Scattering ran-
domizes the polarization state and therefore photons
maintaining the original polarization states have trav-
elled shorter path lengths and undertaken less scattering
events. Schmitt et al.l’! have discriminated short path
length transmitted light by detecting circular polariza-
tion maintaining light.
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Fig. 1. (Color online) Plots of the A versus p. for a slab of
10-mm thickness at different scattering coefficients, i.e., us
= 0 (solid line), and 4 mm™~"' (dashed line). The anisotropy
factor is ¢ = 0.9. The A versus pa curve becomes more non-
linear with increasing ps. The modified Lambert-Beer law is
the straight line with gradient DP and intercept G with the
A axis, i.e., A = pa - DP + G.

Polarized light scattering spectroscopy has been used
for in situ probing of living epithelial cells by using polar-
ized light to discriminate the single backscattered light.
This was achieved from a multiply scattered background
light from a layered medium via the subtraction of the
backscattered co-polarized and cross-polarized light[6].

The polarization subtraction technique is applied in
this letter in an attempt to improve the accuracy of
quantitative spectroscopy analysis (in model studies).
The nonlinear relationship between attenuation and ab-
sorption in scattering media can be made less nonlin-
ear through its isolation of short path photons which are
more constrained in their path lengths.

A general and accurate determination of concentration
ratios of two absorbers can be obtained via the principle
of similar triangles as shown in Fig. 2,

AT -G Hal
= = 4
Ay =G a2 @

where A}, A, and G are the points on the straight
line determined by As and Az based on the modified
Lambert-Beer law, and p, = «aijc; and pae = agcs.
Therefore, the concentration ratio is
C1 o AT — G [6%)

CQ_AQ—G 041'

Equation (5) provides an accurate expression of the con-
centration ratio. Whilst the value of attenuation ob-
tained from the measurement corresponding to absorp-
tion pa) is A; rather than Aj. Therefore, the accuracy
of the concentration ratio depends on the difference be-
tween AT and Ay, ie., AT —A;. In Eq. (5), az/a; is the
ratio of extinction coefficients of two absorbers.

In order to compare the A; with A}, another expression
for A; should be employed. The nonlinear relationship
between attenuation and absorption can be mathemati-
cally approximated by

Al = As + Klﬂa - K2M§n (6)

a1+ C1

CYQ-CQ7

(5)

where Ay is the real scattering loss, K1is equal to ¢ < t >
and K3 is equal to 02/2, where ¢ < t > is the mean path
length and o is the variance of the path length. Crowe et
al.l'% have given out detailed description of this. There-
fore, A; can be expressed by Eq. (6), whilst A is deter-
mined by the modified Lambert-Beer law (Eq. (2)).

£ = G+ pta - DP. (7)

It should be noted that unknown factors G and DP are
determined by Az and Aj using the modified Lambert-
Beer law. Therefore, the difference between A} and A;
is

A} — A1 = K3 (ftazfta3 — [a2/tal — Halfas + p21).  (8)

The difference between A] and A; is dependent on Ky
and the selection of absorption a1, a2 and pa3. Ko has
a directly linear effect on the difference between A; and

1, that is if Ko =0, A7 = A;. As, Ko is directly related
to the variance of path length or time point spread func-
tion (TPSF) (K2 = 02/2), then a narrower TPSF means
that A; is closer to A} and therefore a more accurate esti-
mate of the concentration ratio is estimated. The effects
of the p, values are more convoluted, although the effects
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Fig. 2. (Color online) Plots of A versus pa. Points A1, As,
and Az are obtained from simulation corresponding to a1,
La2, and pag, respectively. The straight line through A, and
As is determined from the modified Lambert-Beer law, i.e.,
A = pa- DP + G. The point A7 is on the straight line. Both
A; and A7 correspond to pa1. The ratio of concentrations of
two absorbers is determined through the similar triangle re-
lationship between G, A1, A2, pa1 and pa2. The geometrical
triangle relationship is drawn in blue.
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Fig. 3. (Color online) Plots of non-overlapping extinction
spectra of two absorbers.

of pa2 and pus3 on the error are symmetrical.

The advantage of the linearised system is that the opti-
cal path length is localized, resulting in a narrower TPSF
and so smaller K5 (variance of TPSF). Therefore, it is
expected that for a linearised system the concentration
ratio is more accurate than a nonlinearised system and
the accuracy is independent of the selection of .

The simulation is run under the assumption that the
extinction spectra of the two absorbers presented in the
sample follow Gaussian distributions that do not over-
lap. The two Gaussian distributions have variances of
20 and 25 corresponding to ¢; and cg, respectively. The
concentration ratio of two absorbers is set to be ¢1/ca =
10/5 = 2. The extinction spectra («(\)) are shown in
Fig. 3 and the absorption spectra (p,())) are shown in
Fig. 4(c). The attenuation of transmitted light through
a 10-mm-thick semi-infinite slab at . = 0.5 mm™' is
calculated for the cases of the unpolarized, circularly
polarized, and linearly polarized light, respectively. The
attenuation spectra are distorted and do not follow the
original Gaussian distributions due to the presence of
scattering (Fig. 4(a)) and nonlinear dependence of A
upon p,. The A versus u, plots are made more linear by

linearly and circularly polarized light (Fig. 4(b)). Hence
the modified Lambert-Beer law is a closer estimate to
reality.

The concentration ratio is estimated using Eq. (5).
Figure 5 shows the simulation results of the concen-
tration ratio (c1/c3) versus p, for linearly polarized,
circularly polarized and unpolarized light. Changing .,
is for the purpose of changing the accuracy of linear ap-
proximation obtained from the modified Lambert-Beer
law.

From Eq. (8), the error size of the estimation linearly
depends on the variance of path lengths or TPSF and
in addition the accuracy of estimation shows weak de-
pendence on pu, for small variance system. As expected,
linearly polarized light gives the most accurate estimate
of ¢1/co at each p,. Circularly polarized light presents
the intermediate performances and followed by unpolar-
ized light. This is because linearly polarized light gives
the narrowest TPSF and followed by circularly polarized
light and unpolarized light. Whilst for a system with big
TPSF variance (unpolarized light) the accuracy of the
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Fig. 4. (Color online) Plots of transmitted light spectra
through a 10-mm thick semi-infinite slab for p, = 0.5 mm™'
(a) A versus A, (b) A versus pa, (¢) pa versus. A. The spec-
tra of unpolarized, circularly polarized, and linearly polarized
light are shown as a solid line, dashed line, and dotted line,
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Fig. 5. (Color online) The concentration ratio of two ab-

sorbers at different u. for unpolarized (solid line), circularly
polarized (dashed line), and linearly polarized (dotted line),
respectively.
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estimate is strongly dependent on the selection of u,.
Figure 5 shows that for unpolarized light more accurate
estimates are obtained at higher u,. This is because a
closer value of A; to A7 is obtained at higher pu,.

It should be noted that the concentration ratio is de-
termined by the selection of absorption (ma1, a2, and
la3) corresponding to three wavelengths (A1, A2, and
A3). In this letter, only one absorption (ua3) is changed
to show the effects of absorption. This is because the
effects of p.o and pa3 to the estimate are symmetrical
as discussed upward. It is obvious that the closer of pi,1
to pa2 the more accurate estimate can be obtained when
the straight line of the modified Lambert-Beer law is
fixed.

In conclusion, simulation results show that polarized
light gives a more accurate estimation of concentration
ratios than unpolarized light and the accuracy of the
estimation is independent of the selection of absorption.
A simple case is considered where two absorbers have
non-overlapping extinction spectra. Factors affecting
the accuracy of the estimation of concentration ratios of
two absorbers are analyzed analytically. The estimate of
concentration ratios depends on the variances of optical
path length or TPSF and the selection of absorption.
The accuracy of the estimate has a linear dependence
on the variance. The polarization subtraction method
improves the localization of the optical path lengths re-
sulting in a small variance of the TPSF. As a result,

polarized light offers a better performance over unpolar-
ized light. For unpolarized light (with wider variance),
the accuracy of the estimate of concentration ratios more
depends on the selection of absorption.
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