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Theoretical analysis of backscattered polarization patterns
of turbid media containing glucose
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Single scattering model and Stokes-Mueller formalism are introduced to investigate the influence of glucose
on backscattered polarization patterns in turbid media. Glucose molecules rotate the polarization plane
and induce changes in backscattered Mueller matrix patterns. Some Mueller matrix elements present
higher optical rotation as the concentration of glucose augments. Using image subtraction and integration,
linear relationship between low glucose concentration in the physiological range and optical rotation degree
can be derived.

OCIS codes: 170.0170, 170.1470, 260.5430, 290.7050.

Several recent studies have demonstrated that relevant
information of turbid media can be derived by analyzing
the Mueller matrix patterns of the diffusely backscat-
tered polarized light[1−6]. Optical approaches including
polarized means to studying turbid media with chiral
components have also attracted significant interest be-
cause of the potential use in noninvasive glucose moni-
toring for diabetes patients[7−9]. For polarized light, glu-
cose molecules rotate the polarization plane hence affect
the propagation rules of light which can be observed in
the backscattered Mueller matrix patterns. This letter
concentrates on 4 special Mueller matrix elements and
discusses their specificities at the presence of glucose.

Many previous works suggested that the main contribu-
tion to effective Mueller matrix came from those weakly
scattered photons and the features of single scattering
matrix can be preserved in the diffusely backscattered
Mueller matrix[4−7]. In this letter, we use single scat-
tering model and Stokes-Mueller formalism to deduce
backscattered Mueller matrix elements, apply rotation
matrix to describe glucose effect, introduce Fresnel ma-
trix to characterize boundary effect, and define formulas
for image subtraction and integration to analyze glucose-
induced optical rotation for different concentrations.

We assume here that light is scattered by spheres and
Mie theory can be applied. The incoming narrow beam
of incoherent light propagates downward along z axis into
a semi-infinite media. Let Si be the Stokes vector of in-
cident beam with respect to the laboratory coordinate
system (x, y, z), the differential power arriving at depth
z is scattered from the differential volume dsdz into solid
angle dω, and finally reaches the detector at point (ρ, φ)
on the upper surface of the turbid media, as shown in Fig.
1. The Stokes vector dSbs corresponding to the radiance
at the detector is

dSbs(ρ, φ) = μs
1
r2

exp(−μt(z + r))R(φ)Ft

×R(α2)M(θ)R(φ)R(α1)Sidz, (1)

where r =
√

ρ2 + z2; μt and μs are the extinction
coefficient and scattering coefficient, respectively; M(θ)

is the scattering matrix derived from Mie theory[10],
θ = π − arctan(ρ/z); R(α1) and R(α2) are Mueller ma-
trixes representing the contribution of glucose to a certain
optical path, αi = k × l × cg, k, l, and cg are optical ro-
tation degree, propagation path length, and glucose con-
centration respectively; R(θ) is the rotation matrix con-
necting Stokes vectors of reference plane and scattering
plane; Ft is the Fresnel matrix that describes the refrac-
tion at the boundary[11]. Backscattered Stokes vector Sbs

of the total radiance at the detector can be obtained by
integration of Eq. (1) over z,

Sbs(ρ, φ) =
∫

dSbs =μs

∫ +∞

0

1
r2

exp(−μt(z + r))

×R(φ)FtR(α2)M(θ)R(φ)R(α1)Sidz. (2)

And the backscattered Mueller matrix is given by

M(ρ, φ) = μs

∫ +∞

0

1
r2

exp(−μt(z + r))

×R(φ)FtR(α2)M(θ)R(φ)R(α1)dz. (3)

The 16 elements of Mueller matrix denote different
polarized properties of turbid media. For example, M11

Fig. 1. Single scattering geometry.
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represents the intensity transformation of the system to
incident light, while M12, M13, M21 and M31 are related
to dichroism properties of the media[10,12]. For the chiral
nature of glucose, we discuss these 4 matrix elements in
detail and expand Eq. (3) into

Mij(ρ, φ) = μs

∫ +∞

0

1
r2

exp(−μt(z + r))Fijdz,

F12 = b(θ) cos(2φ + 2α1)(cos2 α + 1)

+[a(θ) cos(2φ + 2α1) cos(2α2)

−d(θ) sin(2α1 + 2φ) sin(2α2)](cos2 α − 1)

F13(φ, θ, α1, α2, α) = F12(φ +
π

4
, θ, α1, α2, α),

F21 = 2b(θ) sin(2φ) sin(2α2) cosα

+a(θ) cos(2φ)(cos2 α − 1)

+b(θ) cos(2α2) cos(2φ)(1 + cos2 α),

F31(φ, θ, α1, α2, α) = F21(φ − π

4
, θ, α1, α2, α), (4)

where a(θ), b(θ), e(θ) are derived from Mie theory[10].
To investigate relationship between glucose-induced

optical rotation degree and glucose concentration,
Mueller matrix elements with and without glucose are

Fig. 2. Backscattered Mueller matrix patterns for M12, M13,
M21, M31 matrix elements. Image size is 10 × 10 (cm). (a)
cg = 0 mg/dL; (b) cg = 30 mg/dL; (c) cg = 60 mg/dL; (d)
cg = 3 × 105 mg/dL; (e) cg = 6 × 105 mg/dL.

subtracted and the results are integrated over radial axis
r

qcgi

ij
(φ) =

1
rmax

∫ rmax

0

(M cgi

ij
− M cg0

ij
)dr, (5)

where i, j are the same as Eq. (4), cgi stands for glucose
concentration.

Based on Eq. (4), Mueller matrix patterns for intralipid
phantom at various glucose concentrations are calculated.
Sphere diameter is set as 97 nm, refractive index of scat-
ters and media are 1.57 and 1.33, respectively[6]; optical
parameters are μt = 1.01 cm−1, μs = 1.00 cm−1; optical
rotation coefficient k = 5.27 deg.·mL/(cm·g)[13]. Figure
2 shows profiles of M12, M13, M21 and M31 for glucose
concentration varying from 0 to 6 × 105 mg/dL. Some
of the figures are omitted for concision. It is found that
the glucose in turbid media causes phase shift in the
azimuthal orientation, but the rotation is only obvious
in the case of high glucose concentrations which go far
beyond the physiological range.

Figure 3 is obtained by introducing Eq. (5) into Fig.
2. Results of M13 and M31 are not shown because they
have similar rules as M12 and M21. The amplitude of
the curves of qcg

ij
(φ) increase as glucose concentration

goes up. From Table 1 we can see that the amplitude is

Fig. 3. q
cg
ij (φ) of M12, M21 matrix elements for different glu-

cose concentrations.

Table 1. Amplitudes of qcg
ij

(φ) of M 12, M 21 for Different Glucose Concentrations

cg (mg/dL) 10 20 30 40 50 60

M12 (a.u.) 3.63 × 10−7 7.26 × 10−7 1.09 × 10−6 1.45 × 10−6 1.81 × 10−6 2.12 × 10−6

M21 (a.u.) 7.73 × 10−7 1.55 × 10−6 2.32 × 10−6 3.09 × 10−6 3.87 × 10−6 4.64 × 10−6

cg (mg/dL) 1 × 105 2 × 105 3 × 105 4 × 105 5 × 105 6 × 105

M12 (a.u.) 3.63 × 10−3 7.23 × 10−3 1.08 × 10−2 1.43 × 10−2 1.77 × 10−2 2.11 × 10−2

M21 (a.u.) 7.71 × 10−3 1.53 × 10−2 2.26 × 10−2 2.96 × 10−2 3.61 × 10−2 4.2 × 10−2
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linear to the glucose concentration especially for the low
concentration in the physiological range, hence optical
rotation degree defined by qcg

ij
(φ) is nearly linear to the

glucose concentration. This suggests possibility of us-
ing function qcg

ij
(φ) to compute glucose concentration and

monitor glycemic status in diabetes patients.
Using single scattering model and Stokes-Mueller for-

malism, we derive expressions for backscattered Mueller
matrix for M12, M13, M21 and M31 elements. Calculation
results show that they present higher optical rotations
as the concentration of glucose increases. Subtracting
Mueller matrix elements with and without glucose and
integrating the results over radial axis r, linear relation-
ship between low glucose concentration in the physiolog-
ical range and optical rotation degree defined by qcg

ij
(φ)

can be obtained. Corresponding validate experiments are
under preparation.
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