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Abstract. The optical activity of glucose molecules is important for diagnosing and monitoring blood glucose of
diabetes. In order to accurately detect the diabetes at an early stage, there is an urgent need to develop inno-
vative detection methods. By use of Mueller matrix decomposition (MMD), we have studied the optical activity of
glucose molecules in three types of turbid media—polystyrene (PST) sphere suspension, chicken blood, and the
vein blood of diabetic patients. The experimental setup to obtain the Mueller matrix in the forward detection
geometry has been used. The experimental results show that the rotation angle has linear relationship with
the concentration of the glucose when the scattering coefficient of the PST sphere suspension remains
unchanged, whereas the scattering effect enlarges the rotation angle. Furthermore, optical rotation abides
by Drude’s dispersion equation. The decomposition method has also been found useful applications in quantify-
ing the optical rotations of blood glucose in diabetic patients. The diabetic severity status can be distinguished
with the rotation angle of glucose and also is in accordance with the clinical diagnosis. Thus, the method of MMD
has promising applications in diabetic diagnosis and monitoring. © 2014 Society of Photo-Optical Instrumentation Engineers

(SPIE) [DOI: 10.1117/1.JBO.19.4.046015]
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1 Introduction
The Mueller matrix represents the transfer function of an optical
system in its interactions with polarized light and its elements
relate to specific polarization properties of light emerging from
the media, such as depolarization, diattenuation, linear retard-
ance, and optical rotation. These optical parameters depend
on the intrinsic properties of the media morphological parame-
ters such as the density, size, distribution, shape, and refractive
index of scatterers.1–6 However, multiple scattering in optically
thick turbid media causes extensive depolarization that con-
founds the resulting matrix elements. This phenomenon is called
“lumped” effects.7 So, it is essential to consider these effects as
resulting from a cascade of individual effects, and not from only
their addition.8 Currently, the Mueller matrix decomposition
(MMD) method exists to extract these individual properties
in chiral turbid media.9–13 Researchers have attempted to utilize
the MMD method to probe optical rotation of biological tis-
sues.14–18 Pham and Lo15 proposed a method based on MMD
to extract the optical rotation angle (1.73 deg ∕M) of a polysty-
rene (PST) sphere suspension containing dissolved D-glucose
(C6H12O6) powder. Ghosh et al.7,10,13 detected the Mueller
matrices of a PST sphere suspension containing sucrose in
the forward scattering geometry and yielded reasonable esti-
mates for optical rotation. Manhas et al.16 proved that the
MMDmethod could be used to extract the component of optical
rotation arising purely due to the circular retardance property of
the medium prepared using known concentration of PST scat-
terers and glucose molecules. Firdous and Ikram17 measured the
glucose concentrations in aqueous humor media with MMD
method. These investigations represent an important step toward

the development of a glucose sensor that may eventually be
capable of detecting glucose levels of diabetic patients.
However, as far as we know, there is no report on detecting
the optical rotation of human blood glucose utilizing the
MMD method. Hence, it is needed to further investigate the
applications of MMD method in diabetes.

In this study, we utilize the MMD method to analyze the opti-
cal activity of glucose molecules in chiral turbid media including
a tissue phantom composed of an aqueous solution of glucose
mixed with PST sphere suspensions, chicken blood, and the
vein blood plasma of diabetic patients. We aim to test the feasibil-
ity of MMD method in diabetic diagnosis and monitoring.

2 Theory
Lu and Chipman18 proposed a three “basis” matrix decomposi-
tion of an arbitrary Mueller matrixM composed of a depolarizer
MΔ, a retarder MR, and a diattenuator MD. Thus, the Mueller
matrix containing the combined effects of all polarizing proper-
ties of the media is isolated and quantified each effect separately.
The depolarizer MΔ causes depolarization. The retarder MR

causes dephasing of two eigen states. The diattenuatorMD causes
different amplitude changes for its orthogonal eigen states. In
general, a Mueller matrix can be written as a 4 × 4 matrix
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The second term in Eq. (1) is obtained when each element is
normalized byM00. The measured matrixM can be decomposed
into the product of three “basis” matrices in the form16,18

M ¼ MΔMRMD: (2)

The diattenuation matrix MD is defined as

MD ¼ Tu

�
1 ~DT

~D mD

�
; (3)

where

mD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −D2

p
Iþ ð1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −D2

p
ÞD̂ D̂T: (4)

I is a 3 × 3 identity matrix, Tu is the transmittance for unpo-
larized light, ~D is diattenuation vector, and D̂ is its unit vector
and are defined as

~D ¼ ðm01 m02 m03 ÞT; D̂ ¼
~D

j~Dj
: (5)

The product of the retardance and the depolarizing matrices
can then be obtained as

MΔMR ¼ M 0 ¼ MM−1
D :

The matrices MΔ, MR, and M 0 have the following form:

MΔ ¼
�

1 ~0T

~PΔ mΔ

�
; MR ¼

�
1 ~0T

~0 mR

�
;

M 0 ¼
�

1 ~0T

~PΔ m 0

�
; (7)

where ~PΔ ¼ ðP −mDÞ∕ð1 −D2Þ, polarization vector ~P ¼
ðm10 m20 m30 ÞT, m is the submatrix of M, m 0 is the sub-
matrix of M 0 and it can be written as

m 0 ¼ mΔmR: (8)

The submatrix mΔ can be computed using m 0 as
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where λ1, λ2, and λ3 are the eigen values of m 0ðm 0ÞT. The sign
“+” or “−” in the right side of Eq. (9) is the same as that of the
determinant ofm 0. Using Eqs. (8) and (9),mR can be obtained as

mR ¼ m−1
Δ m 0. (10)

Using Eqs. (7) and (10), the total retardance matrix MR can
be computed. The decomposed retardance matrix MR can fur-
ther be used to determine the value of optical rotation17

RC ¼ tan−1
�
mR32 −mR23

mR22 þmR33

�
; (11)

where mRij are the elements of the retardance matrix MR. RC is
the circular retardance (i.e., optical rotation). It can be seen that
RC is not described by the direct measured quantities, so we
applied the numerical computation to obtain it from the mea-
sured Mueller matrix. The resulting RC distributes in two-
dimensional space, which gives more information compared
to one point measurement.

3 Method and Materials

3.1 Experiment Method

In the form of back detection geometry the retro-reflection of the
beam along the same zig-zag path as the incident beam induced
an equal and opposite counter-rotation and yielded a net mea-
sured optical rotation of ∼0 deg.19 So in order to avoid the
systematic errors, the forward detection geometry should be
used.13,19,20 Figure 1 shows the experimental setup to obtain
the Mueller matrix in the forward detection geometry. The
light source is a semiconductor laser (Beijing LASER
OptoMechatronic, Beijing, China). A linear polarizer P1

whose polarized direction was orientated along the horizontal
located behind the laser. Thus the incident light was linearly
polarized light. We changed the linearly polarized direction
from horizontal to other directions by use of a half-wave
(HW) plate behind P1. A quarter-wave plate (QW1) followed
HW. We use the combination of QW1 and HW to control the
input polarization. After interacting with the sample, the polar-
ized light then passed through a removable quarter-wave plate
QW2 and an analyzer P2 to allow for intensity detection of all
polarization states. A black-and-white charge-coupled device
(CCD, 12 bits, DH-SV1420FM, China Daheng Group Inc.,
Beijing, China) camera mounted with a lens (M0814-MP,
Computer) was used for the imaging detection. The CCD chip
had 1392 × 1040 pixels and a pixel size was 4.6 μm × 4.6 μm.
Two kinds of quartz cells with the dimensions of 10 cm×
10 cm × 2 cm and 4.5 cm × 4.5 cm × 2 cm were used to hold
the liquid sample. The center point of scattering light on the
back surface of cell was blocked with a 2-mm diameter black
paper in order to avoid the CCD saturation. The whole experi-
ments were carried out at a room temperature of ∼20 deg.

A Mueller matrix was calculated from 16 recorded polariza-
tion images.1,21 The 16 combinations were HH/HV/HP/HR, PH/
PV/PP/PR, VH/VV/VP/VR, and RH/RV/RP/RR. Each meas-
urement was represented by two letters, where the first letter
denotes the incident polarization state and the second letter
denotes the detection polarization state. The x-axis was chosen
as the reference axis. H, V, and P were selected as the linearly
polarized light that has polarization directions aligned with the
x-axis, y-axis, and at 45 deg toward the x-axis, respectively. R is
the right-handed circularly polarized state that denotes the align-
ment of the fast axis of a QW plate at 45 deg toward the x-axis.
For example, the HV element represents the image acquired
with the incident polarization H and detection polarization V.
The Mueller matrix can be calculated from these measured
combinations1,21

Fig. 1 Schematic diagram of experimental setup for Mueller matrix
imaging.
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From the above equation, the accuracy of Mueller matrix
measurement is determined by the intensity of various
polarizations.

3.2 Materials

D-(+)-Glucose is the principal carbohydrate metabolite; it is uti-
lized by the tissues, and it is absorbed from the alimentary tract in
greater amounts than any other monosaccharide. Glucose could
serve satisfactorily in meeting at least 50% of the entire energy
needs of humans and various animals. PST sphere suspension is
always used as the tissue-simulating phantoms. The sphere mor-
phology and size distribution showed in our previous work.22

Because of monodispersion, narrow distribution, and sphere
structure, the scattering effect of PST sphere suspensions can
be analyzed using Mie scattering theory.23 We chose glucose sol-
ution D-(+)-glucose (Sigma–Aldrich Inc., St. Louis) as the chiral
medium, PST sphere suspension (Wuxi Nanozymics Biotech Co.,
Ltd., Wuxi, China) as a type of turbid medium and their mixture
as the chiral turbid medium. When 100 g glucose powder dis-
solved in 100 ml water solution, we called the maximum concen-
tration 100% by weight. We dissolved 10, 30, 50, 60, 70, and 80 g
glucose powder into the deionized water, respectively, to obtain
the different concentrations of the glucose named 10%, 30%,
50%, 60%, 70% and 80% by weight. We diluted the original
PST sphere suspension with the concentration of 2.5% (2.5 g
PST sphere in 100 ml water) with deionized water to obtain
the dilute PST sphere suspension of 0.03%. The PST spheres
with particle diameters of 200, 500, 650 and 1000 nm were
used as the scatterers. The PST sphere suspensions were fully
vibrated with ultrasonic device to avoid the reunion before using.

We also chose chicken blood as another type of turbid
medium before testing human blood. The fresh chicken blood
samples were obtained from the slaughter house. They were
kept in anticoagulant tubes to avoid solidification. We diluted
the fresh chicken blood with deionized water to obtain the dilute
chicken blood of 30% by volume. We chose the glucose solution
with the concentrations of 10%, 30%, 45%, 57%, and 70% as
the chiral media. When they were mixed with the dilute chicken
blood, five different chiral turbid media of chicken blood were
obtained.

At last, we tested seven diabetic patients’ vein blood. The
diabetic subjects (five men and two women) aged 34 to 84 years
were recruited at the Capital Normal University Hospital. Their
fresh blood samples were collected at the same time. They were
kept in anticoagulant tubes before being diluted. The seven vol-
unteers′ blood samples were poured into a quartz sample cell
(4.5 cm × 4.5 cm × 2 cm). It took about 1 h for blood plasma
from being drawn out of diabetic patients to be used in the
experiment.

4 Results and Discussions
First of all, we determined the accuracy of the Mueller matrix
measurement system. We placed nothing at the sample position

in Fig. 1. In this case, the Mueller matrix reflected various
polarization modulations. Table 1 is the experimentally recorded
Mueller matrix. The Mueller matrix should be a unit matrix
theoretically. Comparing with the theoretical value, we obtained
the maximum of relative error for all elements as 2%.

Then, we tested the validity of the numerical algorithm of RC

and accuracy of the experimental setup, the calibration experi-
ment was performed on the sample with known optical rotation
values. The known optical component was a quartz crystal with
optical rotation angle 90 deg at the wavelength of 650 nm. The
quartz crystal was located at the position of sample shown in
Fig. 1. Figure 2 shows the spatial intensity distribution of
extracted optical rotation angle of the quartz crystal. We chose
the average value in a circle with the radius of 4 mm as the actual
value. The measured rotation angle was φ ¼ 90.30 deg�
0.01 deg. The measurement error is originated from the angular
accuracy of optical elements including linear polarizer, HW
plate, and QW plate. On the whole, it was in good accordance
with the nominal value and the accuracy was reasonable. So the
numerical algorithm was valid and the experimental setup is
credible.

Table 1 The experimentally recorded Mueller matrix.

Mair

1.0000 −0.0253 −0.0190 −0.0156

−0.0282 0.9887 −0.0219 0.0225

0.0288 0.0157 0.9926 −0.0100

0.0224 −0.0235 0.0231 0.9945

Fig. 2 Spatial intensity distribution of the rotation angle of the quartz
crystal with optical rotation angle 90 deg.
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4.1 Optical Rotation of Different Glucose Solutions

We measured the rotation angles of glucose in the mixture of
different concentrations of glucose solutions and the same con-
centrations of PST sphere suspensions. The concentrations of
glucose solutions were various as 10%, 30%, 50%, 60%,
70%, and 80% by weight. The particle sizes of PST sphere
were chosen as 200, 500, 650, and 1000 nm, whereas their sus-
pension concentration was fixed at 0.03%. We chose 35 pixels
along a radius direction, and then took average value of every
five continuous pixels to stand for their value. We found that
seven average values, i.e., rotation angle along the radius direc-
tion ranged from 2 to 5.5 mm were almost unchanged due to
dilute PST sphere suspensions. So, we selected a ring zone to
determine the rotation angle. For example, Fig. 3 shows the spa-
tial distribution of rotation angle of the glucose solution with the
concentration of 60% in the PST sphere suspension with the
concentration of 0.03%. The value of rotation angle was the
average value in the ring zone of 1 mm (r1–r2). Figure 4
shows the relationships between the rotation angles of different
particle sizes of PST sphere and glucose concentrations in PST
sphere suspension with the concentration of 0.03%. The results
showed that the rotation angle corresponding to each glucose
concentration increased with the increasing of the glucose
concentration. The relationship presented the linear form. In
addition, the rotation angle corresponding to each glucose con-
centration also increased with the increasing of the particle sizes.
The error bars represent the standard deviation in the optical
rotations derived. They are smaller than the size of the symbols
when the concentration of PST sphere suspension was low.

In Secs. 4.1–4.4, the chiral turbid medium was filled up the
quartz cell with the dimension of 10 cm × 10 cm × 2 cm. The
rotation angle was a statistical average value in a ring zone shown
in Fig. 2. The laser wavelength was kept 650 nm except Sec. 4.3.

The linear relationship between the rotation angle and the
glucose concentration implied that the rotation angle is induced
by the glucose other than the scattering. However, the scattering
effect influenced the rotation angle. According to Mie theory,23

the scattering coefficients μs of 0.03% PSTwith the particle size
of 200, 500, 650, and 1000 nm are 1.552, 6.242, 8.176, and
10.763 cm−1, scattering anisotropy g are 0.747, 0.935, 0.952,
and 0.954, respectively. The results show that the rotation
angle corresponding to each glucose concentration increased

with the increasing of scattering coefficients and scattering is
certainly forward peaked. So the forward detection geometry
used in this work is reasonable.

In general, the rotation angle of pure chiral materials is
defined as24

RC ¼ ½α�TλLC; (13)

where ½α�Tλ is the specific rotation of the molecule usually given
in deg · ml · g−1 · dm−1 and dependent on the temperature T and
wavelength λ of the light, L is the photon path length through the
medium, and C is the concentration of the optically active mol-
ecules. In Fig. 4, the specific rotations of glucose in four size PST
suspensions were 33.53, 37.23, 39.52, and 45.27 deg, respec-
tively. The reason for different specific rotations is that the scat-
tering coefficients of four PST sphere suspensions were different.
Strictly speaking, Eq. (13) is valid only for clear media, as scat-
tering results in an ambiguity in L. The small increases in optical
rotation in the presence of turbidity are caused by the increase in
optical path due to multiple scattering, resulting in slight accumu-
lations of RC. The experimental results were in accordance with
the MC simulations24 and some studies.7,10

4.2 Optical Rotation in Different PST Sphere
Suspensions

We diluted the PST_2.5% sphere suspension with the particle
size of 200 nm to 0.01%, 0.02%, 0.03%, 0.04%, and 0.05%,

Fig. 3 Spatial distribution of the rotation angle of glucose with the con-
centration of 60% and the schematic diagram of ring zone.

Fig. 4 Linear fitting results between the rotation angle and glucose
concentration in polystyrene (PST) sphere suspension.

Fig. 5 Relationship between the rotation angle and concentration of
PST sphere suspension.
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respectively. From a Mie scattering calculation, they correspond
to a scattering coefficient of 0.517, 1.035, 1.552, 2.068, and
2.585 cm−1, scattering anisotropy g of 0.747. The concentration
of the glucose solution was kept 30% unchanged. Figure 5
shows the relationship between the rotation angles and the con-
centrations of PST sphere suspensions. It can be seen that the
rotation angle increased exponentially with increasing of the
concentrations, i.e., scattering coefficient of PST sphere suspen-
sions. The light experienced more scattering times in denser tur-
bid media to emergent, thus the rotation angle became larger.7,10

4.3 Optical Rotation with Different Laser
Wavelengths

We used the laser with the wavelengths of 405, 532, 650, 690,
and 780 nm as the source. The chiral turbid medium was mixed
with 40% glucose solution and 0.03% PST sphere suspension
with the particle size of 650 nm. The effects of optical activity
due to glucose in the visible and near-infrared region were mod-
eled using Drude’s dispersion equation 25,26

½α�Tλ ¼ A
λ2 − λ2c

; (14)

where ½α�Tλ is the specific rotation of the molecule at the wave-
length λ (nm) and certain temperature, A is a constant specific to
the molecule, and λc is the center wavelength. The parameters of
Drude’s dispersion equation for glucose are A ¼ 1.72 × 107 and
λc ¼ 150 nm.27 Figure 6 shows the relationship between the
rotation angles and the laser wavelengths. In Fig. 6, the mea-
sured data (transformed to the angle of 100% glucose) were
labeled with symbol square, the red solid curve was plotted
according to the Drude’s equation with the parameters of glu-
cose and the green dash curve was plotted by fitting the Drude’s
equation with the experimental data. As shown in Fig. 6, the
optical rotation of glucose in turbid medium also presents
dispersion like in the clear solution. From Fig. 6, the specific
rotation from fitting curve and Drude’s equation at the wave-
length of 589 nm are 54.47 and 53 deg, respectively. The exper-
imental result is a little larger. The reason is that the scattering
effect of the turbid medium enlarges the rotation angle slightly.

4.4 Optical Rotation of Glucose in Chicken Blood

Before measuring the human blood, we first measured the rota-
tion angle of different concentrations of glucose solution mixed
with chicken blood. Figure 7 shows the relationship between the
rotation angles and the concentrations of glucose solutions in
chicken blood. From the fitting line, we obtained the specific
rotation of glucose in the chicken blood is 35.20 deg. The par-
ticle size of the red blood cell (RBC) is about 5.56 μm. Its scat-
tering coefficient is 2.40 cm−1 for RBC suspension with the
concentration of 0.03% at the wavelength of 632.8 nm, because
the scattering coefficient is up to 800 cm−1 for RBC suspension
with the concentration of 10%.28 Thus, the specific rotation of
glucose in the chicken blood is between that in PST sphere sus-
pensions with the particle size of 200 nm (33.53 deg) and
500 nm (37.23 deg). The error bars are smaller than the size
of the symbols.

4.5 Optical Rotation of Human Blood

The seven blood samples of diabetic volunteers filled up the
quartz cell with the dimensions of 4.5 cm × 4.5 cm × 2 cm.
Table 2 presents the diabetic volunteers’ information including
gender, age, and qualitative disease status judged by clinical
diagnosis. Blood is the liquid components of the blood cells,
the primary constituents being the proteins albumin, globulins,
fibrinogen, cholesterol, and urea as well as glucose.26 Table 3
shows the typically experimental Mueller matrices and the
decomposed total retardance matrices of subjects 1#, 4#, and
7#. The Mueller matrices and the total retardance matrices
were the average of the blue area shown in Fig. 3. But the rota-
tion angle was the statistical average value in a ring zone shown
in Fig. 3. The rotation angle of subject 1#, i.e., the healthy person
was about 0 deg. Figure 8 shows the rotation angles of original

Fig. 6 Relationship between the rotation angle and the laser
wavelength.

Fig. 7 Relationship between the rotation angle and the glucose con-
centration in chicken blood.

Table 2 The information of diabetic subjects.

Subject 1# 2# 3# 4# 5# 6# 7#

Gender Male Female Male Male Female Male Male

Age 34 75 63 73 58 84 71

Status Healthy Light Seriously
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vein blood of diabetic subjects. The range of circular retardance
RC was from 0 to 0.14 deg for seven samples.

The human blood is a kind of turbid media. Thus the Mueller
matrix is not a unit matrix as shown in Table 3. According to the
specific rotation of glucose (53 deg) and Eq. (13), we estimate
the glucose concentrations of diabetic subjects 2# to 7# were
3.49, 4.43, 7.55, 16.98, 17.64, and 26.42 mgml−1. The reason
that the rotation angle of subject 1# was about 0 deg is because a

typical human blood glucose level is 1.8 mgml−1.26 This con-
centration corresponds to the rotation angle of 0.01 deg, which is
just on the error limit of this study. It is too small to be measured
accurately in experiment. All of the glucose concentrations of
diabetic subjects 2# to 7# were larger than normal concentration
(1.8 mgml−1). The experimental results were in accordance
with the disease status judged by clinical diagnosis.
Therefore, the disease status of seven diabetic patients is differ-
ent and can be distinguished with the intrinsic optical rotation of
glucose using MMD method.

The circular retardance RC arises due to a difference in phase
between right circularly polarized and left circularly polarized
states. As an important tissue constituent, glucose can induce
circular birefringence due to its asymmetric structure shown
in Fig. 9 and its presence can leads to optical rotation. It occurs
by virtue of the molecule’s chirality by which we mean the mol-
ecule has at least one center about which its mirror image cannot
be superimposed upon itself. In such a case, random orientation
of molecules in solution will result in a bulk difference in phase
between right circularly polarized and left circularly polarized
states.14,24,29

With regard to the accuracy of the optical rotation, we have
shown that the high-sensitivity polarization modulation and syn-
chronous detection in the experimental system. We used the for-
ward detection geometry so that the scattering/detection
geometry-induced artifacts are minimal. In the measurements
of optical rotation of human blood, the thickness of cell is
2 cm in order to enlarge the rotation signals.

5 Conclusion
We have presented that the optical rotation of chiral molecule in
turbid media can be extracted by the use of MMD method. The
rotation angle presents the linear relationship with the concen-
tration of the optical activity material and the scattering effect
makes the rotation angle larger. In addition, the optical rotation
abides by the Drude’s dispersion relation. Especially, the
decomposition method has been found useful applications in
quantifying the optical rotations of blood glucose. The results
of diabetic patients show that the diabetic severity status can
be distinguished with the rotation angle of glucose and are
also in accordance with the clinical diagnosis. Thus, it can be
concluded that the method of MMD has potential applications
in diabetic diagnosis and monitoring.
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