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Development and calibration of an automated Mueller
matrix polarization imaging system
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Abstract. The high fatality rate associated with the late detection of
skin cancer makes early detection crucial in preventing death. The
current method for determining if a skin lesion is suspect to cancer is
initially based on the patient’s and physician’s subjective observation
of the skin lesion. Physicians use a set of parameters called the ABCD
(asymmetry, border, color, diameter) rule to help facilitate diagnosis of
potential cancerous lesions. Lesions that are suspicious then require a
biopsy, which is a painful, invasive, and a time-consuming procedure.
In an attempt to reduce the aforementioned undesirable elements cur-
rently associated with skin cancer diagnosis, a novel optical
polarization-imaging system is described that has the potential to non-
invasively detect cancerous lesions. The described system generates
the full 16-element Mueller matrix in less than 70 s. The operation of
the system was tested in transmission, specular reflection, and diffuse
reflectance modes, using known samples, such as a horizontal linear
polarizer, a mirror, and a diffuser plate. In addition, it was also used to
image a benign lesion on a human subject. The results of the known
samples are in good agreement with their theoretical values with an
average accuracy of 97.96% and a standard deviation of 0.0084, us-
ing 16 polarization images. The system accuracy was further in-
creased to 99.44% with a standard deviation of 0.005, when 36 im-
ages were used to generate the Mueller matrix. © 2002 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1486248]

Keywords: Mueller matrix; skin cancer; polarization imaging; transmission; back-
scattering.
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1 Introduction
One out of every seven Americans is afflicted with skin can-
cer in one of its various forms.1 Skin cancer currently ranks as
the seventh most common form of cancer in both Caucasia
males and females.2 In terms of the types, the three primary
forms are basal cell carcinoma, squamous cell carcinoma, an
melanoma. Of these, melanoma only accounts for approx
mately 5% of all skin cancers but is the most deadly form,
accounting for approximately 75% of all skin cancer deaths.2

Melanomas originate in the melanocytes which are the cell
that produce the skin pigment known as melanin. These cell
are located in the lower part of the epidermis and, therefore
may mask themselves as a common mole making detectio
difficult. Often melanoma-based lesions are left undiagnose
until they metastasize and affect other tissues and organ
throughout the body. As such, early detection is paramount fo
the successful treatment of this disease with an average su
cess rate of 95%.1

Currently the only available methods to diagnose sus
pected cancerous lesions are by visual inspection and the su
sequent biopsy of the lesion. Using only visual inspection
nearly one-third of all melanomas are misdiagnosed and le
untreated.3 For those that do fall under the physician’s suspi-
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cion through the use of the ABCD~asymmetry, border, color
diameter! rule, a biopsy is performed, requiring the surgic
removal of the tissue for a microscopic histological examin
tion that is subjective, invasive, expensive, and a tim
consuming process. Therefore, there is a need for the de
opment of an accurate and noninvasive skin cancer detec
technique that is potentially automated and able to prov
real-time results.

One such proposed technique uses a polarimetric op
approach to detect skin cancer by focusing on the change
the optical properties as the stage of cancer progresses. T
optical properties, in part, change due to uncontrolled cellu
growth and division resulting in the disruption of the natur
order of the tissue fibers as well as a variety of other facto

The basis of polarimetry is well founded, beginning in t
early 1800’s when Biot developed the first document
polarimeter,4 which found applications in the agricultural fiel
of sugar production.5–7 In the middle to late 1800’s, Louis
Pasteur advanced polarimetry into the field of monitoring b
processes, such as using polarimetry to identify and so
problems encountered during the fermentation processe
wine, beer, and vinegar,8 which he identified as being cause
by micro-organisms.9 In 1976, Bickel et al. advanced pola
imetry into the field of biomedical sensing when they d
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Fig. 1 Block diagram of the designed and implemented automated
Mueller matrix polarization imaging system.
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scribed a technique that measured the polarization effects o
the scattered light from bacterial suspensions to yield usefu
information to characterize the samples.10 In the ensuing de-
cades, several groups have shown that a considerable amou
of information can be obtained from polarization sensitive
measurements such as the average particle size,11 photon path
length,12 and particle shape13–15 of the sample under
investigation.16 In addition, others have shown that
polarization-based imaging measurements can provide an e
hancement in superficial17–19 structures to allow for subsur-
face imaging.20 These aforementioned applications of polar-
342 Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3
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imetry for biomedical imaging involve the use of Mueller
Stokes calculus to mathematically depict how a biologi
sample affects the polarization vector of an incident lig
beam, determined by either backscattered9–12,21,22 or
transmitted23–25 light intensities from the sample.

The emphasis of this investigation is the development a
demonstration of an automated electro-optical imaging sys
for measuring the full 16-element Mueller matrix~16-EMM!
that overcomes most of the shortcomings of previously dev
oped systems. The shortcomings of these manual and sem
tomated systems include reproducibility problems, sl
speeds leaving them subject to noise from motion artifact,
use of single point detection schemes,18,20 which are imprac-
tical for in vivo imaging of lesions. Pezzaniti et al. have pr
sented data for a mechanical transmission-based 16-EMM
larization imaging system. For their system, it too
approximately 3 min to sequence through all of the measu
ments recorded by a5123512 charge coupled device~CCD!
detector.19 Our group is the first to develop a fully operationa
automated polarization imaging system with no moving pa
that works in both transmission and reflectance modes for
eventual use in biomedical imaging applications.

2 System Setup
The optical polarimetric imaging system, shown in Figure
consists of two branches, which contain the optics neces
to create the input and output polarization states required
deriving the 16-EMM. As depicted in Figure 1, the outp
beam from a white light source, component~1!, ~Navitar,
Rochester, NY! passes through a red 633.8 nm filter, comp
Fig. 2 Calculation of the 36-image Mueller matrix (a) using 16 polarization images and (b) using 36 polarization images. The notation is as follows:
the first term represents the input polarization state while the second term represents the output polarization state. The states are defined as: H
5horizontal, V5vertical, P5145°, M5245°, R5right circular, and L5left circular.
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Development and Calibration of an Automated Mueller Matrix . . .
nent~2!, ~Thermo Oriel, Stratford, CT! then is collimated by a
convex lens~f 38.1 mm!, component~3!, ~Newport Corpora-
tion, Fountain Valley, CA! before being linearly polarized,
oriented at145° ~P state!, by a Glan Thompson 100 000:1
polarizer~1 cm diam window!, component~4!, ~Newport Cor-
poration, Fountain Valley, CA!. The ensuingP-state polarized
beam then passes through an electro-optical variable polariz
tion rotator~LPR-200-632, 2.1 cm diam window!, component
~5!, and a variable retarder~LRC-200, 2.1 cm diam window!,
component~6!, ~Meadowlark Optics, Frederick, CO! that are
used to produce the different input polarization states neces
sary for probing the sample, component~7!. After probing the
sample, the backscattered or transmitted light propagate
through the detection optical train, components~8!–~10!,
which consist of the same components as in the input optica
train but in reverse order, with the polarizer, component~10!
set at245° ~M state!, before being imaged by a 14 bit~16 384
dynamic range!, 20mm pixel size,5093511,TE-cooled CCD
camera ~Apogee, Auburn, CA! fitted with a zoom lens
~COSMICAR TV zoom lens, f 12.5–75 mm, 1.1.8 D;
COSMICAR/PENTAX Precision Co., Tokyo, Japan!. The
samples used were air, an aluminum coated mirror, a Gla
Thompson 100 000:1 polarizer~1 cm diam window!, and an
opal glass diffuser plate~Edmund Scientific Co., Barrington,
NJ!.

To achieve automation, all of the electro-optical compo-
nents and the CCD camera are controlled and sequenced via
LabVIEW© 5.1 program. The program produces 2 kHz square
waves with the appropriate output voltages used to control th
electro-optic polarization rotators and variable retarders to
achieve a given polarization state, before it sequences th
camera to expose and save the image. The acquired imag
are manipulated via a MATLAB® 5.3 program which per-
forms the calculations shown in Figures 2~a! and 2~b! used to
generate the 16-EMM from either 16 or 36 polarization im-
ages.

Each branch of the system is mounted on a movable opt
cal rail allowing for imaging measurements to be collected in
either transmission, specular reflection, or diffuse reflectanc
modes depending on the difference in the angle between th
two branches. The spacing between the components varie
depending on the location of electric connectors and access
ries. The distance of the sample from the light source wa
approximately 30 cm and of the sample from the camera wa
approximately 40 cm. For this paper, transmission mode dat
were collected with an angle, between the input and outpu
arms of 180° and the specular reflection and diffuse reflectio
mode data were collected with an angle of 45°, with the dif-
ference being the alignment of the mirror to direct the specu
lar reflection through the detection optics for the former case
and away from the detection optics in the later case. Figure
depicts the system setup to collect data in the diffuse reflec
tion mode.

3 Theory
Polarized light can be completely described using the431
Stokes vector, as demonstrated in Eq.~1!.26 In Eq. ~1!, S0 is
the total detected light intensity which corresponds to the ad
dition of any of the orthogonal component intensities, while
S1 is the portion of the intensity that corresponds to the dif-
-
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ference between the square of the linear horizontal and v
cal polarization states,S2 is the portion of the intensity tha
corresponds to the square of the difference between the li
145°(P) and 245°(M ) polarization states, andS3 is the
portion of the intensity that corresponds to the square of
difference between the right circular and left circular polariz
tion states.27 The Mueller matrix is a mathematical represe
tation of the optical polarization properties of a given sam
in which the Stokes vector of a probing light source can
combined with the Mueller matrix of the sample to determi
the polarization state of the detected output beam. As a re
from Eq. ~1!, knowing the input light polarization state
@S# IN , and the detected light polarization state,@S#OUT , the
sample 16-EMM,@M#, can be determined

F S0

S1

S2

S3

G
OUT

5F M11 M12 M13 M14

M21 M22 M23 M24

M31 M32 M33 M34

M41 M42 M43 M44

GF S0

S1

S2

S3

G
IN

. ~1!

For a given sample, this can be accomplished with a m
mum of 16 polarization images, as depicted in Figure 2~a!.28

More images may be used, such as 36 polarization ima
depicted in Figure 2~b!, or 49 polarization images.29 Using
more than 16 images has inherent benefits, which are
cussed later. The 16-image derivation, in Figure 2~a!, can be
achieved by the simplification of the 36-image derivation,
Figure 2~b!, by applying polarization relationships~e.g., H
1V5P1M5R1L!.30

Since biomedical imaging applications include measu
ments in transmission, and diffuse reflectance modes,
modeled and tested our system for each of these modal
and also for specular reflection mode. The theory for the
sults we present is well developed and documented
literature.31,32

4 Calibration
The electro-optical elements present in the system were
calibrated by a nulling technique involving the use of an inp
~4! and output~10! polarizer oriented with their transmissio
axes at 90° with respect to each other. More specifically, e
component was calibrated by adjusting the voltage supplie
it from a function generator until the desired input and outp
polarization states ofH, V, P, and M were obtained by the
detection of a minimum intensity by the camera. The calib
tion was done sequentially beginning with the output rota
component~9!. The required voltages to obtain the necess
degree of rotation from the output rotator for each of t
desired polarization states, was determined by changing
state of the input polarizer, leaving the output polarizer st
constant~M state!, and adjusting the voltage output until th
desired intensity was captured by the camera. Next, the in
polarization rotator, component~5!, was then similarly cali-
brated. For the input electro-optical retarder, component~6!,
both the input and output polarization states were fixated,
put at P state and output atM state, and anL state circular
polarizer was used as a sample while the retarder voltage
adjusted to give the desired intensity values for each in
polarization state. Finally, the output electro-optical retard
component~8!, was calibrated by setting the input arm pola
Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3 343
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Baba et al.
ization to the appropriate state, and then adjusting the voltag
to the retarder to give the corresponding intensity values. Fo
example, for the caseH input,R output, the input arm was set
to produce anH state, and the amplitude of the 2 kHz square
wave to the retarder was adjusted for quarter-wave retardanc
The acquired control voltages were then stored into a
LabVIEW© 5.1 control program and sent to the system com-
ponents via a digital/analog board. All of the output control
voltages were conditioned via low pass analog filters33 to re-
duce artifacts present in the output square waves.

To test our system, we used a horizontal linear polarizer a
the sample. For all matrices, we collected 16 and 36 polariza
tion state images, computed the mean intensity values for th
known minimum intensity images and subtracted this mini-
mum from all images. After base line correction, all computed
Mueller matrix images were normalized via division by the
M11 image.

5 Results and Discussion
Before collecting any sample data, the precision of the de
scribed system was tested after calibration. This was accom
plished by determining the system variability between ten
successive runs. Since the two post calibration precision re
sults were similar, only the results obtained after calibrating
the system for diffuse reflectance mode are presented. The
results indicate an accuracy within 97.96% and a standar
deviation of 0.0084 using 16 polarization images and 99.44%
accuracy with a standard deviation of 0.005 when 36 image
were used to generate the Mueller matrix.

In order to determine the average values depicted in~b!
and ~c! of the figures, the black background border from the
optical holders was removed. The area used for the calcula
tion was roughly 1 cm in diameter and had dimensions o
3603360pixels for all samples, except for the skin where the
extracted area was1303130 pixels to encompass primarily
the information around the mole. This is illustrated by the
white box in theM11 element of~d! in the figures. Note that
the Mueller matrix images depicted in~a! of the figures in-
cluded the border but were scaled by theM11 element.

5.1 Transmission Mode
For the case of transmission, the system was aligned and ca
brated to test for the expected theoretical values.

5.1.1 Case: No Sample (Air)
The raw intensity values~arbitrary units! ranged from a 735
minimum to an 11 683 maximum. As theoretically expected,
the experimentally measured Mueller matrix for the case o
no sample is in the form of the identity matrix for each recon-
struction case, as depicted in Figures 3~b! and 3~c!. The maxi-
mum elemental error was 1.79% for the 36-image derived
Mueller matrix, and 3.53% for the 16-image derived matrix.

5.1.2 Case: Horizontal Polarizer Sample
The raw intensity values detected ranged from a 646.2 mini
mum to a 9686.5 maximum. As theoretically expected for the
case of a horizontal polarizer sample, the experimentally mea
sured Mueller matrix is of the form of a horizontal polarizer
for each reconstruction case, as depicted in Figures 4~b! and
344 Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3
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4~c!. The maximum elemental error was 2.02% for the 3
image derived Mueller matrix and 3.13% for the 16-ima
derived matrix.

5.2 Specular Reflection Mode
To acquire specular reflection measurements, a mirror
installed between the realigned input and output branc
such that the reflection from the mirror was directed throu
the detection-optics branch. The system was then calibr
and tested for specular reflection mode.

5.2.1 Case: Mirror Sample
The raw intensity values detected ranged from a 671.2 m
mum to a 9365.5 maximum. As theoretically expected for
case of a mirror sample, the experimentally measured Mue
matrix for each reconstruction case is in the form of the
flection identity matrix, as depicted in Figures 5~b! and 5~c!.
The maximum elemental error was 1.48% for the 36-ima
derived Mueller matrix and 2.80% for the 16-image deriv
matrix.

5.2.2 Case: Horizontal Polarizer Sample
The raw intensity values detected ranged from a 646.0 m
mum to a 8483.1 maximum. As theoretically expected, for
case of a horizontal polarizer sample between the mirror
the output arm of the system, the experimentally measu
Mueller matrix for each reconstruction case is in the form o
horizontal polarizer sample matrix for both depicted cases
Figures 6~b! and 6~c!. For this case, the maximum element
error was 3.74% for the 36-image derived Mueller matrix a
6.00% for the 16-image derived matrix.

5.3 Diffuse Reflectance Mode
To test the system in diffuse reflectance mode, the angle of
mirror was adjusted to direct the specular reflection from
mirror away from the detection-optics branch~see Figure 1!,
thus, allowing for backscattering measurements only. M
surements for the following cases were collected.

5.3.1 Case: Diffuser Plate Sample
The raw intensity values detected ranged from a 1253.4 m
mum to a 1346.8 maximum. As expected from theory,
experimentally measured Mueller matrix for this case is in
form of a diffuser plate sample matrix regardless of the rec
struction method, as depicted in Figures 7~b! and 7~c!. The
maximum elemental error for the 36-image and 16-image
rived Mueller matrix is 1.25% and 4.61%, respectively.

5.3.2 Case: Human Skin
The raw intensity values detected ranged from a 4954 m
mum to an 11 603 maximum. As predicted from the theo
human skin does not completely depolarize the probing li
beam but exhibits birefringence in addition to reflectance
indicated by the values in the diagonal and off diagonal e
ments in comparison to those values for complete depolar
tion @Figure 7~a!# and complete mirror reflection@Figure
5~a!#. Also, as expected from the work of Jacques et al.,17–19
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Fig. 3 16-EMM without a sample (for air), collected in transmission mode. (a) These images are derived from the original 36 images as shown in
Figure 2(b). (b) Mean values for the 16-EMM using 16 images as shown in Figure 2(a). (c) Mean values for the 16-EMM using 36 images as shown
in Figure 2(b). (d) Raw un-normalized image of M i element. The white box indicates the extracted area used to generate the numerical results
presented in (a) and in (b).

Fig. 4 16-EMM for a horizontal polarizer sample, collected in transmission mode. (a) These images are derived from the original 36 images as
shown in Figure 2(b). (b) Mean values for the 16-EMM using 16 images as shown in Figure 2(a). (c) Mean values for the 16-EMM using 36 images
as shown in Figure 2(b). (d) Raw un-normalized image of M i element. The white box indicates the extracted area used to generate the numerical
results presented in (a) and in (b).
Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3 345
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Fig. 5 16-EMM for a mirror sample, collected in specular reflection mode. (a) These images are derived from the original 36 images as shown in
Figure 2(b). (b) Mean values for the 16-EMM using 16 images as shown in Figure 2(a). (c) Mean values for the 16-EMM using 36 images as shown
in Figure 2(b). (d) Raw un-normalized image of M i element. The white box indicates the extracted area used to generate the numerical results
presented in (a) and in (b).

Fig. 6 16-EMM for a horizontal polarizer sample, collected in specular reflection mode. (a) These images are derived from the original 36 images
as shown in Figure 2(b). (b) Mean values for the 16-EMM using 16 images as shown in Figure 2(a). (c) Mean values for the 16-EMM using 36 images
as shown in Figure 2(b). (d) Raw un-normalized image of M i element. The white box indicates the extracted area used to generate the numerical
results presented in (a) and in (b).
346 Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3



Development and Calibration of an Automated Mueller Matrix . . .
Fig. 7 Normalized 16-EMM for a diffuser plate sample collected in diffuse reflectance mode. (a) These images are derived from the original 36
images as shown in Figure 2(b). (b) Mean values for the 16-EMM using 16 images as shown in Figure 2(a). (c) Mean values for the 16-EMM using
36 images as shown in Figure 2(b). (d) Raw un-normalized image of M i element. The white box indicates the extracted area used to generate the
numerical results presented in (a) and in (b).
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the birthmark that shows up as a black dot in theM11 element
of Figure 8~a!, disappears in theM12 and M21 cases, which
are the crossed horizontal and vertical linear polarization
cases. This subtraction of pigmentation from matrix elements
other than for elementsM11 andM22, which are the addition
of the orthogonal horizontal and vertical linear polarization
cases, confirms that polarization imaging can be used to elim
nate pigmentation aliasing and allows the observation of th
underlying tissue structure. In addition, the differences in the
details of the underlying tissue structure between the elemen
other thanM11 andM22, indicate that the retention of polar-
ization information is also dependent on the system input an
output polarization states.

6 Conclusion
The presented results establish the ability of the describe
automated Mueller matrix imaging system to precisely mea
sure within a 97% accuracy the 16-EMM of a sample in either
transmission, specular reflection, or backscattering modes. I
the current configuration, it is clear that using 36 versus 16
polarization images in the Mueller matrix reconstruction pro-
cess is a trade off between maximizing accuracy~a benefit of
using an overdetermined system! and acquisition time. De-
pending on the reconstruction process, it takes approximate
70 or 150 s to reconstruct the 16-EMM using either the 16 o
36 polarization images, respectively, however, it should be
noted that these times are not a direct reflection of the spee
of either the electro-optic components or CCD camera. The
-

s

d

current organization of our LabVIEW program is one of th
reasons for the measurement delay, which will be optimiz
in the future.

The maximum sample calibration matrix element error
6.00% and 3.74%, for 16 and 36 polarization images resp
tively, can be attributed, in part, to the 10.5 nm pass ba
width of the 633 nm red bandpass filter in front of the wh
light source. This lack of spectral purity in the probing lig
beam has the effect of increasing the retardation errors, w
are extremely wavelength dependent, therefore, resulting
noticeable errors in the circular polarization containing mat
elements. Going to an incoherent, coherence scrambled
source, or using a narrower pass band filter could help c
pensate for this error.

Finally, the potential of the developed system for the d
tection of superficial cancerous lesions lies in its ability
remove pigmentation effects and to reject deeply backs
tered light at different depths, based on the incident and ba
scattered polarizations within the tissue. These effects o
mask the underlying superficial structures in white light tiss
imaging. In addition, the ability to fully characterize the p
larization properties of the sample under investigation c
provide useful information in terms of the morphologic
structure differences present between normal and cance
tissue. These changes can be used to help characterize
distinguish between tissue types. Furthermore, the ability
acquire such measurements in a minimal time frame gi
promise for the future application of such a system to diff
Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3 347
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Fig. 8 16-element Mueller matrix collected from the normal skin of a black African subject. (a) These images are derived from the original 36
images as shown in Figure 2(b). Notice the birthmark pigmentation that shows up in the M11 and M22 elements, but is nonexistent in the other
matrix elements. (b) Mean values for the 16-EMM using 16 images as shown in Figure 2(a). (c) Mean values for the 16-EMM using 36 images as
shown in Figure 2(b). (d) Raw un-normalized image of M i element. The total image shown was used to generate the numerical results presented
in (a) and in (b).
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entiate between normal, benign, and cancerous tissue. Futu
studies will be directed at exploring the angular dependenc
of such measurements and in the development of algorithm
to aid in the characterization and differentiation process.
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