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Methodology for examining polarized light interactions
with tissues and tissuelike media in the exact
backscattering direction

Ryan C. N. Studinski Abstract. The properties of polarized light emerging from turbid me-
’E)/‘CMaSter U”ifVSLSitY dia in the exact backscattering direction are studied by modulating the
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Hamilton, ON, Canada L8S 4M1 incident light polarization state and isolating the synchronous signal
with lock-in amplifier detection. The results are reported for polysty-
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Toronto, ON, Canada M5G 2M9

two sample parameters: optical rotation and depolarization. This tech-
nique proved successful in modeling both phantom and tissue
samples. Results showed the presence of a significant surviving polar-
ization fraction in the backscattering direction even in extremely
dense optical phantom media, an important finding that has not been
observed at other detection angles. Substantial polarized light preser-
vation in biological tissue samples is also demonstrated for this detec-
tion geometry. This illustrates the potential of using polarized light to
investigate turbid biological materials in vivo in retroreflection geom-
etry. © 2000 Society of Photo-Optical Instrumentation Engineers. [S1083-3668(00)00603-1]
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1 Introduction An example of a turbid material of interest is mammalian

The use of optical methods to study heterogeneous turbid me-tiSSue. It is a highly scattering ﬁmedium for light of wave-
dia has generated interest due to its many potential applica-'€N9ths between 600- and 1300 nisp studying it optically is
tions, which include such diverse fields as astrophysics, ocean? Cha‘,"eng'”g task. 'Novel methods ,Of spatllal imaging and
and atmospheric optics, and biomedical optics. Generally, as2PPIng in tissues include time-of-flight gating, frequency-

light passes through a turbid material, it follows a tortuous ?omqllln . atl.mfghltUde h modul?non, ﬁ(;;nténuoufs-walwe
path and scatters many timédiffuse multiple scattering ransiiilumination, low-coherence fomograpfiyand confoca

Consequently, its direction, polarization and coherence are microscopy: Optical methods of comp05|_t|on gnaIyS|s often
. . . : use spectral measurements, whereby optical signals at discrete
randomized, and potentially useful information that may have .
) o . wavelengths or over a particular wavelength range are ana-
been encoded in these properties is lost. Conversely, if the . )
- . . lyzed to determine the presence, concentration, and perhaps
light travels a relatively direct and short route through the 7" " - . . .
. . . ¥ " distribution of particular constituentsBoth the imaging and
medium and is weakly scatterdBallistic or “snake” pho- S L .
. . . o spectroscopic investigations are hindered by the effects of
tong, its various properties are maintained to an extent. How- . .
ever, unless the turbid sample is weakly scattering and opti multiple scattering.
call ,th'n the maiority of thpe liaht will )émer o :?h thesep Among the methods available to analyze turbid media, the
y thin, jority . Ight wi ge with 1 use of polarized light has attracted much attention recently, as
properties scrambled; in general, the small fraction of

i - o h b q f h it has been discovered that multiply scattered photons still
information-containing photons must be separated from the ., ;i partial polarizatiofi:1® A typical experiment entails
information-degrading randomized light for the best estimate

f turbid i h istics. This is wh Kes it diffi launching a known polarization state in light into a turbid
of turbi medium ¢ aracteristics. This Is w gt makes It - sample and measuring the polarization properties of the remit-
cult to use light-based methods to do quantitative analysis of

ne . il ted light. The detected signal depends on many variables, in-
multiply scattering materials. cluding the number and nature of scattering events, the inci-
dent polarization state, and the detection geometry. With
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Fig. 1 Schematic of the experimental system for measuring diffusely backscattered polarized light.

respect to the latter variable, it has been shown that for suffi-

spectrum is not harmful to biological tissues at moderate flu-

ciently dense optical media, the emergent light is completely ence levels, has a penetration depth of several millimeters,

depolarized?='* However, this may be different in one par-
ticular direction, that at 180° to the incident be&m-*>*and

and has a reasonable chance of scattering out of the tissue and
being detected, it would be ideal for making noninvasive mea-

one of the goals of the present study is to quantify the polar- surements. Other practical reasons for studying the behavior

ization behavior of optically thick biological media in this
geometry.

of light at 180° would be for the possibility of spatial imaging
to map out the locations of sample structures and

There are other factors that can influence the behavior of composition€® and to gain a better general understanding of

the polarized light, for example the presence of optically ac-
tive, or chiral, molecules. Probably the best known chiral mol-
ecule, and one of paramount biological importance, is glu-
cose. Chiral molecules have indices of refraction which differ
for left and right circular polarization states, one manifesta-
tion of which is rotation of the linear component of polarized

turbid systems.

2 Theory

The current study makes use of the photoelastic modulator
(PEM)?! for polarization modulation of the incident beam,

light. This has been utilized extensively in transparent mate- with synchronous detection of the light multiply scattered

rials (such as dilute protein suspensipis polarization mea-
surements of the concentration of chiral molecdfeShe ef-
fect of chiral molecules on polarized light propagation in
multiply scattering media has been studtéd:!81with an
important finding that they reduce the rate of light depolariza-
tion.

Previous work has shown, both theoretically and experi-
mentally, that polarized light emerging in most directions
from a multiply scattering sample will inevitably lose its po-
larization if the turbid sample is sufficiently optically
dense”>"*Thus, detected light in those directions would have
limited applications for polarization analysis of optically thick

from a turbid medium. This arrangement enables the detection
of a small polarization-maintaining fraction among a back-
ground of mostly depolarized light, such as the case after
interacting with a turbid sample. The PEM consists of a trans-
parent amorphous quartz block, driven to oscillate at a reso-
nant frequency of 50 kHz by a piezoelectric transducer. The
resultant linear birefringence induced in the quartz imparts a
time-variable retardation between the components of the elec-
tric field of the transmitted beam that are perpendicular and
parallel to the axis of modulatioff. The magnitude of the
maximum retardation, and thus the extreme polarization states
furnished to the passing beam in an oscillation cycle, are se-

media. If polarized light were to be used on human tissue, a lected by the user.

detection geometry of particular interest from the standpoint

Figure 1 illustrates the setup for the experiment. The beam

of clinical convenience would be in the backscattering direc- is polarized by a linear polarizer, passes through the PEM,
tion, and studies at this detection angle deserve further inves-transmits through a beamsplitter, and scatters in the sample;
tigation. If some of the light retained its polarization proper- the fraction scattered at 180° with respect to the incident beam
ties upon multiple scattering, as studies at 180° reflects off the beamsplitter, passes through another polarizer,
suggest§;11158and this effect could be quantified and ex- and impinges on the detector. In order to describe the polar-
ploited, potentially useful measurements could be made in ization behavior of this setup, Mueller calculus is ué&Hach
almost any clinical situation. For example, one of the most optical element is represented by & 4 matrix which models
important potential biomedical applications of such a system the effect of the element on polarized light, the polarization
would be to detect glucose vivo noninvasively. Since light  state of the latter being represented b§>al Stokes vector.

in the visible and infrared regions of the electromagnetic The linear polarizers, P1 and P2, can be both represented by
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1 cos26 sin26 0
cos26 cos?240 sin2@cos26 0
P1,P2=| . . .2 ’
sin26 sin26cos26 sin“26 0
0 0 0 0

(1)

whered is the angle of the pass axis with respect to the optical

plane, here defined as the horizontal surface of the optical

table. For the current study, P1 is oriented at 45° to the optical
plane, whereas the orientation of P2 is varied over a tétal
range of 180°. Thus# in the final expression is the variable
orientation of P2 with respect to the horizontal.

The Mueller matrix for the photoelastic modulator, with its
modulation axis horizontdl0°), contains terms that are func-
tions of §, the retardation setting of the PEM:

cost(r—I)+1

cos*(r—I)—1
BStranS=

0 0
0 0
1 sin 2r 0 0
sin2r 1 0
BSren= 0 0 —cos2r 0 ’ (3b)
0 0 0 —cos2r

where | is the angle of the beamsplitter with respect
to the plane perpendicular to the path of the lagE° in
the setup used for this experimgntand r is the
angle of refraction within the beamsplitter as calculated
by Snell's law. While the presence of the beamsplitter

complicates the resultant mathematics, and necessitates addi-

tional experimental care in making the actual measure-
ments, it does enable detection of the scattered light in

the exact retroreflection geometry. Other methods, such

as the use of isocentric pivotittf®?* or apertured
mirror,2>2® cannot detect the signal at 180° to the incident
beam.

The matrix used to represent the sample was modeled

as a combination of circular birefringence and depolarization.
Specifically, the amount of optical rotation created by
the sample is denoted by, and the amount of polariza-
tion retained is denoted by3. It was taken to be the
product of a depolarization matrfX,a rotation matrix, and

a reflection matrix. While in general matrices do not com-
mute, the effect of varying the order of the matrices only
changes the sign of the parametefi.e., « becomes-«) and
this is not important for the current study. The resultant
sample matrix is
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cos*(r—1I)—
cos*(r—I)+1

1 0 0 0
0 1 0 0

PEM=10 0 cos(8) —sin(o) @
0 0 sin(6) cos(d)

The beamsplitter, positioned at 45° with respect to the
incident beam direction, contributes two different matrices
to the theoretical formulatio® One matrix (BSyand
represents the light transmitted through the beamsplitter
on route to the sample; the oth@BS,s) represents the light
reflected by the beamsplitter from the sample toward the

detector

1 0 0
0 0
2 cos?(r—1I) 0 ! (3a)
0 2 cos?(r—1I)
|
1 0 0 O
0O B 0 O
Sample= 00 B8 0
0 0 0 B
M1 0 0 0
0 cos2a sin2a O
0 —sin2a cos2a 0
| 0 0 0 1
1 0 0 0
01 O 0
00 -1 0
|00 0 -1
1 0 0 0
0 Bcos2a Bsina 0
|0 Bsin2a —Bcos2a 0 @
0 0 0 -B

To predict the operation of the system, the matrices are mul-
tiplied together withS;;i2, as follows:

Stina= [P2][BS eql[Sample][BStrans [PEMI[P1]S injtial )

The first term of the resultant Stokes vecBy, represents
the final intensity of the light reaching the detector, and thus
constitutes the measured signal. It contains variable retarda-



tion expressions of the formog8)=coq 5, sin2=ft]), that
can be expanded as a Fourier—Bessel sérieto constant
and oscillatory terms

cos[ 8, sin(2wft)]=]o(6,,) +2]2( 5, )cos(4dmft)+---,

(6)
whereJy andJ, are the zeroth and second order Bessel func-
tions of the first kind, respectively. This indicates that there
are constanfdc) and oscillatory(ac) components in the sig-
nal. Normalizing the ac signal component at twice the PEM’s
modulation frequency by the dc contribution eliminates unim-
portant experimental constants, yielding

2f 2]5(6,)A
=5 (7a)
dc  Jo(8,)A+B+C
where
A=2Bcos?(r—I)(sin asin2r+sin a cos 2 4
+sin26 cos2r cos a),
B=[cos*(r—I)+1](1+cos26sin2r) (7b)

C=p[cos*(r—I)—1][(sin 27+ cos 2 #)cos a
—sin26 cos2r sin «].

In the reported experiments, with=45° and r=27.3°
(Snell's law withngs=1.54), Eq. (7b) becomes:

A=1.82B(0.82sin a+sin @ cos 2 6+ 0.58 cos a sin26),
B=1.82(1+0.82cos26), (7¢c)

C=-0.18B[(0.82+ cos 2 0)cos &« —0.58 sin 2 6 sin «].

Methodology for Examining Polarized Light

Upon emerging from the PEM, the light strikes a beam-
splitter, angled in the optical plane at 45° with respect to the
incident beam direction. The reflected portion hits a beam
dump and is no longer used. The transmitted portion travels to
the turbid chiral sample and is scattered in many directions;
the backscattered light to be detected travels back to the
beamsplitter. The reflected portion of this fraction of light is
incident on a second linear polarizé€t2). The angled of this
polarizer with respect to the horizontal is varied during the
measurement, and its values are used in fitting the theory of
Eq.(7) to the data. After passing through the second polarizer,
the beam impinges on a photomultiplier detector. Based on its
sensitive area and the detector—beamsplitter—sample separa-
tion, the cone of acceptance around the exact backscattering
direction was 15 mrad. The signal from the photomultiplier is
a photocurrent, which is converted into a voltage by a tran-
simpedance preamplifier. The resultant voltage is read out by
a lock-in amplifier. The lock-in amplifier's reference fre-
quency is set to either twice the frequency of the photoelastic
modulator(2 f ) or the frequency of the mechanical chopper
(do) by a toggle switch. The voltages at both these frequencies
are measured for any given angle of P2 and the two signals
are ratioed. The PEM setting was,= 3.469radians in order
to maximize the amplitude of th f/dc ratio* After correc-
tion factors are applie@o account for the chopper blocking
half the light, and the lock-in amplifier measuring rms instead
of peak-to-peak voltage?2 f/dc values are input into the non-
linear regression analysis packag&gmaPlot 3.0 and Eq.

(7) is fitted to the data withw and B8 as the fitting parameters
optimized to minimize the sum of the squared differences
between theory and data.

Several types of samples were used in the experiments. A
mirror was used for calibration, positioned perpendicular to
the path of the beam. Liquid samples consisting of polysty-
rene microsphere¢diameter1.4um) and glucose in dis-
tilled water were contained in a rectangulgk cmx1cm)

These expressions can be fitted to experimental data by vary-gptical-grade quartz cuvette. The cuvette was angled slightly
ing « and B, the unknown sample properties at a selected g that the specularly reflected spot did not project back to-

PEM retardations,,. This is accomplished by usingas the

wards the detector, to ensure that scattered light emerging

independent variable and minimizing the discrepancy, in the fom the sample itself dominated the measurements. Samples

least-squared sense, between the meag@réttlc) ratios and
the theoretical prediction of Eq7) in a nonlinear two param-

of ground meat were contained in a plastic cuvette with a
4-mm-diam aperture, so the light could reach the sample, and

eter fit. escape in the backward direction, without interacting with a

container surface. Finally, human tissue was measiaretvo

by having a volunteer place his/her hand in the path of the
3 Experimental Methods beam. The palm of the hand rested on a platform to maintain
Figure 1 shows the layout of the experiment. The light from a stability. The measurement was in the region between the
helium—neon lasefA =632.8 nn) passes through a mechani- thumb and index finger, as it was the most comfortable and
cal chopper, to allow the dc light level to be read sensitively stable way to position the hand. All measurements were per-
with the lock-in amplifier. It then passes through linear polar- formed at room temperature.
izer (P1), fixed at 45° with respect to the horizontal plane, and
traverses the transparent oscillating quartz element of the pho-
toelastic modulator that imparts a relative phase to the or- 4 Results
thogonal components of the transmitted beam. The PEM'’s To test the validity of the theory and the performance of the
axis of the modulation is horizontal. The PEM is known to equipment in the retroreflection configuration, a mirror signal
cause interference effects with monochromatic light sources was measured, as its effects on polarized light could be pre-
via multiple reflections off the surfaces of the quartz element dicted. It should produce no rotation of the polarized light

which can compromise the sample sigffalhus, the PEM
was angled in the optical plane a8° with respect to the light
propagation direction, to direct the interference light away
from the sample beam path.

(a«=0) and no depolarizatiof3=1). The result of a typical
measurement is shown in Figure 2. The points represent cor-
rected ratios, while the solid line is the theoretical best fit. The
fit for the curve is excellentR?=0.999, with optimum pa-
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Fig. 3 A typical data set measured from a microsphere suspension
Fig. 2 Initial calibration of the system, with mirror as the scattering containing 1.5% (w/v) of 1.4 um diam microspheres and no glucose.
sample. The points are the corrected 2 f/dc values and the solid line is The best-fit values of @ and Bare 1.1°+0.7° and 0.11+0.01, respec-
the theoretical best-fit predicted by Eq. (7). The R? for the fit is 0.999 tively, with R*=0.995.
and the predicted @ and B are +0.1°*0.3° and 1.00£0.01, respec-

tively.

show the degree of polarization approaching zero as the opti-
cal thickness increases approximately 10—15 transport mean

rameters a=+0.1°+0.3° and B=1.00+0.01, in good free paths. For comparison, the ranges of scattering properties
agreement with the expected values. This result validated thein Figure 4, as calculated according to Mie thedtgye: scat-
accuracy of the methodology and ensured that all the equip-tering coefficient=34—600 cm*, transport scattering coeffi-
ment, both optical and electronic, was working as predicted. cient 1.8-38.5 i, transport mean free path 0.55-0.026 cm
Repeated measurements of the mirror, used as a periodic cali{~2—40 transport mean free pathadditional measurements
bration check, produced fits that were consistently excellent Not included on the graph were in the 2%-3% microsphere
(RZZ 099, with the resultanty andﬁ close to their expected concentration range, still ShOWir}g values around 0.11. Fi-
values. The amount of error in each measurement was small,nally, a suspension containing 17% microsphe(est00
yielding the best fit values with excellent reproducibility. transport mean free pathand no glucose yielded = 0.2°
Measurements were then made with po|ystyrene micro- *+1.1° andB:0073"__ 0.002,furthel’ i"ustrating that in even
spheres suspended in glucose solution. Detailed results of mi-extremely optically dense and highly scattering conditions, a
crosphere scattering in the exact retroreflection direction will certain amount of polarization is maintained. A possible ex-
be published elsewhere. Presently, only preliminary major planation for the enhanced survival of the polarization is the
trends are reported. Measurements were made with a wideconstructive interference between a multiply scattered wave
variety of liquid suspensions, containing different concentra- and its time reversed conjugate which follows the same path,
tions of microspheres and glucose. Typical results measured
from a turbid sample without glucose and a microsphere con-
centration of 1.5%w/v) are shown in Figure 3. The resultant 1.0 T T ' T T T '
fits yield «=1.1°+0.7° and 8=0.11+0.01. As shown, i
samples consisting of microspheres produce fits which are E
quite good, although not as consistently excellent as the fitSe PRVt
from the mirror sample. The values afand 8 are also real-
istic (i.e., Bis non-negative and is less than unity, anis not
a number of unreasonably large magnitudghis is strong
evidence that the measurement method and the derived theony

olarization
(=]
>3
T
—pH
.

are able to describe the behavior of polarized light in a scat- g ®4[ ]
tering medium. Both the mirror and the polystyrene micro- 2
sphere solutions yield very precigevalues, and less precise  © ozl §§§ ]
a values. Investigations into improving the precisionacére ' E z
currently underway. ¢
An important finding emerging from the study of micro- 0.0 L L s L L L s
sphere suspensions is shown in Figure 4. It displayas a 60 0z 04 06 08 10 12 4 16
function varying concentrations of microspheres for samples Microsphere concentration, %

with and without glucose. It appears that polarized signals _. ¢ volarizati function of i ) bidity of

ive in th t backscattering direction even in very scat- Fig. 4 Degree of polarization as a function of increasing turbidity o
sumve in t_ e exac_ g . y the polystyrene microsphere suspension, in the presence and absence
tering media. This is to be contrasted with the results of pre- of glucose. For both systems, the curves seem to plateau to nonzero

vious studie¥ 1 of light emerging in other directions that levels even in the limit of very high scattering.
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Fig. 5 Polarization data with best-fit line, obtained from a hand of a Fig. 6 Polarization data with best-fit line, measured from a ground
Caucasian volunteer. The R? value for the fit is 0.98 and the derived a beef sample. The R? is 0.99 and the predicted @ and 8 are —9.0°
and B are +2.7°+1.3° and 0.14%0.01, respectively. +1.0° and 0.19%0.01, respectively.

birefringence is not taken into account in this analysis. This

a phenomenon referred to as weak localizafidh>®This is issue is further addressed in Sec. 5.
an important experimental result as it shows that there will be Measurements were also made with ground beef samples,
a finite fraction of polarization maintained in retroreflection, shown in Figure 6. This particular measurement was best de-
which may allow applications of this method in highly scat- scribed bya= —9.0°+0.9° and3=0.19+0.01.This was the
tering media. first sample that resulted in a large optical rotation of opposite

The second feature evident from Figure 4 is that, within sense. The sign of the rotation, and less so the magnitude, was
experimental error, the depolarization rates with and without reproducible on repeated measurements of different ground
glucose are similar to each other. This backscattering resultheef samples. We are currently investigating the significance
differs from observations at other detection angles, where the of this observation. Once agaiB,was reproducible to better
glucose-dependent enhancement of polarization has beenrhan +10%.
reported:>'***The enhancement may still be present yet re-  |n experiments with these biological tissues, as well as
main undetected by the current methodology, but evidently its with the in vivo measurements reported above, there were
magnitude in retroreflection is much lower than in other de- |arge fluctuationg+15%—30% in the magnitude of the f

tection directions. signal. As the effect was initially observed in the hand
Figure 5 shows the results Zfrom a hand of a human volun- samples, the first noise source suspected was sample motion.
teer. The results of the fi(R°=0.99 yielded a=+2.7° However, since the same amount of noise was seen with the

+1.3°andpB=0.14+0.01.From repeated measurements, and meat samples which were motionless, that was ruled out. De-
from additional experiments with three more volunteg8s,  spite this noise, and whatever its cause, good (&S
values were reproducible to withir10%, and were in the  =0.94) were obtained with botin vivo and ex vivotissues,

0.12-0.14 range for the four people studied. The reproducibil- possibly because of the utility of the signal ratio procedure.
ity is remarkably good, considering the noise from the inevi-

table small movements during the measurement process. . .

Given the excellent reproducibility in the degree of polariza- 5 Discussion

tion determination, we tentatively interpret the variation in the The methodology for detection and analysis of polarized light
measureds3 values as true indications of the intersample dif- backscattered from turbid media has been tested in micro-
ferences, such as differences in anatomy and physiology insphere phantoms and in biological tissues. The method is ca-
the hands of the different subjects. Clearly, much additional pable of furnishing two important measures of sample inter-
work is required to further elucidate this association. All re- action with polarized light: the optical rotation of the linearly
ported measurements were from the hands of Caucasian volpolarized fraction, and the degree of polarization.

unteers, and we are currently examining the effect of different ~ The results from microsphere suspension studies suggest
skin pigmentation and microstructure on the polarization mea- that the developed model is appropriate for describing the
surements. The optical rotation results exhibit unacceptably behavior of the backscattered polarized light. An important
large errors and do not seem to be reproducible at present. Itfinding is that at exceedingly large optical densities, the
is worth noting, however, that many of the hand measure- amount of polarization retained plateaus to a value above

ments yielded relatively large values of 6°—8°. This indi- zero, instead of diminishing completely as it does at other
cates a large amount of optical rotation in the measurements,observation angles. This plateau appears to be in the range of
which may be useful for detecting chiral moleculesvivo, B=0.07-0.121t is also shown that, unlike in other detection

providedthe precision and reproducibility ia results can be  directions, glucose does not cause a noticeable increase in the
improved. Note that the possible influence of tissue linear amount of polarization retention in turbid suspensions. In ad-
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dition to furnishing useful information about the turbid micro- changes inx will likely be small in biological media. Work is
sphere system, these results suggest that the developed experin progress to improve the determination of optical rotation. It

mental and theoretical methodology may be well suited for
further polarization studies of turbid chiral and achiral media
in the backscattering direction.

The ability to detect a polarized fraction in diffusive back-
scattering fromn vivo tissues is extremely encouraging. The
implication is that polarized light may provide a useful means
of studying heterogeneous turbid biological materials. This
possibility is further strengthened by the fact that similar re-

is important to determine accurately, as it would likely yield
useful information on the amount of chiral material in the
sample, which could be useful in applications such as the
measurement of glucose, or other chiral molecules in tissue.
Knowing «, one may be able to estimate the concentration of
chiral molecules if the path length were known, or vice versa,
since chiral molecules produce a characteristic amount of ro-
tation per unit path length per unit concentration.

sults were obtained by working with sampleseof vivoho- A large source of background noise is stray laser light,
mogenized beef. The outcome of the tissue experiments is allcreated by interference and scattering effects from the various
the more important since it has been reported that phantomsoptical devices in the beam path. This effect made it difficult
such as microsphere suspensions do not interact in the samé&o obtain a precise value fg8 at high optical densities in
way as biological tissue with polarized lightand so the use ~ Figure 4, and possibly played a role in optical rotation fluc-
of microsphere phantom data to model tissue may be inappro-tuations. Encouragingly for potential biomedical use, elec-
priate. tronic noise and ambierfhonlaser lighting did not apprecia-

It is important to note that the results from Figures 5 and 6 bly interfere with the results. As implemented, the
show that the developed theory can be used to describe polarsynchronous detection technique using lock-in amplification
ized light scattering from biological samples. However, bio- is excellent at negating the effects of these noise sources.
logical tissues possess additional properties, for example lin-  An important area for future investigation is the sensitivity
ear birefringence, which have not been included in the current of the system to the exact value of the detection angle. In
formulation. In other words, real tissues are not only circu- other words, is there also significant polarization preservation
larly birefringent and multiply scattering, but likely exhibit in directions close to, but not exactly 180°? Theoretical results
direction-dependent linear birefringence as well. So the valueshave indicated that the exact backscattering direction has
of a and 8 computed with the current theory may be inaccu- unique polarization preservation properties within a very nar-
rate. However, an important feature evident from the analysis row angular rangé~20 mrad,®~*%*>*and it will be worth

of both thein vivo andex vivosamples is the good quality of
the fits and their reasonable reproducibiligpmparable to the
microsphere system thadoes notexhibit linear birefrin-
gence. Thus, the described methods may be yielding slightly

inaccurate optical rotation and preserved polarization values,

studying whether this holds true in tissues and in phantoms. If
it does not, and a reasonable polarization fraction is preserved
within a=5° cone around 180°, then the use of a beamsplitter
may not be necessary. This would simplify both the theory

and the measurements.

but they nevertheless appear appropriate for the tissue work.
Theoretical improvements in progress are expected to further6 Conclusions

improve the accuracy of the model.

The degree of polarization parameter is determined with an

excellent degree of precision and reproducibility in both mi-

crosphere and tissue measurements. It is mostly sensitive t

the path length traveled by the photons, with a smaBer
indicating a longer path length, but it may also be affected by
the presence of chiral molecules. As well, it may depend on
the “tortuosity” of the path taken by the photons. The error
seen in theB parameter is not seriously affected by the pres-

ence of occasional outlier points, and good fits are obtained
even with noisy data sets. As a result, trends in degree of
polarization can be measured reliably. This provides a useful

diagnostic, largely unaffected by noise, for analysis of turbid
media.

(0)

Methods for measuring and analyzing polarized light back-
scattered from turbid media have been developed. Reasonable
agreement between the theory and the experimental data is
demonstrated in both nonbiological and biological turbid me-
dia, includingin vivo tissues. It is shown that some polarized
light will survive at high optical densities in the exact back-
scattering direction, a finding of potential biomedical impor-
tance for examination of highly scattering tissues. The previ-
ously reported chirality enhanced polarization preservation is
not noticeable in the backscattering direction in microsphere
phantoms. Results from biological tissues suggest that these
types of polarization measurements may contain useful infor-
mation, as over 10% of the incident polarization is preserved

At present, we are unable to get precise measurements of" bothin vivo human ancex vivobeef samples.

optical rotation at the exact backscattering direction. For ex-
ample, for the values of fitted along withg in Figure 4, the
magnitude of the errorsAa were larger than the range of
values ofa. In order to get the precision af down to rea-
sonable levels, the quality of the fit must be excelléRE
=0.99. The reason why such high quality fits are required is

possibly due to the fact that the theoretical curves are rapidly
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changing in only a fewd regions,(e.g., 160°-190° range, see References

Figure 2 so a small change in data in this range can result in

a horizontal shift of the best fit values by a couple of degrees.

Precise measurement of b@&H and dc components at eaéh

point are thus essential. This is compounded by the fact that
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