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Abstract. We report the existence of polarization memory effect (PME) in optical coherence tomography and
investigate its potential applications in dental imaging. We performed the study in three steps. First, microsphere
scattering phantoms of different sizes were imaged in order to validate experimental results with PME theory.
Both linearly and circularly polarized light were used to probe the samples. Second, healthy tooth samples were
scanned and polarization memory effect was identified in dentin. In this step, specific verification and signal
processing were performed to rule out possible image interpretation by birefringence effect. Third, we evaluated
dentin demineralization with PME. Results show polarization memory can be useful to characterize this dynamic
mineralization process for early caries detection and rehabilitation. ©2011 Society of Photo-Optical Instrumentation Engineers
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1 Introduction

Polarization measurement in optical coherence tomography
(OCT)! offers an additional contrast mechanism. It greatly
extends the capability of OCT in biological tissue imaging. In
the current literature, birefringence has been frequently used
to interpret many polarization-sensitive OCT (PS-OCT) image
data. Stokes vector, Jones matrix, and Mueller matrix are used
in the mathematical analysis.>” It is a polarization effect that
is found in many biological tissues such as skin, nerve fiber,
tendon, and muscle.®~!® When birefringence is strong, the light
field vector orientation can be modified periodically within the
imaging depth. When birefringence is weak, signal processing
such as Stokes and statistical averaging around a small area
can still retrieve birefringence contrast for valuable tissue
characterization.!”"!° Polarization sensitive detection is also
very valuable in dental OCT. Many dental features including
dentin, enamel, and their boundaries (dentin-enamel junction),
caries lesions, and mineralization progress are more effectively
characterized in PS-OCT than that in gray-scale intensity
OCT.20726

In this paper, we report on the polarization memory ef-
fect (PME) in OCT. Polarization memory was first discov-
ered by MacKintosh et al.?’” in a multiple scattering study of
optically dense medium. The study recorded preservation of
the polarization state, particularly for circularly polarized light
backscattered from turbid samples. This phenomenon was de-
rived through field correlation function rather than imaging data.
Ni and Alfano explored the polarization memory effect using a
time -resolved system.”® They compared two phantoms made
of scattering particles of different diameters and concluded that
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for the larger particle phantom, circularly polarized light had a
good “memory” for its helicity and could be used to enhance the
image contrast. Compared to the field correlation method, the
time-resolved measurement greatly resembles the imaging prin-
ciple of OCT. To study this memory effect in OCT, we first fol-
lowed the previous work by probing two microsphere phantoms
of different particle sizes using both linearly and circularly po-
larized light. The back scattered light was collected and analyzed
by a coherent PS-OCT detection system. The phantom imaging
data was agreeable with the work reported by Ni and Alfano
and can be explained by the polarization memory effect. More
interestingly, we also found polarization memory in dentin. The
imaging feature of PME was visually similar to weak birefrin-
gence. When the phase retardation was less than one period
(<2 pi) over the axial scan depth, the resulting PS-OCT image
produced a similar whitish band-like structure.'”!® Therefore,
we discussed approaches to differentiate the two polarization ef-
fects and showed that the observed polarization feature in dentin
was originated from PME. Furthermore, we used PME to study
the demineralization process in dentin matrix. The result sug-
gested that the PME could be a new contrast mechanism in the
OCT imaging of biological tissues.

2 Theory

Polarization memory describes a phenomenon whereby light re-
tains its incident polarization state after it is backscattered from a
turbid medium. It can be explained by the Mie scattering theory
under a multiple scattering scenario. In Mie theory, the scatter-
ing particle size is a characteristic parameter to determine the
fraction of light with an anisotropy factor g that is forward and
backward scattered. When the scattering particle size is com-
parable to the wavelength, g can be close to unity, meaning a
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Fig. 1 (a) A diagram shows a simplified picture of polarization mem-
ory effect due to multiple forward scattering. (b) Schematic of PS-OCT.
Superluminescent diode (SLD); polarizer (P); beam splitter (BS); polar-
izing beam splitters (PBS); QWP1,QWP2, quarter-wave plates; Galvo,
galvanometer. After filtering and A/D conversion, the detected signals
are processed by a PC.

major portion of the light is forward scattered. In this condition,
polarization memory effect may occur when the randomiza-
tion of the field propagation direction goes faster than that of the
polarization states.”” This memory effect is particularly interest-
ing when circularly polarized (CP) instead of linearly polarized
(LP) light is used, as forward scattering retains the helicity of
the incident CP light (defined under a spatially reversed coor-
dinate system) and transfers the light power to the orthogonal
polarization channel. Ni and Alfano.?® observed this light power
transfer from co-polarized channel to cross-polarized detection
channel with CP light, but not LP light. Co-polarized chan-
nel herein refers to the channel where the majority of the light
power is expected to be detected in a regular backscattering or
mirror reflection scenario. Usually, only a small fraction of light
would leak to the cross-polarized channel, for example, due to
the depolarization process. Figure 1(a) intends to give an overly
simplified picture of polarization memory effect. In the incident
light path A, the vertically polarized light is transferred to the
CP probing light with a quarter waveplate oriented at the 45 deg
azimuthal angle. In the return path B, normal backscattering
such as single scattering reverses the helicity of the CP light.
After a second pass through the same quarter waveplate, the
scattered light is mostly preserved in the horizontal polariza-
tion channel. This channel is the co-polarization channel with
respect to the initially vertically polarized light. Alternatively,
when LP probing light is used by simply removing the quarter
waveplate from the optical path, the co-polarization channel will
be the vertical channel according to the definition. In the return
path C, if the light probes a strong forward scattering sample,
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it may experience a zigzagged looping path before exiting the
sample surface. The returned light will then remember the orig-
inal helicity and therefore, a significant amount of light power
will go to the vertical polarization detection channel after the
quarter waveplate. Because of the polarization memory, the light
field energy is transferred from the co-polarization channel to
the cross-polarization channel. In contrast, LP probing light will
not see such a channel energy reversal effect. In this context,
a cross-polarization discrimination (XPD) ratio is conveniently
defined as:

XPD (Z) =20 lOg [Exfpol(z)/Ecofpol(Z)]- (1)

XPD and phase retardation angle® have clear physics for PME
and birefringence, respectively. From an imaging prospective,
the two terms give different mapping functions in PS-OCT. The
difference in visualizing two mapping functions in our data is
not significant. Therefore, we have used XPD to map PS-OCT
images in this paper.

3 Material and Methods

A time-domain PS-OCT system configured with both LP
and CP probing light was used to investigate the size-related
polarization-sensitive scattering phenomenon [Fig. 1(b)]. A su-
perluminescent diode (SLD) provided the low coherence illu-
mination of 2 mW at 1310 nm. The vertically and horizontally
polarized signals were detected simultaneously each with the
balanced detection technique. The device had 10 Hz axial scan
rate, 3.6 mm scan depth in air, and a sensitivity of 96 dB. Early
PS-OCT typically used CP light to probe the sample. In a pre-
vious paper,”> we implemented the LP probing light by simply
removing the 45 deg quarter waveplate from the sample arm. In
this study, we rotated the fast axis of the waveplate to 0 deg to
produce LP probing light. This was to make the experimental
parameters such as the optical path delay more identical between
the LP and CP configurations.

Two TiO, microsphere solutions with different particle di-
ameters were purchased from Bangs Lab Inc. as scattering phan-
toms. One had a particle diameter of 9.9 um (g = 0.88) and the
other 0.1 um particle diameter (g = 0.018). The size variances
were less than 10%. The microspheres were floating in the de-
ionized water (n = 1.33) with 10% volume density. The size
difference between the two spheres resulted in very different
anisotropy factors g. The samples were held in polarization pre-
serving cuvettes, and during the experiments the cuvettes were
slightly tilted to avoid the glass surface reflection.

Tooth imaging was performed using the same PS-OCT sys-
tem. Five teeth were sectioned in an axial orientation and 37%
phosphoric acid gel was placed on the sectioned dentin sur-
face for 60 s and then washed away. This “acid conditioning of
a dentin surface” produced micromorphological effects on the
dentin surface, removing the organic material within the sur-
face dentinal tubule orifices, as previously shown.?? In other
words, after the gel was placed on the tooth, the surface dentin
composed of tubules of mineral hydroxylapatite could lose a sig-
nificant amount of organic material. Subsequently, OCT scans
were taken across the enamel and the mantel dentin. The lesion
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region had a slight brownish hue which was helpful in steering
the OCT beam through the target.

4 Results and Discussions

Figure 2 shows the depth-resolved backscattering profiles (A-
lines) of the microsphere solutions for CP and LP configura-
tions. The rising edges to the left are the front surface of the
sphere solution. Figures 2(a) and 2(b) are the A-lines of the
two polarization channels obtained from the smaller spheres.
The scattered intensity is in units of dB. The polarization re-
mains primarily in the co-polarization channels. Only a small
fraction of light power goes to the cross-polarization channels,
indicating minor polarization degeneration within the propaga-
tion depth. The attenuation profiles of LP and CP light are very
similar. They reveal a linear attenuation profile in the logarithm
intensity scale that satisfies Beer’s law and is consistent with a
single scattering model. The attenuation comes from two parts,
the absorption of water (11, & 1.2 cm ™), and the scattering
of spheres (11, &~ 5.38 cm™!). A linear fit of the experimental
curve with system calibration yields a total attenuation coeffi-
cient of u1; 5.93 cm ™!, which is roughly the sum of 1, and p
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calculated from Mie theory. The scattering profile of the large
sphere is quite different from that of the smaller one, as shown
from the XPD curve in Fig. 2(c) and 2(d) where the A-lines of
the two channels are placed in the insets. In Fig. 2(d), the XPD
curve of LP probing light never exceeds the zero line, but only
asymptotically approaches it as the light propagates deeper. This
is expected because the cross-polarized channel has a weaker
energy than the co-polarized channel. The interesting point here
is from the CP measurement as shown in Fig. 2(c): the light
energy quickly transfers to the cross-polarized channel and ex-
ceeds the energy level of the co-polarized channel. This occurs
after a depth of about 100 pum from the liquid-air surface. XPD
reaches a peak level of 6 dB above the zero line at a depth of
about 200 pum from the liquid-air surface. This channel energy
reversal indicates the existence of the polarization memory ef-
fect due to forward scattering.> PME may be utilized to enhance
biomedical imaging. For example, a recent study has shown a
significantly improved imaging contrast of a reflective target
embedded in liquid.’!

Dental tissues are known to have strong optical scattering.
The hydroxyapatite crystals form the tissue matrix within which
active mineralization and demineralization can take place and
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Fig. 2 The backscattering A-lines of small sphere (0.1 um) from vertical (blue line) and horizontal (red line) polarization channels with (a) CP and
(b) LP configurations. XPD lines of large sphere (9.9 um) with (c) CP and (d) LP configurations where the vertical and horizontal channel A-lines are
also shown in the insets with the blue and red color notations. XPD curve in CP configuration goes above the zero line, which indicates polarization

memory.
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Fig. 3 Dentin tissue images from the sectioned side of a normal human tooth. XPD ratio in Eq. (1) is used as the mapping algorithm. The averaged
XPD curves for CP and LP configurations are shown in (a) and (b), respectively. They are similar to the XPD curves of large microsphere phantom.
Two-dimensional images of (c) CP and (d) LP have similar textural patterns arising from speckle noise. But, the CP image shows a more whitish band
below the surface compared to LP images which indicates XPD > 0 due to PME. Image size is 3.2x2.6 mm (HxW) in air.

alter the scattering properties.’*?420-32 We imaged healthy
dentin samples. Negative to positive XPD values were mapped
with black to white-gray scales to form PS-OCT B-mode im-
age. The depth resolved XPD curves were similar to what we
obtained with the large sphere phantom. In Figs. 3(a) and 3(b),
we averaged the XPD lines of the dentin along the lateral di-
mension for CP and LP scans. The averaging was performed
after matching the tooth surface pixel of every XPD line to the
same depth location according to the segmented tooth-air bound-
aries. These figures show the same characteristic features as in
Figs. 2(c) and 2(d) of the phantom study. The PS-OCT images in
CP and LP configurations are shown in Figs. 3(c) and 3(d). The
difference in contrast between CP and LP images is indicated
by arrows. Beside a high frequency speckle texture modulation,
the area below the tooth surface in the CP image appears overall
whitish. We used two approaches to verify that this polarization
feature originated from PME rather than weak birefringence. In
the first approach, we used Stokes vector analysis. Pierce et al.!”
showed that even in the weak birefringence case, Stokes analysis
can still produce a linear phase retardation curve with respect
to the imaging depth. A slope value was obtained to assess the
healthy skin and malignant cancer progression after averaging
many axial scans along the lateral dimension. We attempted to
apply Stokes vector analysis to the dentin data, but we were
not able to observe a linear phase retardation slope. Therefore,
the observed image feature should not be interpreted by weak
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birefringence. In the second approach, we used LP configura-
tion as the “control” experiment. From LP OCT images, the
polarization feature of a whitish band structure, as seen in CP
images, was not observed. The same tissue regions indicated by
the white arrows in Figs. 3(c) and 3(d) appear darker in the LP
scan than that in the CP scan. The corresponding XPD curve in
Fig. 3(b) remains negative and asymptotically approaches zero
XPD line at deeper depth. These are quite unique features are
agreeable with the PME theory, as well as the phantom study.
When imaging enamel with LP light, however, periodic bire-
fringence bands still exist, despite a reduced contrast compared
to CP light. We conclude, based on the above investigations,
that the polarization behavior from the dentin and enamel in CP
OCT scan are governed by different polarization mechanisms.
For dentin, it is from the polarization memory effect, and for
enamel, it is from birefringence effect.

There is plenty of evidence that optical scattering of caries
lesions is different from normal states and it is polarization
sensitive.”* 2632 We performed a study with a demineralization
model to assess PME as a potential marker for dentin lesions.
A phosphoric acid process to remove crystallized minerals was
applied to the sectioned dentin surfaces. This model effectively
creates artificial caries similar to bacterial infection. Figures 4(c)
and 4(d) show two CP OCT scans across both the dentin and the
adjacent enamel. The regular intensity OCT images are shown
at the top. The CP PS-OCT images mapped by XPD lines in
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Fig. 4 Two tooth samples imaged after the demineralization process. The image size is about 3.2 x 8 mm in air. (a) and (b) are the averaged XPD
curves from treated (red) and intact (blue) area. (c) and (d) show the OCT intensity images (top), the CP PS-OCT images mapped by XPD lines
(middle), and the binary images (bottom) with a better visualization of the progression of the acid treatment.

the middle show the different imaging features of dentin and
enamel due to the two different polarization behaviors. The al-
ternate bright and dark bands on the right side of Fig. 4(c), and
on both sides of Fig. 4(d), are typical features of birefringence
in the enamel, while the dim single white band in the middle
is a feature from PME in the dentin. DEJ, the junction between
dentin and enamel identified as a vertical border, clearly splits
the two types of tissues which are much less separable in the
intensity mapped OCT images. Birefringence is a well acknowl-
edged effect in PS-OCT. PME is still new and will be examined
more in future studies. Both effects could lead to useful medical
applications. The middle parts of the CP PS-OCT images near
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the surface corresponded to where the phosphoric acid process
was applied. These areas appear darker, which imply that some
polarization memory is lost. This finding is more clearly seen
in the averaged XPD lines in Figs. 4(a) and 4(b), where the red
line averages the drug affected region and the blue line aver-
ages the normal region. For preprocessing, the XPD line was
realigned along the dentin-air surface with an edge detection
algorithm prior to averaging. It is interesting to see that after
a certain depth, the red XPD line seems to regain its polariza-
tion memory. The two arrows shown in Fig. 4(b) point out the
depth range where the channel energy reversal occurs at the
normal and treated dentin areas. The distance between the two
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arrows roughly indicates the progression of the acid treatment.
Similar to the analysis of weak birefringence,'”'® PME can
be better estimated through averaging and other filtering pro-
cessing with a penalty in spatial resolution. Furthermore, PME
quantified by XPD ratio has a characteristic zero line, which
can serve as a sensitive benchmark for spatial demarcation of
dematerialized and normal dentin tissue. The bottom images of
Figs. 4(c) and 4(d) are the processed binary images using zero
XPD level as the threshold to enhance the contrast. It can be seen
that the energy in the cross-polarization channel exceeds that in
the co-polarization channel in most parts of the dentin images
except the dark areas near the middle of the dentin surface. Es-
timated spatial boundaries of acid progression are drawn in red
dashed lines. A 5x5 medium filter and a 3x3 linear statistical
de-speckle filter were used before the binary image process to
reduce speckle noise.

5 Summary

In summary, we have reported to our knowledge the first obser-
vation of polarization memory effect in scattering phantoms and
dentin tissues using PS-OCT. Experimental designs and analyti-
cal methods are given in order to differentiate the PME and weak
birefringence which are of different origins. From the applica-
tion aspect, polarization-sensitive detection could be useful for
the investigation of the ultrastructural features in the demineral-
ization and remineralization processes and for the diagnosis of
dental caries.

As a follow-up in future research work, it would be interest-
ing to extend the study to the remineralization study to evaluate
the efficacy of rehabilitation drugs. As a blind test, two tooth
pastes, one with plain (expected to do nothing) and the second
containing amorphous calcium phosphate, for example, that ex-
pected to put mineral back into the etched dentin can be used.
PS-OCT using PME analysis may prove to be a useful in vitro
method to evaluate the efficacy of drugs for repairing dental
caries in addition to the potential application for the early caries
detection. This remineralization and demineralization testing
may be applied on extracted teeth repeatedly without the need
to destroy them for investigation, such as in the case of regular
optical or scanning electron microscopic imaging.

From the technology prospective, this study was performed
with a less sensitive time-domain OCT. It would be helpful to
use a volumetric imaging protocol with more sensitive Fourier-
domain OCT technology to study the changes before and after
mineralization treatment. This way, the tissue locations can be
registered for a more accurate comparison.
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