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Abstract. Experimental proof-of-concept is presented for a quasi-
holographic solution to polarization-sensitive optical coherence to-
mography �PS OCT�. Due to decoupling between the reference and
sample beams by polarization, the solution seems acceptable to ac-
quisition and communication of optical data in the nonlaboratory en-
vironment. The nonlab environment implies uncontrollable distur-
bances, e.g., temperature changes and mechanical effects happening
under shop testing in industry or routine examinations in common
clinics and hospitals. For mapping the collagen-related depolarization
ratio of light backscattered from the human dermis, a phenomenologi-
cal model is evolved from the theory of light depolarization in crys-
talline polymers. The model yielded a simplified intensity-based esti-
mation algorithm. The design concept and the model rely on a
submillimeter tumor thickness as a proofed prognostic factor and an
important criterion for complementary functional diagnostics of skin
cancers in their early phase. Choice of the model is inspired by simi-
larity of structural and optical properties between liquid-crystal col-
lagen fibers in the dermis and birefringent crystalline lamellae in some
polymer materials. The model gives a plausible interpretation of a
peculiarity of cumulative birefringence in the abnormal skin dermis.
Following a top-down approach to design, the authors attempt to con-
tribute to bridging the gap between practitioners’ concerns and aca-
demic studies. © 2008 Society of Photo-Optical Instrumentation Engineers.
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Introduction
t has been more than 30 years since A.P. Ivanov, A.P. Chaik-
vskii, and A.A. Kumeisha advanced and proved experimen-
ally a new method for optical sectioning in scattering, not
nly reflecting, media by means of depth-resolved measure-
ents of backscattered light with low coherence

nterferometry.1 A potential for the study of the microstructure
f blood, living tissue or leaf, etc. was directly asserted in
heir pioneer paper. This method is the immediate precursor to
ptical coherence tomography �OCT�.2 It should be evident to
amiliar with the literature. Recently, the above-mentioned pa-
er has been mentioned by de Boer in his comprehensive
eferences.3

Nowadays, the penetration depth for cross-sectional imag-
ng performed with OCT is limited to a little more than one

illimeter for scattering biological tissues such as the human

ddress all correspondence to: Vitali Tougbaev, Tel: +82-62-970-3429; Fax:
82-62-970-3419; E-mail: tougbaev@apri.gist.ac.kr; and Do-Kyeong Ko, Tel:
82-62-970-2227; Fax: +82-62-970-3419; E-mail: dkko@gist.ac.kr
ournal of Biomedical Optics 044014-
skin.4 At first glance, it could impede the application of OCT.
But biomedical imaging is too loose a concept. That is why a
distinction should be made between biological subcellular
studies and common clinical examinations. Smart optical
techniques of subcellular resolution including OCT are able to
successfully complement conventional biopsy and histopa-
thology of superficial skin but are not readily available for
routine clinical inspections.5,6 These techniques can identify
images of cancer cells to only a few hundred micrometers
depth. However, the recent detailed studies of cancer statistics
in Germany, Austria, Switzerland, North America, Scotland,
and Australia show that the tumor thickness of 0.5 mm domi-
nates as the strongest prognostic factor of superior long-term
survival for patients with thin cutaneous melanomas.7 Al-
though the occurrence of melanoma is small, e.g., in compari-
son to basal cell carcinoma—one of the commonest types of
malignant superficial lesions, often melanoma-type cancers
are not diagnosed until they are in the later stage of develop-
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ent, and the delays are irremediable and horrifying.8

Growing vertically through the epidermal-dermal junction,
he tumor damages optically birefringent collagen fibers, an
bundant structural and functional component of dermis.9 A
epletion of collagen content manifests through a loss of cu-
ulative �macro-� birefringence within the dermis regions in-

aded by tumor. Estimation of inferior and lateral tumor mar-
ins is essential to minimize the number of numerous
istological excisions and preserve as much healthy tissue as
ossible. In general, the potential of polarization-sensitive
CT �PS OCT� to provide functional characterization of ab-
ormal dermis by mapping these margins was demonstrated
nder laboratory conditions.10,11 However, for applications
ith unexpected external perturbations, e.g., mechanical ef-

ects and the ambient temperature drift arising in the clinical
nd hospital environment, PS OCT systems must meet special
equirements. Before now, we made just speculative attacks
n this challenge.12,13 Here, we reveal the basic principle and
onsider in more detail the experimental verification of the
pecific solution proposed for such systems as well as men-
ion the simplified algorithm for mapping birefringence of
ermis through measurements of the depolarization ratio.14

Design Criteria
.1 Top-Down Approach
eedless to say, dermatologists and patients would prefer to
eal with a skin probing head that looks like a friendly hand-
eld device coupled to a flexible interface cable. The exami-
ations should be free of tedious readjustments after each test
r changes in ambient properties necessarily happening in
ommon cancer care units or consulting rooms. It is also
trongly desirable to display results of tests in more indicative
orm accessible to an ordinary medical operator. But the is-
ues do not add up to ergonomic engineering only. As applied
o PS OCT, the main problem is how to reduce deterioration
f polarization data integrity in the course of acquisition and
ommunication of optical information from a patient’s body
o the operator workstation. The adequate solution is seen in

eeting simultaneously the following basic requirements:
• Decoupling between the reference and sample beams by

olarization to provide data transmission through separate
olarization-preserving optical fibers;

• Avoiding any mechanical modulation in the reference
rm as a weak point in the case of external mechanical im-
acts;

• Use of a simplified criterion for characterizing the mar-
ins of dermis regions with abnormal changes in collagen
ontent.

Such a top-down approach has brought us to the solution
alled, for short, quasi-holographic. The solution gives instan-
aneous A-scans as spatially evolved fringes similar to those
btained in holographic spectroscopy.15 Since spectral content
s beyond our interest here the fringe postprocessing is antici-
ated without Fourier inversion as in the case of the so-called
inear OCT �L-OCT� system.16 Therefore, such a quasi-
olographic solution does not belong to Fourier domain OCT.
n the broad sense, OCT in itself can be considered as a
ranch of holography.17 Here, we introduce a unique tandem
nterferometer of polarization type that meets, in our thinking,
ournal of Biomedical Optics 044014-
the above-mentioned main requirements for the best advan-
tage.

2.2 Basic Principle
The optical schematic is shown in Fig. 1. The tandem inter-
ferometer is composed of the sensing Mach-Zehnder interfer-
ometer �MZI� of polarization type and the receiving Wollaston
prism interferometer �WPI�. The optical path in the sample
arm of the sensing interferometer lies from the hypotenuse
verge of NPBS, through FL-S-FL-NPBS-BHWS1, up to the
hypotenuse verge of PBS. In the reference arm, the optical
path lies from the hypotenuse verge of NPBS, through
M1÷4-BHWS2-P2, up to the hypotenuse verge of PBS. In this
configuration, the crucial function of PBS and WP is to com-
bine rather than split light beams. As is known, the key to
operation of tandem interferometers is matching of optical
path difference �OPD� between sample and reference beams
in sensing and receiving interferometers within the coherence
length lcoh of probing light. In a sensing interferometer, OPDs
are encoded without fringe formation, and in a receiving in-
terferometer, OPDs are decoded, spatially or in time, in the
form of fringes to be finally read out.18 Briefly, a tandem
interferometer transforms changes of OPD, induced by a mea-
surand, to detectable variations of the fringe pattern.19

Our scheme is inherently free of autocorrelation artifacts
caused by interference between beams reflected in a sample
itself. Also, OPDs attainable in this scheme can exceed lcoh
more than two orders without any mechanical A-scanning.
The basic principle and the previously-mentioned features can
be readily explained in terms of the relative group delays
between wave trains propagating in the dispersion-
compensated arms. Indeed, the light beam from a cw SLD
with the spectral bandwidth �� and the central wavelength �
has coherence time ����2 /c��, where c-speed of light.
This beam can be well treated as a random sequence of trav-
eling wave trains, each of duration ��= lcoh /c.

First, consider the case when depolarization of the beam
backscattered �reflected� from the sample is negligible. There-
fore, BHWS1,2 can be temporarily ignored. Although such an
assumption simplifies the explanation, it does not compromise
the concept in itself. This case is sufficient for experimental
validation even within a limited budget �see Sec. 3�.

Referring again to Fig. 1, a linearly polarized train arrives
from SLD through P1 and is split by NPBS into mutually
coherent sample and reference trains. Imagine the sample i-
and j-trains that are backscattered, respectively, from the near
interface i and the rear interface j. Let i-train and j-train
spend times Ti

MZ and Tj
MZ, respectively, for the total traveling

of the sample arm. Suppose that the concurrent reference
r-train needs time Tr

MZ to pass through the reference arm. The
length of this arm is adjusted so that

Ti
MZ � Tr

MZ � Tj
MZ. �1�

As seen in Fig. 1, the r-, i-, and j-trains combine in PBS and
travel BE to enter WP. For clarity, these trains are denoted in
Fig. 1 �lower right� as wave forms with orthogonal polariza-
tions � and �. Shown at the entry of WP, relative group
delays between the wave forms are arranged according to the
relationship �1�.
July/August 2008 � Vol. 13�4�2
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Now, observe how the trains pass through WP—the basic
lement of WPI. The standard WP shown in Fig. 1 comprises
wo �-angled wedges of equal middle thickness d jointed by
heir hypotenuses. The wedges are made of uniaxial negative
rystal, preferably calcite, with birefringence ne−no�0,
here ne and no are extraordinary and ordinary refractive in-
ices, respectively. As seen in Fig. 1 �lower right� the optical
xes � and � in the wedges are aligned perpendicular to each
ther and parallel to the entrance-exit faces of WP. Each of
he combinations ��,�� and ��,�� is related to the retarded
raveling with the speed c /no, whereas ��,�� or ��,�� corre-
ponds to the less retarded propagation with the speed c /ne.
or sufficiently small angle � and angles of incidence to the
ntrance face of WP, the following expression well approxi-
ates the time Tj

WP needed for the j-train to pass through WP
t the distance xj,

Tj
WP =

ne�d + xj tan �� + no�d − xj tan ��
c

, �2�

nd time Tr,j
WP of the r-train traveling WP at the same distance

j is

Tr,j
WP =

no�d + xj tan �� + ne�d − xj tan ��
c

. �3�

imilarly, time Ti
WP of the i-train traveling WP at the distance

is approximated as

 Ti

MZ

SLD

NPBS

BHWS1

(0
o
or 45

o
)

BHWS2

(0
o
or 45

o
)

FL

C

M1 M2

M3

P1 (0
o
)

P2 (45
o
)

SENSING MZ INTERFEROMETER

j

S

 Tj

MZ

i

ig. 1 Optical schematic of the PS OCT system based on the tandem
—collimating lens; P1 and P2—linear polarizers; NPBS—nonpolarizi
1÷4—steering mirrors; BHWS1,2—bistable half-wave switches; PBS—
P—Wollaston-type prism; P3—linear polarizer; CL1 and CL2—cylin
ith respect to the plane of the draft are shown in parentheses. For sim
i
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Ti
WP =

ne�d − xi tan �� + no�d + xi tan ��
c

, �4�

and time Tr,i
WP of the r-train traveling WP at the distance xi is

Tr,i
WP =

no�d − xi tan �� + ne�d + xi tan ��
c

. �5�

Emerging from WP, orthogonally polarized reference and
sample trains are able to interfere on the conditions that: �1�
their initial group delays are compensated in WP to ��, and
�2� their orthogonal polarization states are recombined to a
single linear polarization state to yield interference fringes.

The latter interference condition is readily satisfied by
means of the linear polarizer P3. Then, by analogy of birefrin-
gent interferometers,15 the fringe pattern with the best visibil-
ity will be localized in the plane � shown by the dotted line
inside WP in Fig. 1 �lower right�. This plane is the locus of
snap points of the sample and reference rays that are deflected
after WP apart from each other at the angle �.

The first of the preceding interference conditions implies
that the best interference contrast is achieved in the vicinities
of xi and xj on the plane � if

Tj
MZ − Tr

MZ = Tr,j
WP − Tj

WP, �6�

TMZ − TMZ = TWP − TWP. �7�

WP

CL2

(0
o
)P3

CL1

(90
o
)

CCD
BE

RECEIVING WP INTERFEROMETER

!

d d

 

–xi

+xj

! 

ne < no

 
 

 

 

!
O O'

Ti

MZ

Tj

MZ

Tr

MZ

rometer. Sensing MZ interferometer: SLD—super luminescent diode;
msplitter; FL—focusing lens with low numerical aperture; S—sample;
ing beamsplitter. Receiving WP interferometer: BE—beam expander;

lenses; CCD—linear CCD array. Angular orientations of optical axes
, a lateral scanning device and a dispersion compensator are omitted.
PBS
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Now, we define a theoretical interval of depth attainable in
ur scheme. After trivial algebraic manipulations of Eqs.
2�–�7�, we have

Tj
MZ − Ti

MZ =
2�no − ne��xi + xj�tan �

c
. �8�

he left side of Eq. �8� represents the double time of traveling
he depth interval Li,j between interfaces i and j. Introducing
he mean refraction index ñ of the sample medium within the

i,j, we easily obtain from Eq. �8�

Li,j =
�no − ne��xi + xj�tan �

ñ
. �9�

n the general case, any range a=xi+xj of the WP light aper-
ure correlates to the following theoretical depth interval:

L =
�no − ne�a tan �

ñ
. �10�

It should be emphasized more particularly that the true
ecoupling between arms is ensured by orthogonality of po-
arization states of beams transmitted through each arm. The
eams reflected from various interfaces i , j , . . . in the sample
ecome linearly polarized after passing through the polarizing
eamsplitter PBS and then enter WP. Each of these partial
eams travels the halves of WP either as an extraordinary or
s an ordinary beam. These beams are not split by WP, but are
eflected equally, and propagate as a whole beam. The latter
annot form by itself a spatially localized fringe pattern. In
ontrast to that, orthogonally polarized reference and sample
eams are deflected in WP in opposite directions, as noted
arlier. These beams intersect spatially, and after combining
y polarization in the linear polarizer P3, yield a fringe pattern
ocalized in the plane � of WP, by some analogy with the
resnel double-mirror experiment. Reflections between any
irtual interfaces in the sample will contribute to this pattern,
ut incoherently. Therefore, the pattern will be devoid of au-
ocorrelation artifacts that are intrinsic, e.g., to spectral do-

ain OCT.20 This excludes additional corrections based on
mart software21 or other contrivances.22

Obviously, if the r-train together with the i- or j-train
ravel equal optical path lengths in MZI, they lead to a zero-
rder interference fringe in WPI. Location of this fringe cor-
esponds to the equal wedge thicknesses in WP, i.e., positions
here xi=0 or xj =0. In some practical cases, the zero-order

nterference fringe should be shifted from the center of the
P aperture. For that, it is necessary to change the relative

hicknesses of the wedges12 or insert in front or behind WP, a
irefringent plate, which is cheaper.23 At the design stage, a
equired position of L can be present beneath the sample sur-
ace by choosing the proper plate thickness. Also, the optical
ath length of the reference arm and the probing beam waist
osition should be optimized. Included in Eq. �10�, values of
for human skin24 and �no−ne� for calcite crystal25 are well

nown within a wide spectral range.
Noteworthily, WP-type prisms based on three birefringent

edges have equivalent optical characteristics at smaller �
nd therefore provide better quality of the fringe pattern.26 A
light slope of the plane � relative to the faces of WP is less
ournal of Biomedical Optics 044014-
in the three- than the double- or the single-wedge devices. A
considerable slope deteriorates a proper projection of the
fringes onto the CCD plane. The slope can be eliminated in
WP of special design,27 but we prefer to use standard compo-
nentry. The more practical solution is seen in slightly tilting a
standard WP in the plane of beam splitting.28

2.3 Time Division of Polarization Components
Still referring to Fig. 1, consider the more general case. Let
the linearly polarized probing light after double-pass traveling
the sample acquire both the horizontal I� and the vertical I�

intensity components of the polarization state. Orientations of
these components are denoted by ��� and ���, respectively. In
general, both sample birefringence and scattering influence
the polarization state of the probing light. At submillimeter
depths in normal human skin, linearly polarized incident light
is maintained preferentially over circularly polarized light.29,30

At larger depths, PS OCT with linearly polarized light may
result in better detection sensitivity and reduction of system-
atic errors in birefringence measurement as compared with
circularly polarized light.31 At submillimeter subcutaneous
depths, especially with the use of PS OCT, contribution of
scattering to polarization changes can be neglected.32,33 Re-
gardless of preference for either polarization, all emerged PS
OCT topologies are based on the well-known concept of two
independent polarization channels.34 The channels are dis-
criminated through a spatial separation35–38 or in combination
with a software-based technique.39

Instead of the spatial separation, we propose a temporal
separation, i.e., time division of polarization components. The
idea consists in a high-speed alternate transmitting of either
orthogonal polarization component through the same optical
channel to the same detector. For that, the bistable half-wave
switch BHWS1 is introduced in the sample arm of MZI. As
shown schematically in Fig. 2, BHWS1 based on the
ferroelectric-liquid-crystal cell operates as an electrically
switchable half-wave retarder.40 Diagrams of polarization
states and optical axes and planes are represented in succes-
sive sections along the beam propagation from left to right.
Reversing the polarity of dc low voltage applied to BHWS1
changes orientation of its principal axis exactly from one
steady state at 0 deg to another state at 45 deg and back.
Being sufficiently achromatic, BHWS1 transforms the incom-
ing polarization state, elliptical in the general case, to an in-
termediate polarization ellipse. The latter holds the same
shape but is the mirror of the incoming ellipse about the
BHWS1 principal axis activated at the moment. BHWS1 in
combination with PBS works both as a discriminator and an
accurate discrete modulator of incoming polarization state
components I� and I�. The discrete modulation is more ad-
vantageous than a continuous one since it has less fringe
washout during lateral scanning.38 Functional testing of the
commercial model LV2500-OEM �Displaytech, Inc.� prede-
signed as BHWS1 gave us polarization modulation depth up
to 27 dB for incoming light from SLD with the central wave-
length �=827 nm of the spectral band ��=42 nm. For this
device, the typical time of transition between two steady op-
tical states is specified as short as tens of microseconds, and
the maximum permissible frequency of modulation is
20 kHz.
July/August 2008 � Vol. 13�4�4
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Thus, the mechanism of fringe formation for each of com-
onents I� and I� comes directly to the case we analyzed in
he preceding section. It is also evident in Figs. 1 and 2 that to
hange by 45 deg the principal axis orientation of the addi-
ional switch BHWS2, identical to BHWS1 the phase of the
eference beam will undergo the half-wave flip. Such modu-
ation yields either in-phase or anti-phase fringes.15,41,42 At
ero OPD, the in-phase fringes Fin will exhibit positive peaks,
nd the anti-phase fringes Fanti will exhibit negative peaks of

noisy interference signal s superimposed on a dc back-
round Bdc. The background Bdc consists of a noncoherent
tationary component and a constant bias caused, e.g., by dust
articles. This background does not interfere and is indepen-
ent of the polarization. In addition, it is assumed to be the
ame in both fringes Fin and Fanti at least during the period of
odulation,

Fin = Bdc + s , �11�

Fanti = Bdc − s . �12�

s seen in Eqs. �11� and �12�, when subtracting the anti-phase
ringes Fanti from the in-phase fringes Fin, the background Bdc
s suppressed and the interference signal s is added. The re-
ultant fringe pattern F is expressed as the following:

F = Fin − Fanti = �Bdc + s� − �Bdc − s� = 2s . �13�

lthough this fringe pattern still contains the initial noise,
uppression of the noncoherent stationary component and the
onstant bias promotes better fringe visibility and perfor-
ance reliability. Seemingly, some analogy with a balanced

etection43 can be drawn for such a technique.

Experimental Validation
.1 Balancing of Arms
oteworthily, some experimental findings are added to elabo-

ate the initial design.13 As is known, the intensity of the beam
ackscattered from most biological tissues is a few orders of
agnitude less than the incident beam intensity.44 That is why

he reference arm intensity should be attenuated by two or
ore orders of magnitude to improve the signal-to-noise

atio.45 As seen in Fig. 1, the reference channel of MZI uses

Incoming
Polarization State

I 

I!

I 

I!

BHWS1

Principal Axis
Orientation

P

45
o

0
o

Fig. 2 Alternate transmitting the orthogonal pola
ournal of Biomedical Optics 044014-
no traditional means to attenuate the reference beam intensity.
This function is fulfilled successfully with the linear polarizer
P3. Basically, this optical element serves to combine by po-
larization the reference and sample beams that propagate in
WP either as ordinary or extraordinary beams. On the other
hand, smooth rotation azimuthally of P3 allows reciprocal
balancing of intensity between the arms with any ratio from 0
to 1. In particular, such an original technique enables easier
control of the fringe pattern contrast.

3.2 Projection of Fringes
To increase still more the optical efficiency of our scheme, the
projection system comprises cylindrical lenses CL1 and CL2
arranged as shown in Fig. 1. CL1 projects on CCD the fringe
pattern localized inside WP. CL2 “condenses” more light
across the length of the linear CCD array.15,26 A spherical
objective lens used instead of CL1 would not give both an
effective condensing and a sharp imaging with variable mag-
nification. The reason is the intrinsic astigmatism of such a
system.46 Since CL1 and CL2 are crossed at 90 deg, they form
the so-called anamorphic lens system. It is the optimal solu-
tion in our particular case inasmuch as the fringe direction is
orthogonal to the length of the linear CCD array. Figure 3
illustrates a fragment of the fringe pattern formed using an
alignment red laser. The pattern is projected with fourfold
magnification from the plane inside WP onto the plane of the
expected location of the CCD. Magnification could vary op-
tionally. For comparison, sizes of a single pixel are shown on
the right side. The pattern looks somewhat distorted because it
is taken using self-made magnifying optics and an amateur
camera �Samsung KENOX S500�. Nevertheless, the picture is
evidence of the dramatically increased optical throughput due
to making use of the anamorphic lens system. Also, such an
approach may be helpful to the spectrometer design used in
spectral domain OCT systems.

I 

I 

I!

I!

PBS
Polarization

Plane

diate
n State

Transmitted
Polarization
Component

components of the incoming polarization state.

single pixel 10 x10 µm
2

Fig. 3 “Condensed” fringe pattern �fragment�.
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.3 “Rule of Thumb”

igure 4 illustrates the hardware layout of the experimental
etup based on the tandem interferometer assembled accord-
ng to the optical schematic in Fig. 1. It is worthy of notice
hat the interferometer does not contain high-precision trans-
ational stages for lateral positioning, in contrast to the sys-
ems of spectral domain PS OCT with two optical
hannels.38,47,48 Nevertheless, due to exploiting a single opti-
al channel and a single detector, the interferometer alignment
as relatively straightforward, although additional efforts
ere required to manipulate bulk optics. On the other hand,
ulk optics makes assembling of unique configurations in
ome respects more flexible.

The interferometer structure comprises commercially
vailable optical components that are sufficiently achromatic
nd have high polarization contrast in the spectral range ��
42 nm of SLD �Inphenix Corp.�. The central wavelength
=827 nm of SLD is near to the maximal spectral response
f the exploited linear CCD array, in particular, model AViiVA
4 �Atmel Corp.�. The total number of pixels Np=4096, and

he pixel width �p=10 	m with fill factor close to unity. As
hown here, Np is a crucial parameter that determines the
heoretically attainable depth interval L given by Eq. �10�. To
stablish a practical relationship between L and Np, a kind of
ule of thumb can be derived from the following consider-
tions. Using previous notations, the spatial period of fringes
nside WP is expressed with the well-known formula49

�f =
�

�
, �14�

here �=2 �no−ne�tan � is the angle of beam splitting for
P. Combining Eqs. �14� and �10� yields

L =
�a

2ñ�f
. �15�

Assume a=A, where A is the full light aperture of WP
rojected with magnification M onto the full physical length

of the linear CCD array. Suppose also that 
 is a spatial
requency of sampling defined as a number of pixels per
ringe period �F of the projected pattern. Under these as-
umptions, the following obvious relationships are valid

Fig. 4 Hardware layout of the experimental setup.
ournal of Biomedical Optics 044014-
M =
D

A
=

�F

�f
, Np =

D

�p
, 
 =

�F

�p
, �16�

and manipulation of Eqs. �15� and �16� gives finally

L =
�Np

2
ñ
. �17�

Thus, the attainable depth interval L is determined only by
the total number of pixels Np, the central wavelength �, the
spatial frequency of fringe sampling 
, and the mean refrac-
tion index ñ of the sample medium within this interval. The
rule of thumb expressed with Eq. �17� is valid for estimation
of the properly attainable value of L, provided the WP aper-
ture is effectively filled with the light beam and projected onto
the full length of the linear CCD array.

3.4 Signal-to-Noise Considerations
Compare our solution with the interferometer introduced in
L-OCT50 and based on the principle similar to Young’s two-
pinhole experiment. Although our interferometer differs con-
ceptually from the preceeding, the common feature of both
interferometers is that the fringe pattern is formed spatially
and projected on a linear CCD array for further readout. An
important point is that the attainable depth interval L obeys
the same Eq. �17� for both interferometers.50 L is spatially
evolved along the full physical length D of the linear CCD
array. D is scanned electronically during the CCD readout
time T. It is equivalent to the mechanical scanning of L with
some velocity V. For L-OCT and time-domain OCT �TD,
OCT�, the approximate signal-to-noise ratios �SNR� in the
case of shot-noise-limited detection of analog signals are ex-
pressed with similar equations50

SNRL-OCT =
lcoh�s

L/T
, �18�

SNRTD-OCT =
lcoh�s

v
, �19�

where �s is the total photon flow incident on the CCD array
from the sample arm. It is worthy of special notice that Eq.
�18� is valid for our system as well. As is known, TD OCT
may exhibit superior performance with respect to SNR, espe-
cially in turbid media. Therefore, in spite of the simplified
consideration, the analogy with TD OCT still makes L-OCT
and our solution promising for probing the nontransparent tis-
sues. In general, PS OCT is able to achieve SNR sufficient for
mapping cumulative �macroscopic� birefringence of skin with
the reasonable resolution at submillimeter depths.11 Involve-
ment of polarization-preserving fiber optics44 as well as the
replacement, with time, of CCD by complementary metal-
oxide semiconductor �CMOS�16 would contribute to our sys-
tem performance.

3.5 Comparison of Theory and Experiment
Figure 5 shows the fringe pattern resulting from the interfer-
ence between the recombined orthogonally polarized refer-
ence beam and sample beam in our experimental setup. The
sample beam is reflected from the polarization insensitive sil-
July/August 2008 � Vol. 13�4�6



v
o
u
d
p
s
e
o
s
s

G
r
s
p
n
m
c
e
�
=
m
=
t
m
s

a

A
a
t
t
t

w
w

Tougbaev et al.: Quasi-holographic solution to polarization-sensitive optical coherence…

J

er mirror. While translating the mirror along the optical axis
f the sample arm, the pattern shifted along the array. Making
se of the anamorphic projection and the reciprocal balancing
escribed earlier facilitated obtaining the distinct interference
attern superimposed on a dc background. The pattern is
omewhat affected by air turbulences and parasitic interfer-
nce fringes typical of a Mach-Zehnder interferometer based
n bulk optics.51 Exploiting of single-mode fiber optics would
uppress these artifacts and smooth the fringe pattern due to
patial filtering.52

Replacing the silver mirror with a coverglass plate �Menzel
läser GmbH� of thickness 148 	m, measured with a caliper

esolution of 1 	m, yielded two separate fringe patterns
paced apart and produced by reflections from each of the
late surfaces. As expected, the patterns moved synchro-
ously with shifting of the plate. The distance between the
ain peaks of the patterns remained the same. This is in ac-

ordance with the basic properties of the tandem interferom-
ter revealed earlier. A standard two-element Wollaston prism
CVI Corp.� made of calcite was used as WP and had �
5 deg. The roughly estimated distance between the experi-
entally observable peaks gave the number of pixels Np�
2500�20. The magnification M =4.8 was calculated from

he thick lens formula applied to the cylindrical lens CL1 of
odel CKX038 �Newport Corp.�. Using the evident relation-

hip

a =
�pNp�

M
, �20�

nd substitution of Eqs. �14� and �20� into Eq. �15� yields

L =
�pNp��

2ñM
. �21�

fter substitution into Eq. �21� of the known numerical values
nd assuming ñ=1.52 for the used coverglass plate,53 we ob-
ained finally L=149 	m. This is in a good agreement with
he plate thickness 148 	m, which we gauged directly using
he caliper.

From the fringe envelope subjected to bandpass filtering,
e obtained lcoh of SLD. This was about 8 	m and correlates
ell with the theoretical value 7 	m evaluated for free-space

Fig. 5 A snapshot o
ournal of Biomedical Optics 044014-
from the spectral characteristics of SLD, i.e., �=827 nm and
��=42 nm corresponding to full width at half maximum
�FWHM� of the spectrum approximated with a Gaussian pro-
file.

This decisive experiment is plain but indispensable evi-
dence of the ability of the embodied interferometer to de-
couple between arms by polarization and under the given res-
olution to “sense at once,” without mechanical A-scans, any
reflective interface fallen into the attainable depth interval.
According to the derived rule of thumb, at ñ=1.4 typical of
the human skin24 and 
=3, i.e., the one-and-half Nyquist fre-
quency, the commercial cameras AViiVA with linear array for-
mats 4k, 6k, and 8k are well suited for submillimeter depth
intervals 0.4 mm, 0.6 mm, and 0.8 mm, respectively. The in-
terferometer design allows presetting these intervals of inter-
est further beneath the superficial layers, e.g., behind the
epidermal-dermal junction of human skin.

To distinguish between the normal and depleted collagen
contents in dermis only through measurements of I� and I�, a
phenomenological model of depolarization is evolved here.

4 Depolarization in Dermis
4.1 Phenomenological Model
In dermal layers, collagen fibrils are packed in collagen
bundles and have lamellae structure.54 The finely woven
meshwork of reticular collagen fibers is typical of the upper
dermis, whereas thick, coarse collagen bundles are the main
feature of the deeper layers. In respect to crystal optics, col-
lagen fibrils in skin are nothing but liquid-crystal structures
with typical sizes varying from nano- to micrometric scales.55

Human skin biopsies show that birefringent crystalline fibers
of collagen, however, are woven in dermis layers more or less
chaotically but arranged mainly parallel to the skin surface.
With relation to polarimetry and in particular PS OCT, a
lamella can be considered as a linear tiny retarder in which
slow and fast axes lie, respectively, parallel and perpendicular
to the fibril direction.56 Noteworthily, known from the litera-
ture a birefringence model of PS OCT for human cornea is
based on a stack of thin birefringent lamellae with two pref-
erential, nearly orthogonal orientations, superimposed on a
background of lamellae with random orientation.57,58

Pixel number

atial fringe pattern.
f the sp
July/August 2008 � Vol. 13�4�7
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The lamellae in the human dermis have a much more dis-
rdered structure than in the cornea. Can a great many cha-
tically oriented collagen lamellae be considered as a single
bject that still displays birefringent properties? To answer
his question, we referred to the theory of light depolarization
n a statistical system of parallel crystal plates.59 The theory
ell interprets depolarization of light for crystallizing poly-

thylene of high density.60 In general, the lamellar microstruc-
ure of collagen in the dermis looks, in our thinking, rather
lose to crystalline morphology of such polyethylene,61,62 al-
hough birefringence values differ almost by one order of

agnitude.63,64

Consider a single lamella of thickness t and optical bire-
ringence �n, placed between crossed polarizer and analyzer.
he optical axis of the lamella is oriented azimuthally at the
ngle  with respect to the polarizer. From the theory of com-
ensators, provided absorption and spectral dispersion are
egligible, the intensities of probing light with a center wave-
ength � transmitted through the analyzer parallel and perpen-
icular to the polarizer are in the ratio corrected for
cattering65

I�

I� + I�

= sin2 2Ri, �22�

Ri = sin2 �t�n

�
, �23�

here Ri is the optical retardation of the individual lamella.
igure 6 shows a statistical system of lamellae chaotically
riented azimuthally but arranged parallel to any cross section
f the probing light beam. For such a system, the afore-

Fig. 6 Statistical ensemble of birefringent lamellae.65

Table 1 Design parameters of the computationa

�
�nm�

r
�	m�

s
�	m�

t
�	m�

827 7.5 16 6
ournal of Biomedical Optics 044014-
mentioned theory65 yields the depolarization ratio D of trans-
mitted light

D =
2I�

I� + I�

= 1 − exp�− RN� , �24�

where R is a variable similar to that in Eq. �23� but averaged
over the ensemble of Ri, and N is the average number of
lamellae encountered on the total path of the light beam with
the cross section defined by the circle in Fig. 6. In the strict
sense, the depolarization term RN is not a unique function of
material quantities involved in Eq. �23� but depends also on
statistical distribution both of lamella sizes and
concentration.65

For purposes of further analysis, still hypothesize the va-
lidity of decoupling the RN. Suppose that in Eq. �23�, vari-
ables t and �n are already averaged values, and substitute Ri
for R in Eq. �24�. Obviously, for measurement of I� and I�

with the PS OCT system shown in Fig. 1, the polarization
plane of P1 should be preset at 90 deg. A probing light beam
returning from the dermis depth z will undergo depolarization
on the double rather than the single pass. Therefore, we have
to intuitively suppose the validity also of the optical reciproc-
ity principle.66 Further, assume that the collagen lamellae
have average interspacing s between layers. Suppose also that
the average number of the lamellae per unit cross-section area
of the probing beam is c�z� and the beam radius is r. Now,
there is no difficulty to come from Eqs. �23� and �24� to

D�z� = 1 − exp�−
2�r2

s
sin2��t�n

�
��

z0

z

c�z�dz	 , �25�

where zo is the depth of the epidermis-dermis interface form
which the dermis displays noticeable birefringent properties,
i.e., has c�z��0. As shown here, the algorithm based on mea-
surements I� and I� is able to identify inferior margins of
simulated tumor.

4.2 Estimation Algorithm
Consider a computational “phantom” simulating a dermis-like
medium with realistic optical characteristics given in Table 1.
The values of parameters s and t are close to those given in
Ref. 67; zo, co, and �n are taken, Refs. 54, 68, and 69; and �
and r are typical of PS OCT. First, imitate a rise of lamella
density with depth for normal dermis as

c�z� = co�1 − exp�−
z

z�
�	 . �26�

In Eq. �24�, co is the maximal concentration attainable far
beyond the depth of interest, and z� is some depth in upper
dermis with lamella concentration co�1−1 /e�, where e is the

is-like phantom.

�
m�

zo
�	m�

co
�mm−2� �n

0 100 3·104 3·10−3
l derm

z
�	

20
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ase of the natural logarithm. The depolarization ratio D�z�
alculated from Eq. �25� for this case is shown by the upper
urve in Fig. 7.

Assume that a simulated tumor invades in dermis to the
epth of 500 	m and depletes the lamella concentration to
he level of c�z� /e homogeneously throughout the tumor vol-
me. The homogeneity is a quite admissible assumption be-
ause, e.g., the early melanoma has a compact tumor,70 and on
he other hand, a tumor of smaller size has more homoge-
eous structure.71 The choice of the 1 /e levels is caused just
y simplicity of the exponential presentation. For this “deple-
ion” case, the depolarization ratio D�z� is reduced consider-
bly, as shown by the bottom curve in Fig. 7. In addition the
urve of D�z� undergoes an upward bend at the inferior mar-
in 500 	m of the simulated tumor. Qualitatively, these pe-
uliarities resemble the decrease in cumulative birefringence
nd the similar bend that were demonstrated with PS OCT by
trasswimmer et al. for basal cell carcinoma of nodular type
ith ulceration.10 Seemingly, the difference is only in the

orm of birefringence presentation—through either the depo-
arization ratio or the averaged phase retardation. The averag-
ng over A-scans along a lateral direction is efficient because
t takes into account a difference between macroscopic and

icroscopic distribution of lamellae orientation from site to
ite on the skin.55,72 With respect to our approach based on the
epolarization ratio, it means a possibility to use probing
eams with larger radii although small enough to sufficiently
esolve tumor lateral margins. Additionally, it may shorten the
ime needed for lateral scanning. The relationship �24� can be
onsidered as the intensity-based algorithm for simplified
haracterization of collagen depletion in dermis through com-
arative mapping of the depolarization ratio for abnormal and
erilesional regions of skin.

Conclusion and Future Work
n experimental proof-of-concept is presented for the original

andem interferometer. The tandem interferometer comprises
he sensing Mach-Zehnder interferometer, whose arms are de-
oupled by polarization, and the receiving interferometer
ased on a Wollaston-type prism. The prism evolves immedi-

0
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ig. 7 The calculated depolarization ratio as a function of depth in the
ermis phantom with normal �upper curve� and depleted �bottom
urve� collagen content.
ournal of Biomedical Optics 044014-
ately and unambiguously the depth range in the sample into
the spatial fringe pattern, which is scanned electronically by a
linear CCD array. The tandem interferometer is intended for a
PS OCT system with the following features: only one channel
for detection of orthogonal polarization intensities, no me-
chanical A-scanning, and compatibility with polarization-
preserving fibers. Due to these features, the system seems
applicable to nonlaboratory conditions with external perturba-
tions. Also, a phenomenological model is evolved from the
theory of depolarization of light in crystalline polymers. The
simplified algorithm derived from the model uses the mea-
sured orthogonal polarization intensities for mapping margins
of collagen depletion regions. Preliminary computational re-
sults correlate qualitatively with experimental observations
known from the literature.

In the optical schematic shown in Fig. 1, the sections of
optical paths defined by 
P1-NPBS�, 
BHWS1-PBS�, and

NPBS-M1÷4-BHWS2� are devised specifically with the pos-
sibility of exploiting polarization-preserving fibers in minimal
combination with bulk optics. These fibers will be integrated
in a flexible, advantageously shielded cable. The cable should
couple a handheld head of the optical probe to the main unit
of the system. However, this is a challenge to our further
research and development. One of the expected engineering
issues is the coupling efficiency of interconnections between
small-core fibers and bulk optics. Fortunately, commercially
available polarization-maintaining fibers possess sufficient
stability of polarization-preserving properties with respect to
bending, twisting, tension, and temperature changes, which
was proved in the severe field environment.73 In addition to
these properties, single polarization fibers combine high po-
larization extinction with an exclusively wide spectral band.74

This makes them prospective candidates for fiber-based PS
OCT.
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