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Abstract:  Fiber-based high-speed polarization-sensitive Fougenain
optical coherence tomography (PS-FD-OCT) is developed 4& 8m
wavelengh using polarization modulation method. The iacidstate of
polarization is modulated along B-scan. The spectrometsrahpolarizing
beamsplitter and two line-CCD cameras operated at a lire obt27.7
kHz. From the Oth and 1st orders of the spatial frequencieagathe
B-scanning, a depth-resolved Jones matrix can be deriweck Sontinuous
polarization modulation along B-scan causes fringe watsheguivalent
discrete polarization modulation is applied to biologicaéasurements.
For the demonstration, an vitro chicken breast muscle, am vivo finger
pad, and arin vivo caries lesion of a human tooth are measured. Three
dimensional phase retardation images show the potentinpplying the
system to biological and medical studies.

© 2006 Optical Society of America
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1. Introduction

Optical coherence tomography (OCT) has been developed @sume depth-resolved im-
ages of various biological tissues [1]. In addition to theeitsity image of biological sample,
polarization-sensitive optical coherence tomography@®S) also visualizes its birefringence
[2, 3]. Itis well known that some biological tissues have amscopic fibrous structure and the
resultant form birefringence. The PS-OCT detects the degstblved birefringence including
the form birefringence of a biological tissue. Several papave reported the applications of
the PS-OCT, for example, its applications to burn lesionkif §4, 5, 6, 7, 8, 9, 10], cornea
[11, 12], retina [13, 14, 15, 16, 17, 18], dentistry [19, 20, 22, 23], and endoscopy [24]. Re-
cently, Pasquesi et al. reported that the PS-OCT can ddtesdtouctural changes in a muscle
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using the changes in the form birefringence related to dgbty [25].

Several methods have been developed to detect the bireficegwith the PS-OCT. Table
1 summarizes the typical approaches used to obtain the riR&-OCT images. When the
optical system is constructed in the free space, the otientand the phase retardation of the
birefringence of the sample can be directly obtained from tsthogonally polarized phase-
resolved signals of the time-domain OCT (TD-OCT) [26]. Timisthod was applied to Fourier-
domain OCT (FD-OCT) [17], because the FD-OCT enabled fastgisurement and higher
signal-to-noise ratio as compared to the TD-OCT [27, 28Jother method using the Stokes
vector [29] can be used to visualize the changes in the gali@on on the Poincarsphere [6].
Fiber-based PS-OCT was first demonstrated by Saxer et hlthvdtStokes vector method [30].
This method has also been demonstrated with swept-sourde[84] and spectral-domain
OCT [32]. Mueller matrix, which can describe the complet&apaation property of a sample,
was first measured with OCT by Yao et al. [33]. Yasuno et alt fiesnonstrated PS-FD-OCT
using this Mueller matrix method [34].

When the sample is unstable duriirg vivo measurement, fringe washout in the phase-
sensitive measurement [35] occures instead of the depatem in the intensity-based
measurement [36, 37]. We can apply Jones matrix to show tleipation property of the
sample using the phase-resolved signals [38]. Based orottes Jnatrix analysis, a compen-
sation method of the fiber-induced birefringence was d@egldy Jiao et al. for fibers in the
reference and sample arms [39]. Subsequently, Park etwalaged a more general compen-
sating algorithm in order to use other convenient fiber camepts in the TD-OCT [40], and
applied the algorithm to the FD-OCT [41].

In general, the PS-OCT detects cumulative round-trip phetsedation. Local birefringence
was calculated based on the Stokes vector method [42] antbties matrix method [43, 44].
Kemp et al. developed a polarimetric speckle reduction oeetb show the overall change in
the Stokes vector on the Poinéaphere [18].

Recently, Jiao et al. [45] developed the novel scheme ofmaotis polarization modulation
that was a conventional technique in the field of ellipsomngt6]. In their TD-OCT system,
the incident polarization was modulated along the axiahsca

Table 1. Typical approaches to obtain PS-OCT image. A: circularly izeldincident light,
B: Stokes vector, C: Mueller matrix, D: Jones matrix with two incident poditns, E:
Jones matrix with polarization modulation method.

Time-domain Fourier-domain
Free space \ Fiber-based Free space \ Fiber-based
Hee et al. [2]
A de Boer et al. [3] Gotzinger et al. [17]

Hitzenberger et al. [26]

Zhang et al. [31]

B de Boer etal. [29] | Saxer et al. [30] Cense et al. [32]
C Yao et al. [33] Yasuno et al. [34]

. Jiao et al. [39]
D Jiao et al. [38] Park et al. [40] Yasuno et al. [47] | Parketal. [41]
E Jiao et al. [45] o

In this paper, the algorithm of the polarization modulatinathod [43, 45] is applied to the
FD-OCT, indicated by in Table 1. Fiber components and a polarization-sensifieetsometer
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are used for the optical setup. The incident polarized lighthodulated along a lateral B-
scan instead of an axial A-scan. The Jones matrix of the saimmbtained from the spatial
frequencies of the B-scan. Fiber-induced birefringenamimpensated by using the algorithm
developed by Park et al. [40]

2. Theoptical system and the synchronization system
2.1. Overview

The diagram of our system is shown in Fig. 1. The light sousca superluminescent diode
(SLD-37-HP, Superlum, Russia) with a central wavelengt®4 nm, bandwidth of 50 nm,
and axial resolution of 8.&m in air. After the polarization is vertically aligned by adiar po-
larizer (LP), an EO modulator (4104, New Focus, CA, USA) vatfast axis of 45 modulates
the incident polarization. The modulated light is couplethia 30/70 fiber coupler. 30% of the
incident light is delivered into the sample arm, and 70% ikveeed into the reference arm.
This splitting ratio was selected for the future applicataf retinal measurement to conform
to a safety standard of the illumination power. An LP is itsérin the reference arm to ob-
tain constant amplitude and constant relative phase battieetwo orthogonal polarizations
at the spectrometer independent of the incident state gfdlagization. This configuration was
achieved by an iterative alignment of the polarization oatgr and LP in the reference arm. In
the sample arm, the 1.5 mm diameter beam focused by a 50 miridng¢h lens is scanned by
the two-axis galvanoscanner mirror. The probing power &[10/. The theoretical transversal
resolution and focal depth are 36n and 2.4 mm, respectively. The backscattered light from
the sample goes through the fiber coupler again, and is detdgt the spectrometer. In the
spectrometer, the interfered beam is collimated with a 1&0fotal length lens, dispersed by
a polarization-insensitive volume phase holographiciggadf 1200 lines/mm (Wasatch Pho-
tonics, UT, USA), spatially Fourier transformed by a 250 nood length lens, divided into
horizontally and vertically polarized components by a palag beamsplitter, and detected by
two line-CCD cameras of 2048 pixels and 2vh pixel size (AVIIVA M2 CL 2014, Atmel, CA,
USA). A line trigger for both cameras (27.7 kHz) is generdtgda DAQ board and synchro-
nized with the galvanoscanner mirror in the sample arm aad® modulator. The waveform
driving the galvanoscanner mirror is a sawtooth wave, aatl dhiving the EO modulator is
a sinusoidal wave or a three-step function. The furtherildet@e described in Sec. 3. The
data from both cameras are acquired by a framegrabber (P43@-National Instruments, TX,
USA). The sensitivity of the system is 100.7 dB, which is aied by adding the horizontal
and vertical channels. The phase stability is 3.24 degreg®aignal-to-noise ratio of 27.6
dB, which is reasonably stable for this signal-to-noiserg1].

2.2. Calibration of the polarization-sensitive spectrderne

Since two line-CCD cameras are used to detect both phask<ddorizontally and vertically
polarized signals, these two cameras must construct twaicdd spectrometers. Park et al.
explained the method of the calibration briefly [41]6t@inger et al. derived the equations
of the effect of the misalignment of the spectrometer [1Thc8 the pixel size of our line-
CCD cameras is smaller than that of previously reportegh.8ystem [41], finer calibration is
required. In this section, we describe our detailed mettittueocalibration. In order to calibrate
these two spectrometers, the EO modulation is stopped. &éfeeence light is blocked, and a
slide glass and mirror are placed in the sample arm. Thisguraiion ensures that the positions
of the peak are the same for the horizontal and vertical alanif both the reference and
sample arms are used for the calibration in the fiber-basstérsy random birefringence of the
reference and the sample arms causes a random phase diéféetween the horizontally and
vertically polarized components of the OCT signals detkbiethese two spectrometers. Since
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Fig. 1. Diagram of the PS-FD-OCT system. The notations imply the followsidD: su-
perluminescent diode, PC: polarization controller, ND: neutral dendiigy, fLP: linear po-
larizer, EO: electro-optic modulator, M: mirror, G: grating, PBS: polagzbeamsplitter,
CCD: line-CCD camera.

the position of the fiber can easily change during the caiitmait is efficient to use only one
arm of the interferometer. The OCT signals from the backasmerfof the glass and mirror are
obtained for these two spectrometers. The phase differanites peak of the OCT signals is
monitored. This phase difference should be zero for allladépths. In addition, the signals
are windowed and inverse Fourier transformed to obtain tmeptex spectrum for the two
spectrometers. This spectral phase difference is alsotaredibecause it should be zero for all
frequencies. By monitoring these values, the physicaltipos of the two cameras are aligned
to minimize the phase difference. Since fine calibratioresded, both the cameras are mounted
on the translation stages including th& ZBa axes, whereXY Z are the axes of Cartesian
coordinatesX andY are parallel and perpendicular to the line-CCD, respegtieadZ is the
height);0, atilt of the line-CCD on th&Y plane; andx, a tilt on theXZ plane. The optical table
on which the spectrometer is built should be rigid, and aattlation should be avoided. After
the physical calibration, the remaining difference is ntioaly compensated by adjusting the
Oth and 1st order coefficients of the wavelength-frequeesgaling parameters. To verify the
calibration, we measured OCT signals between the slides glad mirror at different axial
depth. Figure 2 represents the phase difference betweedGfesignals from two channels
with respect to the axial depth. The phase difference isimittd deg for all axial depths.

3. Theory

In this section, we describe our algorithm and the calibratnethod used to obtain a Jones
matrix OCT image.

3.1. The Jones matrix imaging method using polarizationutadtbn method along lateral
B-scan

We denote the horizontally polarized component of the itgrof the interfered light at the
spectrometer alg. It can be expressed as

Ih(Xa (A)) = |Href (Xa (A)) |2 + ‘Hsam(xv (A)) |2 + Href (Xa w)H;Fam(Xa OL)) + C'C'a (1)

whereHef (X, w) andHsan{X, w) are the horizontally polarized temporal spectral comptsen
of the reference beam and sample beam, respectively, andetictes the complex conjugate
of the third term on the right-hand-side of Eq. (1). The sepept* denotes the complex con-
jugate, andv is the optical frequency. The third term in Eq. (1) is exteakand inverse Fourier
transformed to obtain the complex OCT signal,

h(x,2) = Fz [Hret (X, 0)Hgan(X, )] 2
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Fig. 2. Depth-dependent phase difference of the OCT signals betveeizontal and verti-
cal channels. The interference signal is generated by the backeswoffthe slide glass and
the mirror.

where the axial depthis the Fourier conjugate @b, and.%,;}[] is the inverse Fourier trans-
form aboutz. Before calculating Eq. (2), the measured power spectrurasisaled with zero
padding and linear interpolation, and the dispersion betwke reference arm and sample arm
is compensated numerically [49]. In the same manner, th&cakmterference ternﬁ,(x, 2)is
extracted from the vertically polarized component of therifered lightly(x, w).

When the fast axis of the EO modulator is orientedtasl, the Jones matrix of the EO

modulator can be expressed as ’ ]

coss  ising

(i siné cos"?> ’ 3)
2 2

where¢ is the phase retardation and modulate@ &) = A Sin(wmX). wn is the driving fre-

guency of the EO modulator, andis the lateral position. As described in Sec. 3.3, discrete

polarization modulation can also be used for the phase mtidolof the EO modulator.
The Jones vector of the sample beam at the detector can benag

Hsam Hi
=J 4
(Vsam> all (\4) ) ( )
where J is the overall round-trip Jones matrix including the bigence of both the fiber
and sample,
_ (L1 1,2

and(H; ,Vi)T is the Jones vector just after the EO modulator before the ¢ingpler. When the
incident beam to the EO modulator is vertically polarized,

(- (2

The Jones vectqu-g;,lm,Vsam)T can be expressed as

Hsam\  (J(1,2)cos? +iJ(1,1)sin$
(Vsam) - (J(Z, 2)cost +i(2,1) sinf) ' ()
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The Jones vector of the reference beam at the spectrometditisated to be

_ Href _ Hr 7i¢
Eref - (Vref> - (VI'> € 7? (8)

whereH; andV; are constants independent of the state of the EO moduldterrdference
beam intensity at the CCD cameras should be flat and indepeafithe phase retardation of
the EO modulator.

In our algorithm, Eq. (2) is Fourier transformed alongs

Fxulln(X)] = P Frg [Hret (X, @) Hean(X, @)]] )

where. %] is Fourier transform operator alomgandu is the Fourier conjugate of Equation
(9) can be rearranged as

Fralin(X)] =Hr P T (1,2) cos%e“% —iJ(1,1) Sin%e_i%}
S FlT (12) T L]+ FulT (12 T L D] Fale ¥, (10)

wherex denotes a convolution operator. Here, we omitted the argtir these functions for
simplicity. € can be decomposed using the following relations:

sin[¢( Z 2Jy41(Ao) sin[(2l + 1) comX], (11)

coge(x) Ag) + ZZJE )cog(2l)wmx], (12)

where the italic letters afy, Jo, andJ, . 1 are the Bessel functions of the first kind of the order
of 0, 2, and 2 + 1, respectively. We set the amplitude of the modulation tApe- 2.405
radians to makép(2.405) = 0. ConsequentlyZy,[e'?] in Eqg. (10) is rearranged to

Fale ] = Ii[Jz. (2,408 { 5(u— 2l @) + 5(u-+ 2l cay) } .

+32141(2.405) {5(u— (2l + 1) o) — 5(u+(2|+1)wm)}]

The 1st and the 2nd terms of Eq. (10) are extracted by nunfigridgoping the Oth and 1st
harmonic components ofy[In(X)], respectively,

o) =2 (T (L2 - FLD), (14
i) = 22N 312 7 1,0)) (15)

because these terms are distinct from each other in fregu#tcl) and J1,2) are caluculated
as

~ 1 ~
M (1,2) = ~{10(0) — 375 755 (e . (16)
HJ'(1,2) = {rh(O) + ;rh(%)}. (17)
’ J1(2.405)
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In the same manneY¥; J*(2,1) andV;J*(2,2) are calculated from the vertically polarized
component of the spectruy(x, w). H; andV; can be omitted becaugd, | and|V;| are identi-
cal, andy = arg(H,) — argV; ) is included in the fiber-induced birefringence describe8éu.
3.2. As a result, we obtain the following matrix,

H/J(1,1) HA1,2) 10
<V}J(l, l) Vr[k..](l, 2) = 0 eiy \]all = Joffseb]all 3 (18)
where we term the offset caused HyandV, as Jsset

3.2. Compensation of the fiber-induced birefringence

To obtain the Jones matrix of the sample, fiber-induced tiiigénce should be canceled from
Jai- This can be achieved by using the algorithm developed by €taal. [40, 50]. We assume
the surface of the sample to be a mirror. Note that even if tiniase tissue has birefringence,
this algorithm is valid as long as the backscattering doésimange the polarization. The Jones
matrix at the surface of the sample can be expressed as

Jsur = JoutJin, (19)

where }, and J; are Jones matrices corresponding to the fiber componenm®&dethe EO
modulator and sample surface and that of the sample sunfacpdaarizing beamsplitter in the
spectrometer, respectivelyyJincludes the round-trip Jones matrix of the samplg,J. e.,

Jail = JoutJsamdin.- (20)

We can measure onlykedsyr and depth-resolvedgeda . In order to obtain gym Jn is elim-
inated by multiplying disedan by (Joﬁsegsurf)*l and diagonalization is performed as

JoffsetJaII (Jof'fsethur)_1 = Joffset]outham]in%?]l\]gulthﬁlget
= Joffset]outham]&}t gfflset

TS R

n
poe~'2

wherep; andp, are the attenuation coefficients of the samplethe retardation of the sample;
and J;, an unitary matrix. We can calculate the relative optic getardation, and diattenuation
of the sample from this diagonalization [40]. Since the 3omatrix is directly obtained in our
algorithm described in Sec. 3.1, we calculated the matagalhalization directly.

3.3. Discrete polarization modulation

Since the incident polarization is modulated along the &asdt is preferable to reduce the
sampling data sets to calculate the spatial frequency. Weenumber of sampling data sets
is reduced in our algorithm, it causes fringe washout bexthesincident polarization is mod-
ulated during the A-scan. From Eq. (10), we can see that thgefrwashout affects the 1st
order of the spatial frequency but does not affect the Otlerood the spatial frequency. Since
the fringe washout occurs for the power spectrum originagasured (and not the spatial fre-
quency), it causes both the SNR penalty of the intensity hagolarimetric artifact. Although

it is difficult to quantitatively evaluate them in a biologisample because the measured inten-
sity is not always the same even if we measure the same aremngvoid the fringe washout
using the equivalent discrete polarization modulationieiad of the continuous polarization
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modulation. WhemN A-scans are measured for a cycle of incident polarizatiodutaion, the
average phase retardation of the EO modulgtaat thenth A-scan is

B ZzﬁéNl)/NAosin(mnx)dx

on— . 7

(22)

where n = 1,2.--- N. When N = 3, the set discrete phase retardatign, ¢,,¢3 are
2P0,0,— Ao, respectively. As shown later in Sec. 4.1 and Fig. 5(a)t®,fringe washout
caused by continuous polarization modulation is not @itielowever, this discrete polarization
modulation is equivalent to the continuous polarizatiordoiation, and avoids fringe washout.

In our method, at least three incident polarization statesr@quired. Compared with the
method previously developed by Park et al. using two indigeatarization states [41], our
method requires larger overall amount of data. Although @&pected that three or more inci-
dent polarization states decrease the SNR, currently ivtislear, and further theoretical and
experimental analysis is needed.

4. Experimental resultsand discussion
4.1. Measurements of a polarizer and a waveplate

To validate our method, a linear polarizer (LP) and a quavtereplate (QWP) are investigated.
For both LP and QWP, the front surface was used {grand the back surface was used for
Jaii- The EO modulator was continuously modulated at 4 A-scgokcluring 512 A-scansgy
was calculated and averaged for 512 A-scans. LP and QWP ateddtom 0 to 180 deg. The
measured cumulative relative orientation of LP and QWP aaddhnd-trip phase retardation
of QWP are shown in Fig. 3. The diattenuation of LP w899+ 0.001. These results agreed
with the theoretical expectation. The round-trip phasardztion of QWP was 1703 degrees.
Since the phase retardation exceeding 180 degrees is pihagped, the phase retardation of
QWP is smaller than 180 degrees [24].

180

®
o

o
=]
o
o

N
o
)
o

@
S

Measured orientation [deg]
8

Measured orientation [deg]
3 8

w
o

30 (a)

(b)

o
o

0 30 60 90 120 150 180 0 30 60 90 120 150 180
Set orientation [deg] Set orientation [deg]

Fig. 3. (a) measured orientations of LP and QWP. The rhombusescuades are the
measured cumulative orientation of LP and QWP relative to O degregeatdeely. The
solid and dashed lines are the linear least-squares fits of the orientatibRsaoid QWP,
respectively. (b) measured phase retardation of QWP.
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4.2. Measurements of biological samples

Figure 4 shows the intensity and phase retardation imagebsioken breast muscle, where
glycerin was applied on the sample surface. Instead of théntmus polarization modula-
tion, equivalent discrete polarization modulation wasdufsg the biological measurements,
as shown in Figs. 4, 5(d)-(e), 6, and 7, except Fig. 5(a)Ko}.all measurements of the bi-
ological samples, the incident polarization is modulatech& A-lines/cycle, and the lateral
measurement area for one cycle is well below the transvegsalution. For three dimensional
measurement, the data acquired by the framegrabber frooatheras are immediately trans-
ferred to the main memory on the motherboard (S2895, Tyan \S5®). The maximum num-
ber of measurement points is limited by the memory space eeeps of 32 bit Windows XP,
namely, 2 GB. In order to remove the fixed pattern noise médnolyn the EO modulator, the
OCT signal is first divided to each state of the incident gnédion before calculating the Jones
matrix. The fixed pattern noise is removed from the aligneages by low-pass filtering of the
averaged spectrum [48], because the phase of the fixedmpattise for each incident polariza-
tion is different. After the removal, the image is realigneith the initial order, and the Jones
matrix is calculated. One pixel is extracted as the surfddbeosample for each A-scan, and
the Jones matrices at these pixels are averaged for 3D vdatudetermine &, Figure 4(a) is
an intensity image generated by

1010g] 3L D+ X1.2) + 32, D2+ 32,27 }. @3)

which corresponds to the element of the 1st row and 1st colointine Mueller matrix,mgo.
Figure 4(b) is a cumulative round-trip phase retardatioagen The phase retardation image is
gray-scaled to represent it from OtoBecause of the form birefringence and cumulative nature
of the measuredsdn, Fig. 4 (b) shows periodic changes in the phase retardaitimough the
phase retardation is not uniform , the three dimensionagj@rghows that the nonuniformity
is not an artifact but a certain structure. The orientatroade in Fig. 4(c) were generated by
using half the absolute angular difference between thenpigarizations of the surface and a
certain depth on the Poin@sphere. In this simplified case, the range of the oriemtasio to
11/2. We can see the periodic abrupt changes due to the phasappiag in Figure 4 (c) [43].

Fig. 4. An intensity image (a) (1.83MB), the cumulative round-trip phratgrdation image

(b) (1.86MB), and the orientation image (c) (1.86MB) of chicken bt@auscle. A median
filter with a kernel size of 33 was applied to each B-scan of (b) and (c). Each frame has
1023 A-lines, and 128 frames are aqcuired in 5 seconds. The imagésszmm ) x

2mm ) x 3.44 mm ) in air. (6.80MB version (&), 6.80MB version [b), ahd 6.83MB

[verson @)
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Figure 5 shows intensity, phase retardation, and oriemdtnages of chicken breast muscle
to compare continuous polarization modulation (Fig. §6)-and discrete polarization mod-
ulation (Fig. 5(d)-(f)). For both measurements, the innidgolarization was modulated as a 3
A-lines/cycle, and same area on the sample was scanneds Iméasurement, the difference
of the polarization modulation was appeared in the oriemadmages (Fig. 5(c) and (f)). Fig.
5(c) had smaller axial changes due to the phase unwrappismgrédicted in Sec. 3.3, dis-
crete polarization modulation is better choice for our Brsoriented polarization modulation
method.

b)

(d) (f)

Fig. 5. Images of chicken breast muscle with different modulationpetmages (a)-
(c) are measured with continuous polarization modulation, and lower sn@j€gf) are
measured with discrete polarization modulation. (a) and (d) are the intemsiges, (b)
and (e) are the phase retardation images, and (c) and (f) are théatderimages. All
images have 1023 A-lines, and axial 500 pixels. The image size is 2 mmZxX)5 mm (z)
in air.

Figure 6 shows the intensity and phase retardation imagashoiman finger paadh vivo.
According to the previous reports, the cumulative phassrdation of the dermis has a lateral
structure, while the birefringence of the stratum cornewas & random nature [41, 51, 52].
Sweat ducts in the stratum corneum have low birefringenamotie showing the orthoslices
reveal that the phase retardation of the dermis correspmntte pattern of the follicles, as
given in the previous reports [41, 51, 52].

Figure 7 shows a caries lesion of a human canine tootlivo. The tooth was horizontally
scanned for each frame. The arrow in the intensity imagemfHg) shows the enamel-dentin
junction. In the enamel region, the incremental lines, Wizie result of irregularities in enamel
formation, can be found. The tufts and lamellae were obseab®ve the enamel-dentin junc-
tion in the intensity image. Birefringence was observedaénamel layer, which corresponds
to the enamel prisms [22]. In the deeper area including thémehe pattern of the cumulative
phase retardation changes frame by frame. In the cariesrstyiong scattering was observed
and the birefringence was random. This probably corresptindemineralization in the enamel
resulting in caries formation [22].

In this paper, we used the range of the phase retardation @rdeyg to 180 deg, which is
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(a) (b (c)

Fig. 6. An intensity image (a) (2.16MB), the cumulative round-trip phatgrdation image
(b) (2.18MB), and the orientation image (c) (2.17MB) of a human fingglin vivo. A
median filter with a kernel size of>33 was applied to each B-scan of (b) and (c). The
volume is 4 mmx) x 4 mm ) x 1.75 mm ¢) in air, or 1023 pixelsx 128 pixelsx 350
pixels. The measurement time is 5 seconds. (13.3MB versirﬁ (8)MBaversion (b), and
13.3MB version (¢))

(b)

Fig. 7. (a): an intensity image (upper) and the cumulative round-trigghatardation im-

age (lower) of caries lesion of human canine taatkivo (1.86MB). A white arrow shows

the enamel-dentin junction. The size is 6 mr) & 2.80 mm ¢) in air, or 2046 pixels

(X) x 650 pixels §). 64 frames were scanned on 6 mm length and acquired in 5 s. (b): a
enlarged intensity image of the 24th frame in the movie (a). The white asbew the
incremental lines in the enamel region. A green arrow shows the tufttaamelae above

the enamel-dentin junction. The image size is 2.5 M 2.54 mm ¢) in air.
version)
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direct result of Eq. (21). The other way to represent the @hetardation is unfolding it from

0 deg to 360 deg by shortening the range of the orientatioh 8 fully fiber-based system,
determination of the rotating plane of the orientation incenBaig sphere is required in order
to obtain the orientation from -90 deg to +90 deg [41]. Sintte orientation of biological
samples is often noisy, we used the direct result of the pretaedation ranging from 0 deg
to 180 deg. In this case, however, all noise of the phasediaian near 180 deg decreases the
measured phase retardation, as indicated in Sec. 4.1. &owde, the phase retardation of 190
deg becomes 170 deg. This problem can be solved by unfoldmgliase retardation, with
stable way to determine the rotating plane of the orientftio biological samples [41].

5. Conclusion

In conclusion, we developed the PS-FD-OCT system at 840 img p®larization modulation
method along B-scan. The incident polarization was moddlalong a lateral B-scan on the
sample. Instead of continuous polarization modulation@B-scan, equivalent discrete polar-
ization modulation was used in order to avoid the fringe washBy extracting the Oth and 1st
order of the spatial frequencies along the B-scan of the kO5@he two-dimensional Jones
matrix of the sample was measured. The detailed calibratiocedure of the spectrometer was
shown. Fiber-induced birefringence was compensated bspongidgonalization. The proposed
algorithm and system was confirmed with LP and QWP measuramidsing the PS-FD-OCT
system, the phase retardation of chicken breast musclegerfpad, and a caries lesion of a
tooth was successfully imaged.
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