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In vitro birefringence imaging with spectral domain
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Spectral domain polarization-sensitive optical coherence tomography (SDPS-OCT) is a depth-resolved
polarization-sensitive interferometry which integrates polarization optics into spectral domain optical co-
herence tomography (SD-OCT). This configuration can obtain birefringence information of samples and
improve the imaging speed. In this paper, horizontally polarized light is used to replace natural light of the
source. Then, right-rotated circularly polarized light is the incident sample light. To obtain two orthogonal
components of the polarized interferogram, the reflected light of the reference arm is set to be 45◦ linearly
polarized light. These two components are acquired by two spectrometers synchronously. The system was
employed to achieve 12.8-µm axial resolution and 4.36-µm transverse resolution. We have imaged in vitro
chicken tendon and muscle tissues with these system.
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Optical coherence tomography (OCT) is a noninvasive,
non-destructive technique with high scanning speed and
resolution developed by Huang et al. in 1991[1]. The
configuration is based on Michelson interference theory.
In an OCT system, the light beam focused on the sample
is reflected from different layers, and then interferes with
the light reflected from the reference arm. The interfer-
ence signal includes the structure information of the sam-
ple. However, the initial OCT system is based on tem-
poral domain, and the depth information should be ob-
tained by point-to-point movement of the reference arm.
Therefore, the scanning speed it greatly limited. After
several years, a novel OCT system named as spectral
radar was developed by Fercher et al.

[2]. In this system,
depth information was directly obtained by Fourier trans-
formation of interference interferogram so that scanning
in depth is deleted. Now, it is named as spectral domain
OCT (SD-OCT)[3,4]. In 1998, Häusler et al. developed
a fiber-based SD-OCT system and imaged human skin
tissues with this system[5]. Though SD-OCT gets an im-
proved scanning speed, it obtains depth signal by using
amplitude information of backscattering reflectance from
samples. Therefore, it still belongs to structure imaging.
Nowadays, researchers increasingly found that collagen
commonly existed in biological tissues[6−11]. Anisotropy
property of collagen causes birefringence, which can lead
to changes of phase delay and fast axis angle of sam-
ples when polarized light is focused on it. Therefore,
polarization-sensitive OCT (PS-OCT) is gradually de-
veloped as a novel OCT imaging method[12−17]. In PS-
OCT, special polarized light is used to detect the sample,
and the interference signal of backscattering light of the
sample includes special anisotropy information. In this
paper, we apply polarized optics in SD-OCT system, and
analyze polarized imaging principles in spectral domain.
At the same time, we deduce the additional phase delay

and the fast axis angle of the sample besides depth struc-
ture image. In vitro biological tissues are used as sample
to demonstrate the feasibility of the system.

As we all know, in SD-OCT, backscattering light of
samples will interfere with the reflected light of refer-
ence arm within coherence length. The length informa-
tion consists of elementary waves reflected from different
depth z which are corresponding to the scattering ampli-
tude from different depth a(z). After interference, the
interfering signal I(K) can be expressed[18]

I(K) = S(K){a2
R + 2aR

∫

∞

0

a(z) exp(−i · 2Knz)dz

+

∫

∞

0

∫

∞

0

a(z)a(z′) exp[i · 2K(nz − nz′)]dzdz′},(1)

where S(K) is the spectral density of the source; aR is
the reference arm amplitude; a(z) is the backscattering
amplitude of the sample, when z < z0, a(z) = 0; n
is the refractive index of the sample; K is wave num-
ber. In Eq. (1), the three terms in the brackets represent
different meanings. The first one is the auto-correlation
density of the reference arm; the second one includes
depth amplitude information, which is a superposition
of different frequency cosine components; the last one is
the auto-correlation density of the sample arm from cor-
relation of backscattering of different depth. The source
signal and interference signal are shown in Fig. 1.

After fast Fourier transformation (FFT) to Eq. (1), it
is deduced that

H(z) = FOU−1{I(K)} = FOU−1{S(K)} ⊗ {a2
Rδ(z)

+aR [a(z) + a∗(−z)] + AC(Iau(K))}

= A ⊗ (B + C + D), (2)
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Fig. 1. Interference and source signals.

where AC is the autocorrelation term of scattering ele-
mentary waves, and

Iau (K)

=

∫

∞

0

∫

∞

0

a(z)a(z′) exp [i · 2K (nz − nz′)] dzdz′, (3)

⊗ is the convolution symbol. A is the FFT result of light
source. In Eq. (2), A⊗B is the FFT term of light source

spectrum when z = 0, which is named as zero phase noise
term; A⊗C is the depth information of the sample a(z)
after FFT, including virtual image information; A⊗D is
the auto-correlation term, which represents the correla-
tion between different scattering elementary waves.

For SD-OCT, the above description can obtain depth
information of the detected sample, which is generally
named as structure imaging because all depth informa-
tion is from the backscattering light of the sample. How-
ever, biological tissues provides more than structure in-
formation. Birefringence is another popular phenomenon
in biological organisms, which is one of the most impor-
tant parameters in biological tissue detection. This phe-
nomenon is caused by the component of collagen, whose
most notable feature is birefringence property and three-
dimensional spiral structure[11]. Polarization of material
has close relationship with its birefringence. Therefore,
we can utilize the polarization change of light to obtain
the birefringence of tissues. Here, we apply polarization
optics into SD-OCT system. Its expression is based on
Jones vectors and matrix. In Jones matrix, a retarder
can be expressed as[17]

J (δ, ε) =

[

cos2 ε + sin2 ε · exp (−iδ) cos ε · sin ε · (1 − exp (−iδ))
cos ε · sin ε · (1 − exp (−iδ)) cos2 ε · exp (−iδ) + sin2 ε

]

, (4)

where ε is the angle between the fast axis and the horizontal direction, δ is the delayed phase of the retarder. If a
polarized light Ei propagated through series of polarized components J1, J2, · · ·, Jn−1, then the polarization of the
output light Eo is[19]

Eo = Jn−1 · · · · · J2 · J1 · Ei. (5)

According to the above expressions, we designed a spectral domain PS-OCT (SDPS-OCT) system to obtain the
birefringence image of the sample, as shown in Fig. 2. In this system, we used the right-rotated circularly polarized
light as the sample arm, and 45◦ linearly polarized light as the reference arm. The special birefringence information
is included into the output backscattering sample beam, which interferes with the reference beam. Jones matrix of
the sample Msample(z, ∆n, α) is assumed as the continued multiplication of averaged phase delay, rotated matrix, and
linear retarder with a horizontal fast axis. According to Eqs. (4) and (5), the Jones matrix of the sample is

Msample(z, ∆n, α) = exp(−iKzn̄)

(

cos2 α + sin2 α · exp(−iKz∆n/2) cosα · sin α · (1 − exp(−iKz∆n/2))
cosα · sinα · (1 − exp(−iKz∆n/2)) cos2 α · exp(−iKz∆n/2) + sin2 α

)

, (6)

where Kzn̄ is the average phase delay of the sample, n̄
is the average refractive index, n̄ = (ns + nf)/2 with ns

and nf representing the indices along slow and fast axes,
∆n = ns − nf is the difference between the slow and fast

Fig. 2. Configuration of SDPS-OCT system.

axes of the sample, α is the angle of the fast axis, the
phase delay that the light passes through the sample just
once is δ = Kz∆n. Therefore, the Jones vector of the
backscattering light of the sample is the product between
the polarized sample light and the detected optical com-
ponent. In this process, the sample light passes through
retarder 1 and detects the sample twice, so that the Jones
vector of backscattering light Es at point a in Fig. 2 is

Es (z + zs) =

(

Esh

Esv

)

=
1

2
Jd1Msample (z, ∆n, α)

·
√

R(z)Msample (z, ∆n, α)Jd1Esi, (7)

where R(z) is the reflectance of backscattering light in
depth z, zs is the distance from the beam splitter (BS)
to the surface of the sample, Esh and Esv are the hori-
zontal and vertical parts of the backscattering light. The
retarders 1 and 2 are both 1/4 wave plates, so here we
use Jd1 and Jd2 to represent their Jones matrices.
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The source light through polarizer is horizontally linearly polarized light. After the BS, the incident light beams in
the sample and reference arms are

Esi = Eri =
E(K, z)

2

[

1
0

]

. (8)

After reflection, the light of the reference arm passes through a 22.5◦ 1/4 wave plate, so it can be expressed as

Er (K, zr) =

[

Erh

Erv

]

=
1

2
Jd2Jd2Eri =

1

2
E (K, 2zr)

[

1
1

]

. (9)

For the sample arm, according to Eq. (7) and (8) and Wiener-Khintchine theorom, the Jones vetor of the backscattering
light of the sample has the following relationship:

Es (z + zs) ∝
√

R (z)E (K, zs + zn̄)

[

exp (2iα) sin (Kz∆n)
cos (Kz∆n)

]

. (10)

After interference between the sample and reference arms, the horizontal and vertical polarized components can be
obtained by the polarization beam splitter (PBS)

Einf =

[

Einf h

Einf v

]

=





S(K)
〈

aR exp(i · 2Kr) +
∫

∞

0

√

R(z) sin(Kz∆n) exp {i · [2K (r + n(z)z) + 2α]}dz
〉

S(K)
〈

aR exp(i · 2Kr) +
∫

∞

0

√

R(z) cos(Kz∆n) exp{i · 2K (r + n(z)z)}dz
〉



 ,(11)

where
√

R(z) sin (Kz∆n) and
√

R(z) cos (Kz∆n) represent the orthogonal components of the interference signal,
which also give the backscattering amplitude of the light. After FFT transformation, we can get

Hinf (z) =

[

Hinf h

Hinf v

]

= FOU−1{S(K)} ⊗





a2
Rδ(z) + aR exp (−i · 2α)

[

√

R(z) sin(Kz∆n) +
(

√

R(−z) sin(K − z∆n)
)

∗
]

+ AC(Iau(K))

a2
Rδ(z) + aR

[

√

R(z) cos(Kz∆n) +
(

√

R(−z) cos(K − z∆n)
)

∗
]

+ AC(Iau(K))



 .

(12)

In Eq. (12), the vertical part has an additional 2α phase
delay to the horizontal part, which indicates the fast axis
information. Then, the backscattering reflectance R(z)
and phase delay δ(z)[17] is

R (z) = H2
inf h (z) + H2

inf v (z) , (13a)

δ (z) = arctan [Hinf h/Hinf v] . (13b)

The direction of the fast axis is the difference between
these two orthogonal parts,

α =
π − (Φh − Φv)

2
, (14)

where Φh and Φv are the phases of the two orthogonal
parts.

All the description above is the process of obtaining the
birefringence information of the sample in SDPS-OCT
system. Special polarized incident light is used as sample
and reference beams, and after interference, the orthog-
onal polarized components are obtained to compute the
backscattering reflectance, the phase delay, and the fast
axis direction of the sample. The latter two terms are
used to describe the birefringence information.

To eliminate the zero phase, autocorrelation and vir-
tual image terms of the two orthogonal components in
Eq. (12), we apply five-phase shifting method in signal

processing of the system. The mirror of the reference arm
is positioned on a piezoelectric transducer (PZT) device,
which can move with a π/2 step. So each frame includes
five data groups actually, H1, H2, H3, H4, H5. The
phase of interferogram is

Φ (K) =
2 (H2 − H4)

H1 − 2H3 + H5
. (15)

To demonstrate the feasibility of our SDPS-OCT sys-
tem, we imaged two in vitro biological tissues with our
laboratory system. Because the transverse and depth
resolution in OCT is independent, we can calculate them
with the system parameters[18]. In the constructed sys-
tem, a superluminescent diode (SLD) was used as illu-
minating source. Its center wavelength was 822.5 nm
with the full-width at half-maximum (FWHM) of 23.5
nm. Therefore, we can calculate the depth resolution of
the system to be 12.8 µm. A micro-motion device was
used for transverse scanning, and its transverse resolu-
tion was 0.125 µm. The numerical aperture (NA) of the
focusing lens of the sample arm was 0.1. So we can ob-
tain the transverse resolution of the SDPS-OCT system
is 4.36 µm. The configuration of the system has been
shown in Fig. 2.

Firstly, in vitro chicken tendon was used as the detected
sample. The tendon consists of coarse-shape collagen



908 CHINESE OPTICS LETTERS / Vol. 6, No. 12 / December 10, 2008

Fig. 3. Anatomical image of tendon.

Fig. 4. In vitro chicken tendon images by SDPS-OCT system.
(a) Backscattering reflectance image; (b) phase delay image;
(c) fast axis image; (d) phase delay image for one frame.

fiber bundles with regular arrangement, as shown in
Fig. 3. We collected the horizontally and vertically po-
larized components, and then by Eqs. (13) and (14), we
can calculate the backscattering reflectance, the phase
delay, and the fast axis angle of tendon. The images are
shown in Fig. 4, each image is 1366× 1000 pixels in size,
and the imaging area is x × z = 4.36 × 2.37 (mm).

In Figs. 4(b) and (c), we can clearly observe that be-
cause of the periodic arrangement of collagen fiber bun-
dles in tendon, the images present regular changes. In
the tendon, the birefringence of collagen fiber bundles
leads to the periodic change in depth, and this change is
reflected in the phase delay of backscattering light. The
bright fringes in Fig. 4 represent the collagen fibers. The
image of the fast axis includes the anisotropy property of
tendon.

To validate the SDPS-OCT system further, we also im-
aged in vitro chicken muscle as another demonstration.
The advantage of selecting muscle is that the tissue exists
more apparent periodic layers of collagen, and the muscle
fiber bundles have a large diameter. In our experiment,
the chicken skeletal muscle sample used in this study was
obtained immediately after slaughtering. During the ex-
periment, we cut one piece of sample with the dimensions
of 3× 3× 1 (cm). The skeletal muscle was mounted in a
holder with fibrous tissue approximately parallel with the
B scanning mode, and then fixed so that it did not move
during the imaging. The shape of the detected skeletal
muscle is a long column along muscle fibers, as shown in
Fig. 5.

Figure 6 shows the birefringence images of in vitro

chicken muscle detected by our SDPS-OCT system. The
images are 1366 × 1000 pixels in size, and the imaging

Fig. 5. Anatomical image of muscle.

Fig. 6. Birefringence images of in vitro chicken muscle. (a)
Backscattering reflectance image; (b) phase delay image; (c)
fast axis image.

area is also x× z = 4.36× 2.37 (mm). Figure 6(a) is the
backscattering reflectance image. We can observe that
no layered structure is present. However, in Figs. 6(b)
and (c), muscle fibers are clearly shown, and at the same
time, we can find that all the fibers exhibit a periodic
change. Such a structure is consistent with the anatomi-
cal image in Fig. 5. Skeletal muscle fiber consists of bun-
dles of muscle fibers with the diameter of ∼ 50 µm. Mus-
cle fibers are composed of bundles of myofibrils which
are about 1 µm in diameter. The birefringence of muscle
fibers causes the phase delay of polarized backscattering
light to change with depth. Compared with the tendon
images, muscle fiber images have a clearer and larger di-
ameter, and its arrangement is as regular as tendon. In
the two experiments, birefringence causes the horizon-
tally and vertically polarized interferograms with phase
difference to change with depth. Moreover, anisotropy of
detected tissue change fast axis of sample. Therefore, we
also can acquire the change of fast axis with depth. Fast
axis image is also corresponding to tissues structure and
reflects arrangement of tendon and muscle fiber.

In summary, a SDPS-OCT system has been developed
in this paper. With this system, the additional bire-
fringence information can be obtained by acquiring the
horizontally and vertically polarized interferograms. Be-
cause those two orthogonal components change with the
depth structure of collagen fiber bundles, the phase de-
lay and fast axis angle of the sample change with the
depth of sample. After acquiring two orthogonal com-
ponents, we applied five-phase shifting method to recon-
struct the depth images. To validate our system, we used
it to image two in vitro biological tissues. Not only the
structure or backscattering reflectance image, but also
the periodic layered structure of collagen fiber bundles in
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tissues could be obtained. This provided additional bire-
fringence information of tissues from anisotropy property
of samples. However, in the myofibrils, a single sarcom-
ere extends between two “z discs”, the I-bands (bright
bands) and A-bands (dark bands) appear where the con-
nection between sarcomere and ‘z disc’ repeats period-
ically along the myofibrils. The muscle fibers account
for the presence of the birefringence in the skeletal mus-
cle because of the imaging resolution limit of the SDPS-
OCT system which images the polarization properties in
a macro-scale. Additionally, in our experiment, the the-
ory of PS-OCT is based on the work of Hee et al.

[20]. The
detected sample is assumed to be of pure birefringence,
and the information processing methods come from these
assumptions. But actually, turbid samples such as tissues
are all depolarization ones. The limitation of the pre-
sented detection scheme is the inability to determine fully
the backscattered light polarization state. The complete
characterization of the polarization states is presented by
Stokes parameters which permit the calculation of the de-
gree of the polarization. This is our future work.

Q. Gong’s e-mail address is gongqiang@aoe.ac.cn.
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