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Two-Dimensional birefringence imaging in biological tissue
using polarization sensitive optical coherence tomography.

Johannes F. de Boer?, Thomas E. Milner®, Martin J. C. van Gemert®
and J. Stuart Nelson®

%Beckman Laser Institute and Medical Clinic, University of California, Irvine,
1002 Health Sciences Road East, Irvine, California 92612, USA

bLaser Center, Academic Medical Center, Meibergdreef 9,
1105 AZ Amsterdam, The Netherlands

ABSTRACT

Using a polarization sensitive Michelson interferometer, we measure two-dimensional images of optical birefringence
in bovine tendon as a function of depth with a technique known as Optical Coherence Tomography (OCT). Detection
of the polarization state of the signal, formed by interference of backscattered light from the sample and a mirror in
the reference arm, gives the optical phase delay between light that has propagated along the fast and slow axes of the
birefringent tendon. Images showing the change in birefringence in response to laser irradiation are presented. The
technique allows rapid non-contact investigation of tissue structural properties through two-dimensional imaging of
birefringence.
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1. INTRODUCTION

The demand for non-invasive optical imaging in biological tissue has led to the development of several techniques to
circumvent the common problem of scattering in turbid media; such techniques include diffusing wave spectroscopy,?
time-gated imaging using snake-like photons,? two-photon fluorescence imaging,? ultrasonic modulation of diffusing
waves®® and optical coherence tomography®” (OCT).

OCT uses the partial coherence properties of a light source to image structures with high resolution (1 — 15 um)
in turbid media such as biological tissue. The sample is positioned in one arm (the sample arm) of a two-beam
interferometer. Interference fringes are formed when the optical path length of light backscattered from the sample
matches that from the reference arm to within the coherence length of the source light. The optical path length in
the reference arm acts as a coherence gate on the detection, selecting only light backscattered from the sample that
has traveled the same optical path length. By lateral and longitudinal scanning, two-dimensional (2D) OCT images
are constructed that map the amplitude of light backscattered from the sample. Lateral resolution is determined by
the spot size of the beam focus of incoming light and the collection aperture; longitudinal resolution is determined
by the coherence length of source light.

We present a combination of OCT and polarization sensitive detection® to record 2D images of the change in
polarization of circularly polarized incoming light backscattered from a turbid birefringent sample. In contrast to
conventional OCT, in which the amplitude of backscattered light in a single polarization state is measured, we
detected both polarization states to characterize the sample birefringence as a function of depth. 2D maps of
birefringence of biological materials can reveal important structural information that is difficult to resolve with
other imaging techniques. Partial loss of birefringence is known to be an early indication of tissue thermal damage®
(e.g., burns, or laser treatments). To demonstrate polarization-sensitive OCT, we present 1 mm and 1.5 mm wide
by 700 um deep images of bovine tendon birefringence before and after pulsed laser irradiation. For comparison
reflection OCT images are shown, formed by the sum of both detected polarization channels. Figure 1 shows a
schematic of the polarization-sensitive OCT system used in our experiments. Light passes through a Glan-Thompson
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Figure 1. Schematic of the polarization sensitive OCT system. SLD: superluminescent diode, 0.8 mW output
power, central wavelength A\ = 862 nm and spectral FWHM AX = 21 nm (= A2 QVIn2/mc); P: polarizer;
BS: beamsplitter; QW P: quarter wave plate; NDF: neutral density filter; L: lens. 2D images are formed by
longitudinal movement of the sample with constant velocity v = 1 mm/s (z-direction), repeated after each 10 um
lateral displacement (z-direction).

polarizer to select a pure linear vertical input state and is split into the reference and sample arms by a polarization
insensitive beamsplitter (reflection and transmission coefficients for linear vertical and horizontal polarization states
were 0.5 £ 0.05). Light in the reference arm passes through a zero-order quarter wave plate (QW P), rotating at
© = 2007 rad/s. Following reflection from a planar mirror and a return pass through the QW P, the light has a
rotating linear polarization (4007 rad/s). For improved signal-noise ratio,!° a neutral density filter N DF positioned
in the reference arm reduces intensity noise 50 times. Light in the sample arm passes through a QW P oriented at 45°
to the incident vertical polarization to give circularly polarized light incident on the tendon. After double passage
through a lens, sample, and the QW P, the light is in an arbitrary (elliptical) polarization state, determined by the
sample birefringence.

2. THEORY

The intensity of the light incident upon the detector is given by recombination of the light in both arms of the
interferometer, . .
(I) = () + () + 2Re [(¥7(t, z,) - W4 (2, 2,))] (1)

where \I-;(t, z) is the light amplitude field vector, subscripts r and s denote the reference and sample arms, respectively,
2z 5 are the optical path lengths in reference or sample arms, and the angle brackets denote ensemble averaging. The
source spectral density S(w) is assumed to be Gaussian (cx exp[—(w—wp)?/Q?]) with FWHM = 2Qv1n 2 rad/s. The
evolution of the polarization state in each arm of the interferometer is computed with the Jones matrix formalism,
where we neglect optical dispersion in the sample and spectral dependence of the zero order QW P’s over the spectrum
of the source. The interference fringe intensity formed by light in the sample and reference arms can be separated
into horizontal Ay and vertical Ay polarization components that are proportional to the light amplitude fields
backscattered from the sample:

Re [(F:(t, z) - W, (¢, 25))] = Am + Av;
Ap ~ sin(20t) cos(2koAz) exp[—(QAz/c)?] cos(koz6), (2)
Ay = cos(20t) cos(2koAz+2a) exp[—(QAz/c)?] sin(koz4),

where Az is the optical path-length difference between the sample and the reference arms of the interferometer. In
our system Az is a function of time and longitudinal velocity of the sample; z is the backscatter depth in the sample;
ko = 2m/Xo; c is the speed of light in vacuum; § is the difference in refractive indices along the fast and slow axes
of the birefringent sample (n, — ns); © is the rotation speed of the QWP in the reference arm and « is the angle
of the fast optical axis of the birefringent sample with the horizontal. The only approximation in Eq. (2) is that
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Figure 2. Images of fresh bovine tendon 1 mm wide by 700 pm deep, constructed from the same measurement. a)
Conventional reflection image generated by computing 10log[lg(z) + Iv(2z)]. The grey scale to the right gives the
magnitude of the signals. b) Birefringence image, generated by computing the angle of rotation ¢ in Eq. (4). The
grey scale at the right gives the angle ¢. The banded structure, indicative of the birefringence, is clearly visible.
Each pixel represents a 10 um x 10 um area. The dynamic range of the system was 48 dB.

a

Figure 3. Images of fresh bovine tendon 1 mm wide by 700 um deep, constructed from the same measurement. a)
Conventional reflection image generated by computing 10log[Ix(z) + Iv{(z)]. The grey scale to the right gives the
magnitude of the signals. b) Birefringence image generated by computing the angle of rotation ¢ in Eq. (4). The
grey scale at the right gives the angle ¢. The bovine tendon was exposed to three consecutive 1 Joule 150 ps laser
pulses (A = 1.32 pm) spaced by 10 ms, incident from the upper left at 35° with respect to the surface normal. The
beam diameter was 2 mm. Initial surface temperature after laser irradiation was 77 °C, dropping to 61 °C after
0.25 sec. The displacement of the banded structure in the image indicates the loss of birefringence due to thermal
damage in the irradiated zone. Each pixel represents a 10 um x 10 um area.

the product of birefringence () and propagation depth (z) in the sample (in the present case zd < 2.6 um) is much
smaller than the width of the coherence envelope (2¢/Q = 19 um). Phase sensitive demodulation of the recorded
signal with respect to angular position of the rotating QWP (©t) permits separation of the intensities corresponding
to vertically and horizontally polarized light. In addition to the carrier frequency [cos(2koAz)] within the coherence
envelope {exp[—(QAz/c)?]} both signals show an oscillation with a periodicity determined by the product of sample
birefringence (§) and propagation depth (z) that allows for birefringence imaging.

3. EXPERIMENT

We made scans by moving the sample at constant velocity v = 1 mm/s, giving a carrier frequency v = 2v/Xo =
2.4 kHz. To form 2D images, we recorded a longitudinal scan after each 10 um lateral displacement of the sample.
The 4 mm diameter beam, focused upon a sample by a lens (f = 50.2 mm) gave a 14 um beam-waist diameter. In
air, the sample arm was matched in length to the reference arm at a position 200 um past the focal point, leading to a
matched length in the beam focus approximately 400 pm deep in a sample with refractive index n = 1.4 (Ref. 11,12).
The detector was AC coupled and the signal amplified, high-pass filtered at 1 kHz with 18-dB/octave roll-off and
digitized with 16 bit resolution at 50,000 points per second. Signal processing consisted of squaring the detected
signal and phase sensitive demodulation with respect to Ot to separate the horizontal Iy and vertical Iy components
of the backscattered light. Then, within each longitudinal scan, data points were averaged with a Gaussian weight
function (FWHM = 700 data points) to form one image pixel. The resulting signals gave the backscattered horizontal
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Figure 4. Images of fresh bovine tendon 1.5 mm wide by 700 um deep, constructed from the same measurement.
a) Conventional reflection image generated by computing 10log[Ix(2) + Iv (z)]. The grey scale to the right gives the
magnitude of the signals. b) Birefringence image generated by computing the angle of rotation ¢ in Eq. (4). The
grey scale at the right gives the angle ¢. The bovine tendon was exposed to three consecutive 1.4 Joule 150 ps laser
pulses (A = 1.32 um) spaced by 10 ms, incident from the upper left at 359 with respect to the surface normal. The
beam diameter was 2 mm. Initial surface temperature after laser irradiation was 88 °C, dropping to 70 °C after
0.25 sec. The displacement of the banded structure in the image indicates the loss of birefringence due to thermal
damage in the irradiated zone. Each pixel represents a 10 um x 10 ym area.
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Figure 5. Images of fresh bovine tendon 1.5 mm wide by 700 um deep, constructed from the same measurement.
a) Conventional reflection image generated by computing 10log[Ig(z) + Iv(z)]. The grey scale to the right gives
the magnitude of the signals. b) Birefringence image generated by computing the angle of rotation ¢ in Eq. (4).
The grey scale at the right gives the angle ¢. The bovine tendon was exposed to three consecutive 1.5 Joule 150 us
laser pulses (A = 1.32 um) spaced by 10 ms, incident from the upper left at 35% with respect to the surface normal.
The beam diameter was 2 mm. Prior to exposure to the laser irradiation the surface was cooled to —5 °C in 40
msec. Maximum surface temperature of 68 °C was reached 330 msec. after laser irradiation. The displacement of
the banded structure in the image indicates the loss of birefringence due to thermal damage in the irradiated zone.
Compared to Fig. 4 the loss of birefringence at the surface is smaller, attributed to the lower thermal damage due
to surface cooling. Each pixel represents a 10 um x 10 um area.

and vertical intensities as a function of depth z with a resolution of 10 um physical distance, modulated with their
respective birefringence dependent terms:

In(z) « cos®(koz8);  Iv(z) o sin?(kozd). 3)

The birefringence images were formed by calculating the angle ¢ of the polarization rotation,

Iy (2)
Ig(2)

and the conventional reflection OCT images were formed by the sum of both polarization channels,

¢ = arctan = koz4, (4)

Iy(z) = Ig(z) + Iv (2). (5)

35



4. RESULTS

Measurements on 1 em x 2 em samples at least 1 cm thick were done within 48 hours of bovine sacrifice. In Fig. 2
conventional and birefringence images of fresh bovine tendon are shown. The banded structure in Fig. 2b, indicative
of birefringence, is clearly visible up to a physical depth of 700um, while this structure -is completely absent in the
conventional reflection image in Fig. 2a. This shows that the banded structure in the birefringence image is not
an anatomical artefact in the tendon, but due solely to its birefringence. By measuring the optical-versus-physical
thickness of a thin slice,!* we found the average refractive index of the tendon to be & = 1.42+0.03 . We determined
the birefringence by the average distance between the first and second dark bands from the top of Fig. 2b over the full
width (100 lateral scans). The average distance Z = 116413 um corresponded to a polarization rotation ¢ = k¢zd = 7
in Eq. (4). The experimentally determined birefringence § = 3.7+ 0.4 x 10~3 of bovine tendon (predominantly type
I collagen) is in agreement with reported values of 3.0 £0.6 x 10~3 (Ref. 13) and 2.8—3.0 x 10~3(Ref. 14,15). Fitting
exp(—2z/7), between z = 150 — 600 um depth, to the total backscattered intensity in the sample, Iy(z) in Eq. (5),
averaged over the image in Fig 2a (100 lateral scans), gave ¥ = 0.2 mm. Decay of total backscattered light intensity
with depth depends on several factors, among them attenuation of the coherent beam by scattering and the geometry
of the collection optics.

In Fig. 3 conventional and birefringence images of laser irradiated bovine tendon are presented. The image clearly
shows a decrease in the birefringence at the center of the irradiation zone, extending into the tendon over the full
depth of the image (700 pm). Furthermore, the direction of incoming laser light (from the upper left corner, at
an angle of 35° with the normal of the surface) is observed. The surface temperature of the tendon was monitored
during laser irradiation by IR radiometry. For comparison, Fig. 3a shows an OCT image of the total backscattered
intensity I5(2). Although less backscattered light from the irradiated area can be observed, the polarization sensitive
image (Fig. 3b) reveals important structural information not evident in Fig. 3a. In Figs. 4 and 5 conventional and
birefringence images 1.5 mm wide by 700 um deep are presented of laser irradiated tendon with and without surface
cooling. Since loss of birefringence is attributed to thermal damage, comparison of the two figures shows the effect
of surface cooling on laser mediated thermal damage. Application of cooling clearly reduces the birefringence loss
near the surface in Fig. 5 as compared to Fig. 4.

5. CONCLUSIONS

We have shown that polarization-sensitive OCT can reveal structural information in birefringent turbid media such
as biological tissue that is not available when polarization-insensitive OCT is used. Polarization-sensitive OCT has
the potential to provide guidance regarding optimal dosimetry for thermally mediated laser therapeutic procedures
by permitting real-time diagnostics at each irradiated site through detection of changes in birefringence associated
with thermal damage and pathological conditions. This would permit a semiquantitative evaluation of the efficacy
of laser therapy as a function of incident light dosage. Since many biological tissues are birefringent (e.g. collagen,
the constituent of bovine tendon, is also present in skin, bone, cornea, cartilage and the cardiovascular system),
polarization sensitive OCT is important even for conventional reflectance OCT. Reflection images can show pseudo
structure when tissue birefringence rotates backscattered light to the polarization state perpendicular to the detected
channel. Only detection of both polarization channels gives a true reflectance OCT image in birefringent biological
tissue.
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