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POLARIZATION-SENSITIVE SPECTRAL 
INTERFEROMETRY 

CROSS-RELATED APPLICATIONS 

The present application is a divisional application from 
U.S. application Ser. No. 12/131,825, filed Jun. 2, 2008, now 
U.S. Pat. No. 8,125,648, which claims priority to U.S. Provi 
sional Application Ser. No. 60/932,546, filed May 31, 2007, 
and claims priority to U.S. patent application Ser. No. 1 1/446, 
683, filed Jun. 5, 2006, which issued as U.S. Pat. No. 7,783, 
337 on Aug. 24, 2010, as a continuation-in-part, all incorpo 
rated by reference herein. 

BACKGROUND OF THE INVENTION 

The field of the invention generally relates to optical imag 
ing, and more specifically relates to Optical Coherence 
Tomography (“OCT) systems and methods. 

Spectral modifications resulting from interference of light 
in, also known as channeled spectra can be observed with 
various spectral interferometric techniques, commonly con 
sisting of a nonscanning interferometer and spectrometer in 
the detection path in OCT systems. The superposition of two 
light beams that are identical except for a relative optical 
path-length difference L results in a new spectra with ripples 
that have minima at wavelength, whenever (n+/2). L. If the 
optical path length difference is constant over the bandwidth 
of light, the spacing between the adjacent minima of the 
resultant spectrum in the optical frequency (V) domain is a 
constant c/L, where c is the speed of light. 
The interference fringes in the spectral domain can be 

obtained by performing Fourier transform of those recorded 
in the time domain, distinct differences are recognized 
between these two measurements. When the optical path 
length difference between two interfering beams, Lc T, of 
the Source light is much greater than the source temporal 
coherence length, high visibility interference fringes are not 
observed in the time domain. In the spectral domain, however, 
high visibility fringes are formed irrespective of how long or 
short the optical path-length difference may be. Additionally, 
Superior sensitivity and signal to noise ratio of spectral inter 
ferometry over time-domain approaches are recognized. 

Channeled spectra recorded by spectral interferometers 
have been used to measure absolute distance, dispersion, and 
both absolute distance and dispersion. By analogy with a 
two-beam interferometer, the two axes of an optically aniso 
tropic sample or optical fiber can be regarded as two beam 
paths, while a polarizer placed at the exit end of a sample 
under test or optical fiber can superpose light from the two 
beam paths to generate interference fringes in the spectral 
domain. In practice, polarization control is difficult to realize, 
since the polarization-mode dispersion in fiber is random and 
the polarization transformations introduced by fiber compo 
nents are not common for light in reference and sample paths. 
Therefore, at the output of the fiber-based polarization-sen 
sitive Michelson, Mach-Zehnder or similar hybrid interfer 
ometers, recorded interference fringe signals may contain an 
unknown time-varying random phase factor due to polariza 
tion changes induced by fiber components. 

The embodiments described herein solve these problems, 
as well as others. 

SUMMARY OF THE INVENTION 

The foregoing and other features and advantages are 
defined by the appended claims. The following detailed 
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2 
description of exemplary embodiments, read in conjunction 
with the accompanying drawings is merely illustrative rather 
than limiting, the scope being defined by the appended claims 
and equivalents thereof. 
A method and apparatus for analyzing a sample. The 

method and apparatus determines depth-resolved polariza 
tion properties of the sample. In one embodiment is a spectral 
interferometer for analyzing a sample. The interferometer 
comprises a light Source which produces light over a multi 
plicity of optical frequencies. The interferometer comprises 
an analyzer that records the intensity of light at the output of 
the interferometer. The interferometer comprises at least one 
optical fiber through which the light is transmitted to the 
sample. The interferometer comprises a receiver which 
receives the light reflected from the sample. A computer 
coupled to the interferometer determines depth-resolved 
polarization properties of the sample. 

Another embodiment pertains to a method for analyzing a 
sample with a spectral interferometer. The method comprises 
the steps of directing light to the sample with at least one 
optical fiber of the interferometer. There is the step of reflect 
ing the light from the sample. There is the step of receiving the 
light with a receiver of the interferometer. There is the step of 
determining depth and polarization properties of the light 
reflected from the sample with a computer coupled to of the 
interferometer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing description of the figures is provided for a 
more complete understanding of the drawings. It should be 
understood, however, that the embodiments are not limited to 
the precise arrangements and configurations shown. 

FIG. 1 is a schematic diagram of a polarization-sensitive 
spectral interferometer in accordance with one embodiment. 

FIG. 2 a schematic diagram of a PS-OCT interferometer in 
accordance with one embodiment. 

FIG. 3A depicts the typical spectral output intensity from 
the fiber based single channel polarization-sensitive spectral 
interferometer with the whole spectrum of 12.2 THz. 

FIG. 3B depicts an enlarged small segment of 10 GHz 
between 190.69 THz and 190.79 THz of the whole spectrum 
(12.2 THz) from FIG. 2A to view fringes in more detail. 

FIG. 4A depicts the Fourier Transform magnitude of inter 
ference fringes between and from the back surfaces of the 
glass window. 

FIG. 4B depicts the Fourier Transform magnitude of inter 
ference fringes between the back surface of the glass window 
and the birefringent sample. 

FIG. 5A depicts Phase retardation due to birefringence of 
the birefringent sample estimated from interference between 
the back surface of the glass window and the back surface of 
the birefringent sample. 
FIG.5B depicts Phase Retardation due to fast-axis angle of 

the birefringent sample estimated from interference between 
the back surface of the glass window and the back surface of 
the birefringent sample. 

FIG. 6 is a schematic of the origin of form-birefringence 
(An) and form-biattenuance (A) in fibrous structures, where 
the electric field of incident light which is polarized perpen 
dicular to the fiberaxis (E) produces a surface charge density 
with an induced field (E), which changes the dielectric Sus 
ceptibility and gives higher refractive index (n) relative to 
that experienced by light polarized parallel to the fiber axis 
(E). 

FiG. 7 is a schematic model for form-biattenuance consist 
ing of alternating anisotropic and isotropic layers. 
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FIG. 8 is a schematic of intervertebral disc and annulus 
fibrosis showing alternating fiber directions in the laboratory 
frame (HandV), the incident beam, and scan location (dashed 
red line). 

FIG. 9A is a Poincaré sphere showing the simulated tra 
jectory of S(z) for k=3 layers with fiber orientations 0-10°, 
95°, and -5°; and FIG.9B is a graph of the abrupt changes in 
trajectory of S(Z) corresponding to layer interfaces at Z. 34 
and Z-70 are observed as spikes in the curvature K(z) indi 
cated by dashed circles. 

FIG. 10A is a graph of the ensemble averaging Nuncor 
related speckle fields increases PSNR by a factor of N, 
and FIG. 10B is a Poincaré sphere before (thin line) and after 
(thick line) averaging N-36 speckle fields for birefringent 
film S(Z) for m=1 plotted on the Poincaré sphere. Averaged 
S(z) begins to resemble the noise-free model polarization arc 
P(z). 

FIG. 11A is a Poincaré sphere showing depth-resolved 
polarization data IS, (Z), gray for M-6 incident polarization 
states in a thick (AZ=170 um) RNFL 1 mm inferior to the 
ONH; and FIG. 11B is a Poincaré sphere showing thin 
(AZ-50 um)RNFL 1 mm nasal to the ONH. Noise-free model 
polarization arcs P(Z), black and rotation axis (A) were 
extracted by the multi-state nonlinear algorithm. (Note: m=3, 
4, and 5 are on the far side of the Poincaré sphere.) 

FIG. 12 is a graph of the RNFL birefringence (An) in 
locations 1 mm inferior and 1 mm nasal to the center of the 
ONH on two separate days, where the error bars indicate 
approximate PS-OCT birefringence sensitivity. 

FIG. 13A is a Poincaré sphere showing the depth-resolved 
polarization data IS (z) and associated noise-free model 
polarization arc IP (Z) and eigen-axis (B) determined by the 
multistate nonlinear algorithm in rat tail tendon with rela 
tively high form-biattenuance (A-8.0 10); and FIG. 13B is 
a graph for the corresponding normalized Stokes parameters 
Q(Z), U(Z), V(Z) and associated nonlinear fits. 
FIG. 14A is a Poincaré sphere showing the depth-resolved 

polarization data IS (Z) and associated noise-free model 
polarization arc IP (Z) and eigen-axis (B) determined by the 
multistate nonlinear algorithm in rat tail tendon with rela 
tively low form-biattenuance (A-3.0-10); and FIG. 14B is 
a graph for the corresponding normalized Stokes parameters 
Q(Z), U(Z), V(Z) and associated nonlinear fits. 
FIG. 15A is a Poincaré sphere showing S (Z) and associ 

ated P., (z) and B determined by the multistate nonlinear algo 
rithm in rat Achilles tendon; and FIG. 15B is the correspond 
ing normalized Stokes parameters of FIG.15A and associated 
nonlinear fits. 

FIG. 16A is a Poincaré sphere showing the S(Z) and 
associated P., (z) and B for in vivo primate RNFL for M=6; 
and FIG.16B is the corresponding normalized Stokes param 
eters Q(Z), U(Z), V(Z) and associated nonlinear fits are 
shown for a single incident polarization state (m=1). 

FIG.17 is an intensity B-scan of annulus fibrous, the image 
is 0.35 mm wide, 0.5 mm deep, and intensity is plotted loga 
rithmically using arbitrary units. 

FIG. 18A is a Poincaré sphere with the trajectory of S(Z) 
for annulus fibrous; and FIG. 18B is a graph of the abrupt 
changes in trajectory of S(Z) corresponding to lamellar 
interfaces at Z Z+AZ, and ZZ,+AZ+AZ, are observed as 
spikes in the curvature K(Z) indicated by circles. 

FIG. 19 a fiber orientation B-scan 0(x,z) of the annulus 
fibrous specimen shown in FIG. 17, where the fiber orienta 
tion (0) is assigned a false color representing the counter 
clockwise angle between the fiber axis and the horizontal as 
viewed along the incident beam. 
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4 
FIG. 20 is a PS-OCT birefringence B-scan An(X,Z) of the 

annulus fibrous specimen shown in FIG. 17, where the 
detected interfaces between lamellae are represented by black 
lines. 

FIG.21 is an intensity B-scan I(X,Z) introduced in FIG.17 
with black lines superimposed to indicate structural features 
(lamellar interfaces) that were not apparent in I(X,Z) but were 
detected in the depth-resolved polarization data S(Z). 
where the numbers on left represent mean thickness of each 
lamella (A Lum). 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

The methods, apparatuses, and systems can be understood 
more readily by reference to the following detailed descrip 
tion of the methods, apparatuses, and systems, and the fol 
lowing description of the Figures. 

Referring now to the drawings wherein like reference 
numerals refer to similar or identical parts throughout the 
several views, and more specifically to FIGS. 1 and 2 thereof, 
there is shown a polarization sensitive spectral interferometer 
for analyzing a sample. Polarization sensitive spectral inter 
ferometer and polarization sensitive Optical Coherence 
Tomography (“PS-OCT) may be used interchangeably 
throughout the application. PS-OCT combines polarimetric 
sensitivity with the high resolution tomographic capability of 
optical coherence tomography (“OCT) to determine phase 
retardation (8) and birefringence (An) biattenuance (A) and 
optical axis orientation (0). In one embodiment, the PS-OCT 
configuration includes an interferometer and a light Source 
which produces light over a multiplicity of optical frequen 
cies. The interferometer comprises at least one optical fiber 
through which the light is transmitted to the sample. The 
interferometer comprises a receiver which receives the light 
reflected from the sample. The interferometer comprises a 
computer coupled to the receiver which determines depth 
resolved polarimetric properties of the sample. “Depth-re 
solved' is may be used in the context of either measuring in 
the depth dimension or the local variation in a parameter 
versus depth (e.g., A(z)". 

In one embodiment, the computer coupled to the interfer 
ometer determines simultaneously the depth-resolved polari 
metric properties of the light reflected from the sample in the 
interferometer. In another embodiment, the computer deter 
mines variations of the polarization of the reflected light as a 
function of depth of the sample. In another embodiment, the 
computer determines the depth resolved birefringence of the 
sample, depth resolved retardation of the sample, depth 
resolved biattenuance of the sample, and depth resolved opti 
cal axis of the sample. The sample is preferably living human 
tissue, and the reflected light is obtained in vivo in a patient, 
as described in U.S. patent application Ser. No. 1 1/466,683 
and U.S. patent application Ser. No. 10/548,982, both of 
which are incorporated by reference herein. The computer 
preferably identifies tissue type of the sample as a function of 
depth from the depth-resolved birefringence, retardation, 
biattenuance and optical axis of the sample. For instance, by 
maintaining a table look-up in a memory of the computer 
having a priori information regarding tissue types and their 
associated birefringence, retardation, biattenuance, and opti 
cal axis properties; when unknown tissue is tested using the 
techniques described herein, the birefringence, biattenuance, 
retardation, and optical axis properties obtained as a function 
of depth of the unknown tissue is compared with the known 
information in the table look-up, and the tissue type as a 
function of depth is identified. Tissues may include any type 
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of tissue including, but not limited to, arterial vessels and 
plaques, amyloid plaques and neurofibrillary tangles, aneu 
rysms, urethra, tumors, cartilage, cornea, muscle, retina, 
nerve, skin and tendon. Alternatively, a follow-up PS-OCT 
measurement may be employed, looking for changes in bire 
fringence, biattenuance, retardation, and optical axis with the 
previous measurement(s). Alternatively, the sample may be 
an optical fiber or general optical element transmitting device 
under test. 

Another embodiment pertains to a method for analyzing a 
sample with a spectral interferometer. The method comprises 
the steps of directing light to the sample with at least one 
optical fiber of the interferometer. There is the step of reflect 
ing the light from the sample. There is the step of receiving the 
light with a receiver of the interferometer. There is a step of 
combining or interfering the light reflected from the sample 
with the light reflected from the reference surface. There is the 
step of determining depth and polarization properties of the 
light reflected from the sample with a computer of the inter 
ferometer. 

In one embodiment, the determining step includes the step 
of determining simultaneously the depth-resolved polarimet 
ric properties of the light reflected from the sample with the 
computer. The determining step preferably includes the step 
of determining variations of the polarization of the reflected 
light as a function of depth of the sample. Preferably, the 
determining step includes the step of determining depth 
resolved birefringence of the sample, depth resolved biat 
tenuance of the sample, depth resolved retardation, and depth 
resolved optical axis of the sample. There is preferably the 
step of identifying tissue type of the sample as a function of 
depth from the depth-resolved birefringence, depth-resolved 
biattenuance, depth-resolved retardation, and depth-resolved 
optical axis. 

In another embodiment, a polarization-sensitive spectral 
interferometer generally comprising a broadband frequency 
swept laser source, an optical spectrum analyzer ("OSA), a 
fiber-based common-path spectral interferometer coupled 
with a fiber-optic spectral polarimetry instrument (“FOSPI) 
in the detection path, and photoreceiver. The fiber-based 
single channel polarization spectral interferometer provides 
depth resolved measurement of polarization transformations 
of light reflected from a sample. The range of detectable 
optical path-length difference using spectral interferometry is 
proportional to the inverse resolution of the OSA. Algebraic 
expressions for the Stokes parameters or alternative measure 
of the polarization state of light—Jones vector or complex 
Z-parameter, at the output of the interferometer are derived 
for light reflected from a birefringent sample by using the 
cross-spectral density function. By insertion of the fiber optic 
spectral polarimetry instrument into the detection path of a 
common path spectral interferometer, the full set of Stokes 
parameters of light reflected from a sample can be obtained 
with a single optical frequency scan—or improved estimates 
by averaging multiple optical frequency scans. This embodi 
ment requires neither polarization control components nor 
prior knowledge of the polarization state of light incident on 
the sample. 

In another embodiment, the interferometer comprises a 
polarimeter with channeled spectra in spectral polarimetry 
without polarization control. The polarimeter comprises of a 
pair of thick birefringent retarders in series with a polarizer 
and OSA, and a fiber optic spectral polarimetry instrument to 
measure polarization state of collected light with single opti 
cal frequency scan utilizing the principle of the channeled 
spectral polarimetry. Alternatively, the polarimeter comprises 
polarization sensitivity that records four sequential single 
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6 
channel measurements or simultaneous dual-channel hori 
Zontal and vertical polarization component measurements in 
conjunction with a well characterized reference beam. The 
polarimeter may be utilized to measure the polarization state 
of light or sample birefringence. 

In another embodiment, the fiber-based polarization-sen 
sitive Michelson, Mach Zehnder or similar hybrid interfer 
ometer extracts the Stokes parameters of reflected light from 
a sample from the interference fringe signal recorded in two 
orthogonal polarization channels. The recorded interference 
fringe signal includes the phase difference between light 
reflected from the reference and sample surfaces as well as 
amplitudes, so polarization-state control of light reflected 
from the reference Surface may be employed. In the common 
path spectral interferometer, the phase factor due to polariza 
tion changes induced by fiber components is common in light 
reflected from reference and sample surfaces and cancels in 
the interference fringe signals recorded in orthogonal chan 
nels. In the PS-OCT configurations, the interferometer deter 
mines the depth resolved birefringence of the sample, depth 
resolved retardation of the sample, depth resolved biattenu 
ance of the sample, and depth resolved optical axis of the 
sample. 

Retardation and Birefringence 
PS-OCT combines polarimetric sensitivity with the high 

resolution tomographic capability of optical coherence 
tomography ("OCT) to determine phase retardation (8) and 
birefringence (An) biattenuance (A) and optical axis orien 
tation (0). Noninvasive and invasive determination of 6, An, 
A and 0 in biological tissue makes the PS-OCT configura 
tions well-suited for clinical diagnostics and biomedical 
research applications where monitoring of tissue is impor 
tant. Optical anisotropy properties birefringence (An), biat 
tenuance (A), and axis orientation (0) convey information 
about the Sub-microscopic structure of fibrous tissue (e.g., 
connective, muscle, nervous tissue, fibrous cap, and the like). 
A primary obstacle to high sensitivity determination of 

tissue retardation and birefringence is polarimetric speckle 
noise. Speckle noise is common to all imaging modalities that 
employ spatially-coherent waves (e.g. ultrasound, radar, 
OCT, etc.). The method to determine accurately polarimetric 
properties addresses the degrading effects of speckle noise in 
polarimetric signals detected with PS-OCT configurations. 
The method comprises the sensitivity required for accurate 
determination of 8, An, A and 0 in thin tissues with weak 
birefringence e.g., primate retinal nerve fiber layer 
(“RNFL'), Anx10" and/or biattenuance. 
The method to determine 8, An, A and 0 comprises mul 

tiple incident polarization states and a nonlinear fitting algo 
rithm to determine 8, An, A and 0 with high sensitivity and 
invariance to unknown incident unitary polarization transfor 
mations that may occur in the interferometer. In one example, 
the “multi-state nonlinear algorithm' is demonstrated in a 
thin turbid birefringent film. 

Form-Biattenuance (An) and Form-Birefringence (A) 
Form-birefringence (An) in tissue arises from anisotropic 

light scattering by ordered submicroscopic cylindrical struc 
tures (e.g., microtubules, collagen fibrils, etc.) whose diam 
eter is smaller than the wavelength of incident light but larger 
than the dimension of molecules. Inasmuch as form-birefrin 
gence (An) describes the effect of differential phase velocities 
between light polarized parallel- and perpendicular-to the 
fiber axis (eigenpolarizations), the term form biattenuance 
(A) describes the related effect of differential attenuation on 
eigenpolarization amplitudes. Biattenuance (A) is an intrin 
sic physical property responsible for polarization-dependent 
amplitude attenuation, just as birefringence (An) is the physi 
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cal property responsible for polarization-dependent phase 
delay. Diattenuation (D) gives the quantity of accumulated 
anisotropic attenuation over a given depth (AZ) by a given 
optical element. 

Optical Axis 
Optic axis orientation (0) provides the direction of con 

stituent fibers relative to a fixed reference direction (i.e., 
horizontal in the laboratory frame). The PS-OCT configura 
tions measures depth-resolved optic axis orientation 0(Z) 
deep within multiple layered tissue using. Using the PS-OCT 
configurations, the depth-resolved optic axis orientation 
0(Z) unambiguously represents the actual anatomical fiber 
direction in each layer or depth (z) with respect to a fixed 
laboratory reference and can be measured with high sensitiv 
ity and accuracy. Characterization of the anatomical fiber 
direction in connective tissues with respect to a fixed refer 
ence is important because functional and structural charac 
teristics Such as tensile and compressive strength are directly 
related to the orientation of constituent collagen fibers. 

Depth Resolved Identification of Structural Interfaces 
Depth-resolved curvature (K(z)) of normalized Stokes vec 

tors (S(z)) may identify boundaries in multiple-layered 
fibrous tissue. When contrast in backscattered intensity (I(z)) 
is not sufficient for identification of lamellar interfaces, the 
PS-OCT configurations can detect changes in depth-resolved 
fiber orientation and increases image contrast in multiple 
layered birefringent tissues. For example, interfaces in the 
annulus fibrous identified using depth-resolved fiber orienta 
tion or the depth-resolved curvature allowed quantification of 
lamellae thickness. Moreover, the PS-OCT configuration can 
detect changes in fiber orientation without intense processing 
needed to effectively quantify tissue retardation and diattenu 
ation. 

Cytoskeletal elements, cell membranes, and interstitial 
collagen impart form-birefringence to tissues such as arterial 
vessels, amyloid plaques, aneurysms, tumors, cartilage, cor 
nea, muscle, urethra, nerve, retina, skin and tendon. Nonin 
vasive and invasive quantification of form-birefringence, 
retardation, and optical axis by the PS-OCT configurations 10 
and 200 has implications in the clinical management and 
basic understanding of diseases including but not limited to 
osteoarthritis, myocardial heart disease, thyroid disease, 
aneurism, gout, Alzheimer's disease, cancers, tumors, glau 
coma, and chronic myeloid leukemia. In addition, changes in 
form-birefringence may elucidate traumatic, functional, or 
physiologic alterations such as the severity and depth of 
burns; wound healing, optical clearing by exogenous chemi 
cal agents, or the contractile state of muscle. 

Exemplary Polarization Sensitive Spectral Interferometer 
Configuration 
As shown in FIG. 1, in one configuration of the PS-OCT 

system is a polarization-sensitive spectral interferometer 10 
generally comprising a broadband frequency-swept laser 
source 12, an Optical Spectrum Analyzer (“OSA) 14, a 
fiber-based common-path spectral interferometer 30, a Fiber 
Optic Spectral Polarimetry Instrument (“FOSPI) 50, and a 
photoreceiver 60. In one embodiment, the broadband fre 
quency-swept laser Source 12 operates with a meanfrequency 
of the output spectrum that varies over time. The swept laser 
Source may be any tunable laser source that rapidly tunes a 
narrowband source through a broad optical bandwidth. The 
tuning range of the Swept source may have a tuning range with 
a center wavelength between approximately 500 nanometers 
and 2000 nm, a tuning width of approximately greater than 
1% of the center wavelength, and an instantaneous line width 
of less than approximately 10% of the tuning range with an 
instantaneous coherence length of over 10 mm. The mean 
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8 
frequency of light emitted from the Swept source may change 
continuously over time at a tuning speed that is greater than 
100 terahertz per millisecond and repeatedly with a repetition 
period. The OSA 14 provides real-time OSA or a clock signal 
18 that is used to trigger data acquisition for real-time Syn 
chronization of output intensity with optical frequency (V)16. 
High spectral resolution of the laser source (or alternatively 
long coherence length)12 and the OSA 14 can provide a scan 
range greater than 10 mm and up to 3 m and allows a flexible 
system configuration, such as a reference-sample separation 
up to several centimeters. Selecting optimal optics for the 
frequency range of the broadband frequency-swept laser 
source 12 is readily known by those skilled in the art. In one 
embodiment, the narrowband laser source 12 is swept the 
over a wide optical frequency range and the optical frequency 
16 is optically coupled to a processor 70. The polarization 
sensitive spectral interferometer 10 may be based on optical 
fibers for optically coupling the components thereof. 
As shown in FIG. 1, in one embodiment, the swept laser 

Source 12 is optically coupled to an input polarization state 
preparation optics 20, comprising a lens 22 and a polarizing 
element 24. The input polarization state preparation optics 20 
allows the preparation of a variety of fixed user-specified 
states. The light is then collected by a lens 26 and transmitted 
to the fiber circulator 28. The sample and reference beams 
share a common path 38 in the common-path spectral inter 
ferometer 30. This configuration provides automatic compen 
sation for dispersion and polarization difference in the sample 
and reference paths up to the sample and nearly ideal spatial 
overlap of reflected sample and reference beams, giving high 
fringe visibility. 

FIG. 1 depicts one embodiment of the common-path spec 
tral interferometer 30 including, the fiber optic circulator 28, 
a lens 32, a glass window 34 as a reference, and a sample 36 
in a common path 38. Emitted light from the source 12 is 
transmitted to the fiber optic circulator 28, which prevents any 
unnecessary light loss returning to the source 12 so a fiber 
based system can be implemented. Emitted light inserted into 
one port of the circulator 28 is transmitted to a center tap, 
while the reflected light from the glass window reference and 
sample 36 is transmitted to the third port of the circulator 28 
to a detection path 40. The back surface of the glass window 
34 serves as a reference surface. The thickness of the glass 
window 34 is large enough, so that reflection from the front 
Surface of the glass window does not contribute to the spectral 
interferogram between light reflected from the reference and 
that reflected from the sample. In one embodiment, a boro 
silicate glass window of 6.3 mm thickness is used. In one 
embodiment, an end facet of the sample path illuminating 
fiber instead of the glass window 34 can be used in the sample 
path. 

Alternatively, the sample path can be coupled to a probe or 
catheter via a fiber optic rotary junction. Examples of a rotat 
ing catheter tip for the sample path include, a Catheter for In 
Vivo Imaging as described in 60/949,511, filed Jul. 12, 2007, 
or an OCT catheter as described in Provisional Application 
Ser. No. 61/051,340, filed May 7, 2008, each herein incorpo 
rated by reference for the methods, apparatuses and systems 
taught therein. The catheter can be located within a subject to 
allow light reflection off of subject tissues to obtain optical 
measurements, medical diagnosis, treatment, and the like. 
The reference 34 can be coupled to a reflective surface of a 
ferrule coupled to a lens and rotating prism to provide the 
common path 38. 

Data acquisition is synchronized with calibrated optical 
clock transitions generated by the OSA 14, so each measured 
and digitized light intensity corresponds to uniformly spaced 
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or a known optical frequency or spectral component of the 
spectral interferogram in equation (1). 

(1) 

Equation (1) includes autocorrelation terms that arise from 
interference between surfaces within the sample are not 
shown. Autocorrelations terms can appear as artifacts and 
coherent noise; they can be separated from the interference 
term between the reference and the sample containing useful 
depth information by shifting the reference and sample con 
taining useful depth information by shifting the reference 
Surface by a distance larger than the sample optical thickness. 

(2) 

With equation (2), interference fringes can be analyzed by a 
Fourier transform of the recorded spectrum. Equation (2) is 
the inverse Fourier transform of Equation (1) with respect to 
optical frequency V. 
As shown in FIG. 1, the detection path 40 includes a first 

Polarization-Maintaining (“PM) fiber segment 42, a second 
PM fiber segment 44, and apolarization controller 46 coupled 
to the FOSPI 50. The first and Second PM fibers 42 and 44 are 
spliced at 45 degrees with respect to each other. The PM fibers 
are a birefringent optical waveguide that has two orthogonal 
axes with different refractive indices due to internal stress 
structures. The first and second PM fiber segments 42 and 44 
are used as sequential linear retarders in a retarder system. In 
one embodiment, the first PM fiber 42 is 2.5 m and the second 
PM fiber 44 is 5 m. In another embodiment, the use of longer 
PM fiber segments would allow wider channel separation and 
provide betterestimates of sample phase retardation and fast 
axis orientation. The PM fibers are thermally isolated in 
mechanical enclosures to improve the stability of PM fiber 
phase retardations. Orthogonal oscillating field components 
of collected light experience different phase delays due to 
internal birefringence while passing through the first PM fiber 
segment 42. At the 45 degree splice, both oscillating field 
components are projected equally on fast and slow axes of the 
second PM fiber segment 44 and experience different phase 
delays. Light exiting the second PM fiber 44 segment has four 
field components with different phase delays depending on 
the propagation path and passes through an analyzer 52 
aligned with the fast axis of the first PM fiber segment 42. All 
four field components of light are projected onto the trans 
mission axis of the analyzer 52 and produce interference 
fringes with characteristic time delay (t) given by the PM 
fiber segments 42 and 44. In one embodiment, the use of 
thermally isolated mechanical enclosure improves the stabil 
ity of PM fiber phase retardations. In one embodiment, the use 
of longer PM fiber segments allows wider channel separation 
and provides betterestimates of sample phase retardation and 
fast-axis orientation. The FOSPI is but one implementation of 
an apparatus to accomplish interference between the different 
polarization states. Bulk optical elements may accomplish 
more or less the same objective of the FOSPI. Bulk compo 
nents may include better stability but the size ranges of optical 
delays that can be realized are limited, as described in K. Oka 
and T. Kato, “Spectroscopic polarimetry with a channeled 
spectrum.” Opt. Lett. 24: 1475-1477 (1999), herein incorpo 
rated by reference. 

The FOSPI 50 includes an analyzer 52 coupled to a pho 
toreceiver 60. In one embodiment, the analyzer 52 includes a 
collimating lens 54, a polarizer 56, and a lens 58. In operation, 
output intensity from the common-path spectral interferom 
eter 30 is collected by the FOSPI 50, which is then coupled 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
into the photoreceiver 60 and then input into an analog-to 
digital converter 62 that acquires output intensity data by a 
processor 70 undera LabViewTM software interface. By inser 
tion of the FOSPI 50 in the detection path of a common-path 
spectral interferometer 30, the full set of Stokes parameters of 
light backscattered from specific sample depths can be 
obtained without either polarization-control components in 
the reference, sample, or detection paths of the interferometer 
or prior knowledge of the polarization state of light incident 
on the sample. The OSA 14 provides real-time OSA or clock 
signal 18 that is used to trigger data acquisition for real-time 
synchronization of output intensity with optical frequency 
(V). 

Output spectral intensity (V) at optical frequency V 
emerging from the FOSPI is: 

(S23,(v)) (3) 

with So, (v), Si(V), and S.2s, (v)=S(V)-iSs,(V) repre 
senting Stokes spectra of collected light (i.e., incident on the 
first PM fiber segment 42). The fiber coordinate system uti 
lized to represent the Stokes spectra is oriented so that light 
oscillating along the fast axis of the first PM fiber segment 42 
corresponds to S=1. Here p(v) and p(v) are the phase 
retardations due to the first and second segments of the PM 
Fiber 42 and 44 and dependent on optical frequency V, 

2IVAn(v) (4) 
(i.1(2)(V) = L1(12), 

where An(v) is internal birefringence of the PM fiber. 
From Equation (3), the output intensity from the FOSPI 

I,(v) is a Superposition of four Stokes spectra So...(v), 
Si(V), and Sas (v)=S(V)-iSs,(V) modulated at differ 
ent carrier frequencies dependent on phase retardations (p(v) 
and p(v) in the PM fiber segments. Simple Fourier transfor 
mation of I(v) isolates each Stokes spectral component in 
the time-delay domain (t) or optical path length difference 
(ct) domain. Subsequent demodulation of each peak in the 
time-delay domain provides the complete set of Stokes spec 
tra So,(V), Si(V), S2(V). Ss.(V). 
When the FOSPI is placed in the detection path of a com 

mon path spectral interferometer, two factors determine the 
spectral modulation. One is the optical path-length difference 
between reference and sample Surfaces, A(V), introduced by 
the common-path spectral interferometer, and the other factor 
is the phase retardations, p(v) and p(v), generated by the 
retarder system in the FOSPI. These two factors combine 
sequentially so that output from the fiberbased single channel 
polarization sensitive spectral interferometer is a convolution 
of the FOSPI output and that from the common path spectral 
interferometer. 

Computation of the Output Intensity of Interfering Light 
When a FOSPI is connected to the detection path of a 

common path spectral interferometer, an expression for the 
output intensity of interfering light can be derived. With 
Equations (25) and (28), measured interference fringe inten 
sity of light from the common path spectral interferometer 
passing through the FOSPI after reflecting from a birefringent 
sample is: 
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d(y) (1) (5) 
IS, (v) = rs.coSA(v)cos --S (v) + 

d risinA(vsin) s (co2a:S(y) + sin2O.S" (v)) -- 

r|(costs."() sin'sinas"() X cos(A(V) - d.2(V)) + 

sinleos2as"() X sin(A(V) - d(v)) -- 

r|(costs, (v) - sinsin2as"() X cos(A(V) - d.2(V)) + 

sin'cos2as"() X sin(A(V) - th:(v)) -- 

ir (cos's"() d 
sinleos2as"() X 

d d 
(sinsin2as' X (v) + S(y) sinleos2as!"() -- 

1 d d 
ir (cosis"() -- sinleos2as"() X 

d d 
(sinsin2as: X (v) - S(y) -- sincos2as."() 

1 d d 
Arcos's"() -- sinleos2as"() X 

d 
sin sin2as X (v) - S(y) -- sincos2as!"() 

1 d 
r|(cosis"() -- sinleos2as"() X 

d d 
(sinsin2as' X (v) + S(y) sinleos2as!"() -- 

d 
coss'(v)}sin(A() - d.2(V) - d. (v)). 

A Fourier transform of Equation (5) gives seven components 
for each backreflection of light in the positive optical path 
length difference domain (c120), which are centered at cI. 
c(Littl2).c(Lit(1211)), and c(Lit(12+1)), respectively, 
with A(v)=2IILV+2IIL (v), (), (v)=2IIlv4-2IIL (v). 
By computing an inverse Fourier transform of each iso 

lated component in the optical path-length difference domain 
(ct). Equations (6-9) are obtained: 

1 . d d 
Lo: re'{cos ls"() isin cos2ast"() -- sin2ass'(v)}, (6) 

1 : . . d 7 
Lo + l2a : ire": iA(v) (costs."() sin X sin2a.S"(y) (7) 

d(v) isin cos2ass'(v)), 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
-continued 

Lo + l2 - lo: (8) 
icon- d(y) d(v) i(d2 (v)-d1(v)iA(i) (1) () () - Srse 8 (cos 2 S’(v) + sin 2 cos2a:S (v)) 

d 
(sin sin2as"() St"() -- 2 

d(v) d(y) 
sin cos2ass'(v) - COS ls"(). 

(9) 1 . 
Lo + l2 - lo: - restore to 

d(y) d(v) iA(i) (1) (I) () - 8 (cos. S2'' (v) + sin 2 cos2aS (v)) 
d 

isinsin2ass'() -- st"() 
sin" cos2as"() -- COS Als"() 

The real part of expression (6) gives So'(v)/4, and the real 
part of expression (7), after the phase shift by -(p(v), gives 
S'' (v)/8. Likewise, S''' (v)/8 and S'' (v)/8 is obtained by 
taking the real part of the subtraction of expression (9) from 
expression (8) and the imaginary part of the sum of expres 
sions (8) and (9) after the appropriate phase shift from the 
FOSPI, -(p(v)-(p(v)) and -(p(v)+(p(v)) for expressions (8) 
and (9), respectively. Since the phase retardations (p(v) and 
(p(v) depend only on the length and birefringence of PM fiber 
segments, they are calibrated regardless of the unknown 
polarization characteristics of the sample and polarization 
state of incident light. 

Simple arithmetic gives sample phase retardation (Ö) due to 
the birefringence and the fast axis (C. or 0)) angle without 
knowledge of the incident polarization state. The real part of 
expression (6), the imaginary part of expression (7), and the 
imaginary part after the Subtraction of expression (8) from 
expression (9) are: 

1 d(y) (10) 
rcosis"(v), 

1 d(v) (11) irsin, cos2ass'(v), 
1 (12) O(V) . (1) 
ir,sin-a-sin2a5. (v), 

after phase shifts by -A(V).-(A(V)+(p(v)), -(A(V)+(p(v)-p 
(v)), and -(A(V)+(p(v)+(p(v)), respectively. A(V) can be 
obtained from the location of the S component in the opti 
cal path-length difference domain, assuming dispersion in the 
sample is Small. With a trigonometric identity, Equation (13) 
is obtained: 

6(v) 2W expression(36)’ + expression(37) (13) 
t an- expression(35) 

expression(37) (14) 
tano = - . expression(36) 

In this analysis, sample phase retardation (Ö(Z)) and fast 
axis angle (C. or 0) can be estimated with the interference 
fringes and without knowledge of the polarization state of the 
incident light. When the polarization optics is inserted 
between the reference and the sample surfaces, the segment 
can be considered a known portion of the birefringent sample 
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with a specified polarization transformation, and the analysis 
may be modified to determine the depth-resolved birefrin 
gence (An) and fast axis (C. or 0) of a sample, as explained in 
the Optical Axis and Birefringence sections below. 

Exemplary PS-OCT Configuration 5 
As shown in FIG. 2, another embodiment of the PS-OCT 

system can comprise, a Mach-Zehnder interferometer in a 
PS-OCT configuration 200, which measures the complex 
mutual coherence function (magnitude and phase) between 
two non-reciprocal optical paths, one path encompassing an 10 
object under test (i.e. “the sample') and the other a reference 
path. This is in contrast to a Michelson interferometer con 
figuration which measures the same coherence function in a 
reciprocal configuration (i.e. the same splitter/coupler is used 
for both input splitting and output recombination). Alterna- 15 
tively, the PS-OCT interferometer can comprise a Michelson 
interferometer configuration which measures the same coher 
ence function in a reciprocal configuration, i.e. the same 
splitter/coupler is used for both input splitting and output 
recombination. The PS-OCT system and calculations for the 20 
OCT interferometer is generally described and explained by 
the inventors in U.S. patent application Ser. No. 1 1/446,683, 
and Provisional Application Ser. No. 60/932.546, herein 
incorporated by reference. 
As shown in FIG. 2. The PS-OCT system has a light source 25 

210 with cascaded fiber optic couplers to subdivide the source 
light into three primary modules (1) the primary OCT inter 
ferometer, (2) an auxiliary wavemeter interferometer 260, 
and (3) an optical trigger generator 262. In one embodiment, 
the light source 210 is a High Speed Scanning Laser HSL- 30 
2000 (Santec) with an instantaneous coherence length of over 
10 mm. The swept laser source 210 includes emitted light 
with a meanfrequency of the output spectrum that varies over 
time. The mean frequency of light emitted from the swept 
Source may change continuously over time at a tuning speed 35 
that is greater than 100 terahertz per millisecond and repeat 
edly with a repetition period. The swept laser source may be 
any tunable laser source that rapidly tunes a narrowband 
Source through a broad optical bandwidth. The tuning range 
of the Swept source may have a tuning range with a center 40 
wavelength between approximately 500 nanometers and 
2000 nm, a tuning width of approximately greater than 1% of 
the center wavelength, and an instantaneous line width of less 
than approximately 10% of the tuning range. Optionally, the 
swept laser source 210 is coupled to an electro-optic polar- 45 
ization modulator to modulate the polarization state of the 
Source light periodically in time between two semi orthogo 
nal polarization states. 
As shown in FIG. 2, the auxiliary wavemeter 260 and the 

optical trigger generator 262 are for clocking the Swept light 50 
Source in order for providing an external clock signal to a high 
speed digitizer 270, as disclosed in commonly assigned appli 
cation Ser. No. 60/949,467, filed Jul. 12, 2007, herein incor 
porated by reference. The Uniform Frequency Sample Clock 
signal is repeatedly outputted for each Subsequent optical 55 
trigger that occurs as the laser is Sweeping and the optical 
trigger is generated. The optical trigger is generated from the 
optical trigger generator 262. The high-speed digitizer card 
270 is coupled to the output of the OCT interferometer, output 
of the auxiliary interferometer 260, the trigger signal from the 60 
trigger generator 262, and the arbitrary waveform generator. 
The high-speed PCI digitizer card 270 can be a dual-channel 
high resolution 16 bit, 125MS/s waveform for a PCI bus. The 
external sample clock signal is derived from an auxiliary 
optical wavemeter photoreceiver during a start-up calibration 65 
step, and then repeatedly outputted by the arbitrary waveform 
generator for each Subsequent optical trigger signal that 

14 
occurs as the laser is Sweeping. The external clocking system 
allows for the wavemeter-generated clock signal to be filtered 
and processed in software before being outputted on the arbi 
trary waveform generator. Thus, the external clock derived 
from the auxiliary wavemeter is regenerated by the arbitrary 
waveform generator (Gage CompuGen) to allow acquisition 
of interferometer output data directly in wavenumber (k) 
Space. 

Coupler 212 splits 90% of the light source power into the 
primary OCT interferometer and 10% into the coupler 218 for 
the auxiliary wavemeter 260 and trigger generator 262. A 
polarization modulator may be placed in the source path to 
modulate the polarization state of the light source periodi 
cally in time between two "semi-orthogonal polarization 
states. The modulation cycle may be synchronized to the 
wavelength scan or during each A-line Scan. Coupler 214 then 
splits the light with 90% of the light directed to port 1 of a 
S-port polarization sensitive optical circulator 220 for the 
sample path and 10% of the light is directed to port 1 of a 
3-port polarization sensitive optical circulator 222 for the 
reference path. Port 2 of circulator 220 for the sample path is 
coupled to a polarization controller 230 and to a sample 240. 
The polarization controller 230 may include, but is not lim 
ited to, a fiber-optic polarization controller based on bending 
induced birefringence or Squeezing. The polarization control 
ler 230 can be used to match the polarization state of the 
reference arm to that of the sample arm. Alternatively, the 
polarization controller 230 may be a polarization control 
circuit. The sample path can be coupled to a probe or catheter 
242 via a fiber optic rotary junction. Examples of a rotating 
catheter tip for the sample path include, a turbine-type cath 
eter as described in Patent Cooperation Treaty application 
PCT/US04/12773 filed Apr. 23, 2004; or a rotating optical 
catheter tip as described in U.S. patent application Ser. No. 
1 1/551,684; or a rotating catheter probe as described in U.S. 
patent application Ser. No. 1 1/551,684; or an OCT catheteras 
described in Provisional Application Ser. No. 61/051,340, 
filed May 7, 2008, each herein incorporated by reference for 
the methods, apparatuses and systems taught therein. The 
catheter 242 can be located within a subject to allow light 
reflection off of subject tissues to obtain optical measure 
ments, medical diagnosis, treatment, and the like. Port 3 of 
optical circulator 220 is coupled to coupler 216. 
The coupler 216 also receives from port 3 of optical circu 

lator 222, where port 2 of optical circulator 222 includes a 
polarization controller 232 and a Variable Delay Line 
(“VDL) 246. The VDL 246 comprises of an input fiber, a 
retro-reflecting mirror on a translation stage, and an output 
fiber. A dial controls the variable length, or delay, inserted into 
the optical path. The typical length variance is about 6 cm, 
while the typical time delay is about 300 picoseconds. Alter 
natively, an adjustable phase delay system can be included to 
modulate phase, which includes a piezo-operated Stage, to 
provide much finer phase control, e.g., in the Sub-wavelength 
range. In contradistinction, the VDL provides for larger path 
length adjustments with micron-size adjustment being the 
smallest increments. Optionally, the VDL may be coupled to 
an OCT implementation 252 that allows for a single detection 
path or receiver, which is generally described in U.S. patent 
application Ser. No. 12/018,706, incorporated by reference 
herein. 

In one embodiment, the photoreceiver 250 comprise a 
detection element, such as an InGaAs photodiode and a tran 
simpedance amplifier, which converts the electrical current 
signal generated by photons absorbed by the photodetector 
element into a Voltage signal that can be read by the digitizer. 
In one embodiment, a polarizing beam splitter divides hori 
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Zontal and vertical polarization components returning from 
the sample and reference paths. Dual photoreceivers measure 
horizontal and vertical interference fringe intensities versus 
depth, T(z) and T(Z), respectively. Alternatively, spectral 
interferometric techniques with polarization sensitivity may 
be implemented by recording four sequential single-channel 
measurements or simultaneous dual-channel horizontal and 
Vertical polarization component measurements in conjunc 
tion with the well characterized reference path. Typically, 
Some gain amplification is given at this stage or in a following 
stage, as well as Some filtering for removing noise that is 
outside of the relevant electrical bandwidth. The gained and 
filtered voltage signal is digitized. The OCT interferogram 
S(k) is digitized at 16-bit resolution using a high-speed PCI 
digitizer board 270 (AlazarTech ATS660, Toronto, Canada) 
coupled to photoreceiver 250 and the primary OCT signal and 
auxiliary wavemeter 260 signal. The external clock derived 
from the wavemeter and regenerated by the arbitrary wave 
form generator (Gage CompuGen) allows acquisition of data 
directly in wavenumber (k) space. S(k) is converted using the 
Fast Fourier Transform (FFT) into the pathlength (z) domain. 
The magnitude of the transformed OCTA-scan IS(z) rep 
resents the backscattered magnitude at depth Z in the sample. 
The digitizer 270 is coupled to a computer processor, which is 
a state-of-the-art workstation with a fast multi-core proces 
sor, RAID striped disk array, and large RAM space. 

In one embodiment, if the PS-OCT system 200 is coupled 
to catheter 242 then the sample path of the OCT system can 
propagate through a calibration system 248 including a plu 
rality of retardation plates on the distal end of the sample path 
fiber to have its polarization state transformed, as shown in 
FIG. 2. The detected transformation will be different than the 
expected and actual transformation due to the ambiguity 
caused by the fiber optic. Polarization ambiguity in a fiber 
based PS-OCT can change dramatically upon movement and 
bending of the fiber cable during catheterization procedures. 
Using the method described herein, the comparison of the 
detected transformation with the expected transformation of 
polarization in the system of retardation plates will provide 
calibration coefficients, such as the Jones matrix of the cath 
eter fiber, to overcome the ambiguity and compensate or 
correct polarization data from back-scattering events happen 
ing distal to the calibration retardation plate system. An 
exemplary catheter for OCT systems is disclosed in common 
assigned provisional application Ser. No. 60/949.511, filed 
Jul. 12, 2007, herein incorporated by reference. 
The calibration system 248 includes a system of retarda 

tion plates with at least a first birefringent material and a 
second birefringent material. Ifa PS-OCT approach is used to 
calibrate, each retardation plate must have sufficient thick 
ness and reflectivity to be visualized in an OCT image. In one 
embodiment, each retardation plate can be visualized concur 
rently with specimen imaging. The calibration retardation 
plate system can be imaged in the same A-scan if scan depth 
is sufficiently long, or with a separate interferometer (sepa 
rate reference arm of different path length and separate read 
out) sharing only the sample path (catheter) fiber. Light must 
be focused/collimated and reflectivity chosen such that sig 
nal-to-noise ratio from Surfaces of retardation plates is suffi 
ciently high to avoid noise in calibration coefficients but not 
have detrimental self-interference patterns in the specimen 
imaging interferometer. One of the references would have to 
be looking at a non-focused image. 

Calibration may be used to detect absolute axis orienta 
tions using single mode fiber base PS-OCT. Calibration 
requires that some signal be collected from a known element 
distal to the entire fiber. There are several different embodi 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

16 
ments for a calibration system in the distal, post-fiber portion 
of a catheter probe. In one embodiment, separate retardation 
plates are placed between collimating/focusing elements and 
a rotating/deflecting prism. The collimating/focusing ele 
ments can be GRIN lenses. 

In another embodiment, dual-layered birefringent material 
is used as the capsule material of the catheter. In another 
embodiment, the sample beam is split with a partially reflec 
tive prism, which allows the transmitted portion to propagate 
to the calibrating retardation plates. Such an embodiment 
could be used for Doppler OCT calibration. In another 
embodiment, the sample beam is split with a dichroic wave 
length-dependent prism and a separate light source is used to 
calibrate the fiber independently of the imaging beam. Such 
an embodiment allows the calibrating signal to be completely 
independent of the imaging signal. The calibration will be for 
a different wavelength than the imaging signal wavelength 
and Polarization Mode Dispersion (“PMD) will be adjusted 
and considered accordingly. In another embodiment, a sepa 
rate interferometer is coupled to the sample path with the 
retardation plates, in order to separately image the retardation 
plate system. The separate interferometer includes a separate 
reference arm of different optical path length and separate 
readout. 

Birefringence and Retardation 
Form-birefringence is an optical property exhibited by 

media containing ordered arrays of anisotropic light scatter 
ers which are smaller than the wavelength of incident light. 
Form-birefringence arises in biological structures when 
cylindrical fibers with diameters on this size scale are regu 
larly oriented in a surrounding medium with different refrac 
tive index. The electric field of incident light oscillating per 
pendicular to the fibers (E) induces Surface charges that 
create an induced field (E) within the fiber, as shown in FIG. 
6. The induced field (E) anisotropically modifies forward 
scattered light so that phase and amplitude of E is altered 
relative to the electric field component polarized parallel to 
the fibers (E). The electric field of incident light which is 
polarized perpendicular to the fiber axis (E) produces a 
surface charge density with an induced field (E). This 
changes the dielectric Susceptibility and gives higher refrac 
tive index (n) relative to that experienced by light polarized 
parallel to the fiber axis (E). Form-biattenuance (A) causes 
anisotropic attenuation of amplitude between El and E. 
Many fibrillartissue structures are opticallyanisotropic; how 
ever, values of Anvary considerably among species and tissue 
type. 
The incremental phase retardation (8) incurred by the per 

pendicular component (E) results in slower light transmis 
sion and larger refractive index (n) than that experienced by 
light polarized parallel to the fiber axis (E) with refractive 
index n Incremental phase retardations (6.) accumulate 
through fibrous structures and the composite retardation (Ö) 
between components polarized parallel (E) and perpendicu 
lar (E) to the fibers after propagating a distance AZ is: 

(15.1) d 360AnA, 
A, 

where 6 is given in degrees. Similarly, the composite relative 
attenuation (e) between components polarized parallel (E) 
and perpendicular (E) to the fibers after propagating a dis 
tance AZ is: 
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360. A 
- - - 

(15.2) 
A3, 

where 6 is given in degrees. 
Polarimetric Signal to Noise Ratio 
Polarimetric speckle noise is one noise Source impeding 

accurate determination of polarimetric properties of the 
sample under test. In contrast to intensity speckle noise, 
which is common to both polarization channels and only 
degrades I(Z), polarimetric speckle noise is different for hori 
Zontal and vertical polarization channels and degrades depth 
resolved polarization data (“S(z)). Intensity speckle noise is 
removed in part from polarization data by normalization of 
Stokes vectors. 

First order statistics of the Stokes vector of scattered light 
for the case when horizontal and vertical fields are uncorre 
lated show that the probability density for the intensity is a 
Sum of two orthogonal speckle fields (i.e. horizontal and 
Vertical) and the Stokes parameters are Laplace variants. In 
Some circumstances, speckle statistics of the Stokes vector 
for partially polarized light can be derived assuming Gaussian 
correlated field amplitudes. The statistics of polarimetric 
speckle noise likely depend on the tissue under investigation 
and possibly configuration of the sample path optics (e.g., 
numerical aperture of focusing lens, distal optics, and the 
like). 

To quantitatively characterize the ability of the PS-OCT 
configuration to extract model P(Z) from noisy S(Z) a polari 
metric signal-to-noise ratio (“PSNR') is introduced: 

(15.3) larc 26sin PSNR = (y) 
Ospeckle Ospeckle 

where 1 is arc length of the noise-free model polarization 
arc P(Z) associated with measured S(Z). Standard deviation 
of polarimetric speckle noise (“O.) is a statistical mea 
Sure of the point-by-point angular variation on the Poincaré 
sphere between detected S(Z) and model P(Z): 

1A2 (16) 1 Ospeckle (; X (cos' (S(3) P(z))) 
i 

where J is the total number of depth-resolved sample points 
within the specimen. By averaging an ensemble of Nuncor 
related speckle fields, O, is reduced and PSNR is 
increased. 

Exemplary Algorithm to Determine Retardation and Bire 
fringence 
The analysis for determining retardation from S(Z) 

recorded by the PS-OCT configurations is for a region of 
sample depths with homogeneous polarimetric properties. If 
the sample is heterogeneous in depth, then retardation by the 
PS-OCT configurations for each range of depths where the 
sample polarimetric properties are homogenous is com 
pleted. In one embodiment, determining retardation from 
S(z) recorded with the PS-OCT configurations comprises 
estimating the three model parameters which mathematically 
specify the noise-free model polarization arc P(Z): (1) angle 
of arc rotation, which is equal to the double-pass retardation 
(28); (2) rotation axis (A) and (3) the arc's initial point, which 
represents the polarization at the specimens front Surface 
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P(O). A nonlinear fitting algorithm that takes S(Z) as input 
and estimates model parameters has been developed. Imple 
mentation of the nonlinear fitting algorithm to estimate (26), 
A, and P(O) comprises formulation of a residual function (R) 
which specifies goodness of fit between S(Z) and P(Z): 

R measures cumulative squared deviation between noisy 
S(Z) and noise-free P(Z). Model parameters are estimated by 
minimizing R, using a Levenberg-Marquardt algorithm and 
represent the best estimate of P(Z). 

Because PSNR increases with separation-angle (Y, Eq. 
(15.3)), the polarization at the specimens front surface P(O) 
which gives Y=90° provides the optimal incident polarization 
state for most accurate determination of 6. Because birefrin 
gence of preceding layers (e.g. single-mode optical fiber, 
anterior segment of the eye) is generally unknown, one is 
unable to select a priori a P(O) that provides a maximum 
separation-angle Y=90°. To resolve the problem of preceding 
unknown birefringent layers and estimate 26 and A accu 
rately, a multi-state nonlinear algorithm that uses Mincident 
polarization states uniformly distributed on a great circle of 
the Poincaré sphere is employed. Utilizing multiple incident 
polarization states gives M distinct separation-angles (Y) 
distributed within the interval 0°, 90° insuring that Y =90° 
for some states. By using a multi-state approach, variance in 
estimated (28) due to either uncertainty in A or low PSNR is 
minimized. 

Implementation of the multi-state nonlinear algorithm to 
determine 8 requires formulation of a multi-state residual 
function. A multi-state residual function (R) that is the alge 
braic sum of R. (Eq. (17)) over the Mincident polarization 
states is: 

i (18) 

R =XER. (S,(z); 0, A, P,(0)) 
n=1 

R gives the composite squared deviation between M sets 
of depth-resolved polarization data S(Z) and correspond 
ing M noise-free model polarization arcs P(Z). Model 
parameters 26, A, and P(O) are estimated by minimizing 
Rusing a Levenberg-Marquardt algorithm and represent the 
best estimates of P(Z) arcs. 
The ability of the multi-state nonlinear algorithm to deter 

mine model parameters is verified on simulated noisy depth 
resolved polarization data. The multi-state approach com 
prises all M noise-free model polarization arcs P(Z) that 
rotate around the same rotation axis Aby the same angle (26) 
regardless ofP,(0), lory. The uncertainty in any single 
P(Z) arc is offset through constraints placed upon the other 
M-1 arcs by the multi-state residual function. In addition, the 
multi-state nonlinear algorithm comprises a single estimate 
of unknown parameters using all depth-resolved data points 
in the scan, allowing the consideration of more than two 
points at a time S(0) and S(AZ) and the incorporation of S(Z) 
arc Curvature. 

Birefringence in tissue is predominantly the form type and 
results from an anisotropic distribution of refractive index 
from ordered fibrillar structures. For high sensitivity quanti 
fication of birefringence with the PS-OCT configurations, a 
nonlinear fitting of normalized Stokes vectors from multiple 
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incident polarization states provides accurate determination 
of retardation in thin, weakly birefringent tissue specimens 
such as a turbid birefringent film. Disordering of fibrillar 
tissue structure in response to a pathological condition will 
likely modify the birefringence; therefore, the highly sensi 
tive PS-OCT configuration detects changes in birefringence, 
monitors the pathological conditions which alter fibrillar tis 
Sue structure, fibrillar structures corresponding to pathologi 
cal conditions such as fibrous caps (fibrillar structures can 
correspond to pathological conditions such as fibrous caps), 
and diagnoses other clinical conditions. 

Neurotubule fibrils in unmyelinated axons contribute to 
Retinal Nerve Fiber Layer (“RNFL) form birefringence. 
Highly sensitive determination of tissue retardation provides 
a measure of the number offibrils (N), and birefringence may 
provide a measure of fibril density (p) within the volume 
sampled by the PS-OCT sample beam. The PS-OCT configu 
ration can quantify the number of RNFL neurotubules during 
the progression of glaucoma, localize collagen denaturation 
in the skin of burn victims, and aid in the diagnosis of other 
pathologies or traumas that affect the fibrous structure of form 
birefringent tissue. 
When polarized light propagates through the birefringent 

RNFL, the eigenpolarization state oriented perpendicular to 
the neurotubules travels slower and phase is delayed relative 
to the parallel eigenpolarization component, resulting in a 
transformation in polarization state. Each fibril (e.g. micro 
tubule, collagen filament, actin-myosin complex) acts as a 
nanoretarder on incident polarized light and introduces a 
phase delay between eigen polarizations. Incremental phase 
delay 8, 0.0046 is introduced by individual neurotubules 
at 546 nm. 

Light that propagates to the specimen’s rear Surface 
acquires an accumulated retardation from the nanoretarder 
fibrils: 

d = 360AnAz 360f AnA: (19) 
Ao Ao 

where f is the local volume fraction of fibrils in the sampled 
specimen Volume, W, is the free-space wavelength of incident 
light, and An, is the specific birefringence of the fibril (some 
times referred to as the birefringence-per-volume fraction), 
AZ is the thickness from the front surface to the rear surface. 
The local volume fraction (r) of fibrils within the sampled 
specimen Volume (V) may be written as: 

N. V. 
V 

(20) 

where N, is the number of fibrils in V and V is the volume 
occupied by a single fibril within V. The sampled specimen 
volume V, may be approximated by a cylinder of light defined 
by the beam waist radius (w) and specimen thickness (AZ): 

V-Tw. A (21) 

where A is the cross-sectional area of one fibril. For a given 
w, the determination of specimen thickness and retardation 
provides a measure of the number (N) and density (p) of 
fibrils in the sampled specimen volume: 
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N = to wo d (22) 
1440AnA, 

to d t A (23) 
p1 = 14 A.A.A.) 4AA." 

The number offibrils in the sampled specimen volume scales 
with 6. The density of fibrils scales with An. 
The values of the Scaling parameters in Eqs. (23) for neu 

rotubules in the RNFL by assuming a beam waist radius 
(w-10 mm) and a free-space wavelength (20.83 um) and 
by using known values for the neurotubule-specific birefrin 
gence (An, 0.025) and cross-sectional area Ao TC(12 
nm) 450 nm). Aör is used to estimate the number of 
neurotubules in the nasal (Nas17x10) and inferior 
(Nt-Z133x10) regions. Similarly, Anre, shows the neuro 
tubule density is considerably lower in the nasal region 
(p-1.1 um) than in the inferior region (p-2.5um). 
Form Biattenuance 

In the eigenpolarization coordinate frame, the polariza 
tion-transforming properties of a non-depolarizing, homoge 
neous optical medium Such as anisotropic fibrous tissue are 
described by the Jones matrix 

exp((A + iAn)7Az, fo) O (24) 
i = O exp(-A - iAn)7Az, fo) 

8|exp(iarg()) O 
O 82 exp(iarg(2)) 

where S and S are the complex eigenvalues representing 
changes in amplitude and phase for orthogonal eigenpolar 
ization states with free-space wavelength W, propagating a 
distance AZ through the medium. Attenuation common to 
both eigenpolarizations does not affect the light polarization 
state and is neglected here. 
The phase retardation (Ö, expressed in radians) between 

eigenpolarization states after propagation through the 
medium is the difference between the arguments of the eigen 
values, 6 arg(S)-arg(), which allows simplification of the 
Jones matrix to 

i = &exp(idf2) O (25) 

The polarimetric parameter diattenuation (D) is given 
quantitatively by: 

Os D is 1, 

where T and T are the intensity transmittances for the two 
orthogonal eigenpolarizations and the attenuation can be a 
consequence of either anisotropic absorption or anisotropic 
scattering of light out of the detected field. 

Birefringence (An) is the phenomenon responsible for 
phase retardation (ö) of light propagating a distance AZ in an 
anisotropic element and is given by: 
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A to d 
n = A = n, -ni. 

(27) 

where n, and n, are the real-valued refractive indices experi 
enced by the slow and fast eigenpolarizations, respectively. 
Form-birefringence (An) is proportional to and given experi 
mentally by the phase retardation-per-unit-depth (Ö/AZ). 

Dichroism describes the phenomenon of diattenuation in 
an anisotropically absorbing element (Such as that exhibited 
by a sheet polarizer), and the term is also used to describe 
differential transmission or reflection between spectral com 
ponents (such as that exhibited by a dichroic beam splitter), 
leading to confusion if taken in the incorrect context. Neither 
dichroism nor diattenuation nor polarization dependent loss 
(“PDL) can be expressed on a per-unit-depth basis and are 
thus unsuitable quantities for depth-resolved polarimetry in 
scattering media. Attenuance has come to describe the loss of 
transmittance by either absorption or scattering; biattenuance 
is the differential loss of transmittance between two eigenpo 
larization states by either absorption (dichroism) or scatter 
ing. Form-biattenuance is an experimentally and theoretically 
relevant term that can be expressed on a per-unit-depth basis. 
Numerically, biattenuance ("A") is given by Equation (28): 

A.X. X, (28) 

where X and are attenuation coefficients of the slow and 
fast eigenpolarizations. For absorbing (dichroic) media, X 
and X are simply imaginary-valued refractive indices. 
The phase retardation (8) and thickness (AZ) of an element 

are linearly related by its birefringence (An). However, the 
relationship between an element’s diattenuation D. Eq. (26) 
and thickness (AZ) is nonlinear. This nonlinear relationship 
complicates expression of an elements form-biattenuance: 
one cannot generally and without approximation refer to a 
diattenuation-per-unit-depth as one can refer to form-bire 
fringence as a phase retardation-per-unit-depth. For example, 
if optical element A has thickness A-1 mm, diattenuation 
D-0.4, and phase retardation 8 JL/4 radians and element B 
is made of the same material but has twice the thickness 

At 2 mm, element B will have twice the phase retardation 
8, 28 JL/2 radians but will not have twice the diattenuation 
D=0.6942D. 

For depth-resolved polarimetry in Scattering media (i.e. 
PS-OCT), expression of an elements form-biattenuance on a 
per-unit-depth basis is desirable theoretically and experimen 
tally. The relative attenuation (6) experienced by light propa 
gating to a depth AZ in an anisotropic element is defined as: 

(29) 

and form-biattenuance (A) can now be meaningfully 
expressed on a relative attenuation-per-unit-depth basis 
(6/AZ). Relative-attenuation (6) is the complimentary term 
to phase retardation Ö, Eq. (27), just as biattenuance (AZ) is 
the complementary term to birefringence (An). 
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The Jones matrix of the anisotropic medium from Eq.S. (24) 

and (25) becomes 

O (30) exp( ) 
f) 

i = 

O exp(- 2 

and the “anisotropic damping effect of the relative-attenua 
tion (6) becomes apparent. Diattenuation (D) is related to 
relative-attenuation (6) by: 

(31) D le - e. e -e tanh(e). 

For Small relative-attenuation, a small-angle approximation 
is valid and DsC. 

Dual attenuation coefficients (u and u) to represent 
Beer's law attenuation for each eigenpolarization can be 
related to diattenuation (D) using Eq. (31) where relative 
attenuation (6) is related to dual attenuation coefficients by 
e-lu-LLIAZ/2. Phase retardation (8) is in the argument of 
an exponential Eq. (30) and therefore has units of radians, 
but is also commonly expressed in units of degrees (1806/t), 
fractions of waves (Ö/2t), or length (Wö/2 t). Similarly, rela 
tive attenuation (6) is in the argument of an exponential Eq. 
(30) and has units of radians. The expression of relative 
attenuation in units of radians (or degrees, fractions of waves, 
or length) is less intuitive than for phase retardation. 

Exemplary Signal Conditioning 
In one embodiment, detected photocurrents representing 

horizontal and vertical polarimetric fringe signals (T(z) and 
T(z)) are pre-amplified, bandpass filtered, and digitized. 
Coherent demodulation of T(z) and T(z) yields signals pro 
portional to the horizontal and vertical electric field ampli 
tudes E(z) and E(z) and relative phase Agp(Z) of light 
backscattered from the specimen at each depth Z within the 
A-Scan. An ensemble (N) of A-scans representing uncorre 
lated or weakly correlated speckle fields are acquired on a 
grid within a small square region (50 umx50 um) at each 
location of interest on the specimen. Acquisition of an 
ensemble of N A-scans at each location is repeated for M 
incident polarization states distributed in uniform increments 
on a great circle on the Poincaré sphere by M phase shifts 
(Öict) of a polarization control element (e.g., Liquid Crys 
tal Variable Retarder, LCVR). For each M, the calibrated 
LCVR phase shift (Ö,c) is subtracted from the demodu 
lated relative phase Agp(Z) to compensate for the lights 
return propagation through the LCVR. This yields M sets of 
horizontal and vertical electric field amplitudes E(z) and 
E(z) and compensated relative phase A(P'(z)). Non 
normalized Stokes vectors are calculated from E(z), E, 
(Z), and Aq., (z) for each of NA-scans in the ensemble and 
for each M. Ensemble averaging over N at each depth Z 
(denoted by () ) reduces speckle by a factor of approxi 
mately N' and then normalization yields M sets of depth 
resolved polarization data IS, (Z) for each location, 

(Ehn (3) - En(z)). (32) 
(2Ehn (z)En(3)cos(Aden.(3))) 
(2E, (z)E,(z)sin(Al...(c)), S. = U (z) = U(3) (Ehn (3) + Eyn(z)). 
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When Stokes vectors are first normalized and then ensemble 
averaged over N, the resulting Stokes vectors W(z) have 
magnitude OslW(z)|=W(z)s1 which is directly related to 
the extent of the distribution of pre-averaged normalized 
Stokes vectors on the Poincaré sphere within the ensemble at 
each depth Z. 

Ehn (z) - En (3) (33) 
2Ehn (z)Eyn (3)cos(Aden (3) 
2Ehn (z)Eyn (3)sinAdco (3) 

W(z) = (3) ( Ehn (3) + Eyn (3) NA 

W(Z) is used as a Scalar weighting factor in the multistate 
nonlinear algorithm to estimate phase retardation (Ö) and 
relative-attenuation (ö). 

Exemplary Multistate Nonlinear Algorithm to Determine 
Form-Biattenuance 

In one embodiment, high sensitivity quantification of 
form-biattenuance (A) is accomplished using a nonlinear 
fitting algorithm based on the approach for determining form 
birefringence (An) with the PS-OCT configurations. A modi 
fied multistate residual function (R) may be implemented 
which gives the composite squared deviation between M sets 
of depth-resolved polarization data IS, (Z) and correspond 
ing M noise-free model polarization arcs P(Z) weighted by 
W. (Z). 

i r (34) 

R =XER.S., (zi), W(z); 28, 26, B, P,(0) 

where R is the weighted single-state residual function, 

99 and the subscript “” is used to denote the discrete nature of 
sampled data versus depth (z). Model parameters (26,28, B, 
and P(O) are estimated by minimizing Rousing a Leven 
berg-Marquardt algorithm and represent the best estimate of 
P(Z). At increased penetration depths (lower electrical sig 
nal-to-noise ratio) or large initial separation-angles Y(0). 
W(z) decreases and S,(z) are given less weight. A and An 
are calculated using Eqs. (27) and (29) from estimates of 6 
and 8 provided by the multistate nonlinear algorithm. AZ is 
measured by Subtracting the front and rear specimen bound 
aries in the OCT intensity image and dividing by the bulk 
refractive index (n=1.4). 

Uncertainty in estimates of any single P(Z) arc is offset 
through constraints placed upon the other M-1 arcs by the 
modified residual function Eq. (34). AllM noise-free model 
polarization arcs P(Z) must collapse toward the same 
eigen-axis (B) at the same rate (2e) and must rotate around B 
by the same angle (26) regardless of the incident polarization 
state. Discrimination between arc movements on the Poincaré 
sphere due to either An or A is accomplished by restricting 
contributions from each into orthogonal planes. 
Model for Form-Biattenuance and Form-Birefringence 
The phenomenon of form-biattenuance and a model pre 

dicting the relative contribution of An and A to transforma 
tions in polarization state of light propagating in anisotropic 
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media is shown in FIG. 7. The model may be used as 
examples of tissues with alternating anisotropic media and 
isotropic layers. Other models are possible that would gener 
ally be considered to explain polarimetric properties of tis 
SUS. 

Optical Axis Orientation 
Optic axis orientation (0) provides the direction of con 

stituent fibers relative to a fixed reference direction (i.e., 
horizontal in the laboratory frame). A method for measuring 
depth-resolved optic axis orientation 0(z) deep within mul 
tiple layered tissues uses the PS-OCT, as described previ 
ously. 

Collagen organization in cartilage and intervertebral disc 
cartilage may be used as a model tissue on which to demon 
strate the depth-resolved polarimetric imaging ability of PS 
OCT. As shown in FIG. 8, intervertebral discs are located 
between spinal vertebrae and consist of the annulus fibrous 
(AF), enclosing an inner gel-like nucleus pulposis (“NP). 
Annulus fibrous is composed of axially concentric rings (i.e. 
lamellae) of dense type I collagen fibers (fibrocartilage), the 
orientation of which is consistent within a single lamella but 
approximately perpendicular to fibers in neighboring lamel 
lae, forming a lattice-like pattern. Regular orientation of col 
lagen fibers within a single lamella is responsible for form 
birefringence An(Z), and alternating fiber directions 
between Successive lamellae correspond to alternation of 
optic axis orientation 0(Z) within the annulus fibrous. 

Multiple layered fibrous tissue such as the annulus fibrous 
is modeled as a stack of Klinearly anisotropic, homogeneous 
elements, each with arbitrary phase retardation (Ö), relative 
attenuation (6), optic axis orientation (0), and correspond 
ing kth Jones matrix J (6.60). Incident polarized light 
(E) propagating to the rear of the kth intermediate element 
and back out in double-pass (E) is represented by: 

Earouck) J. J.(2)". . . J.-1.J.co.co.-1) . . . 
J.(2)(1) Ein 

For the most superficial layer (k=1), Eq. (41) becomes 
E. J. J.E. and Ji (61.e.,0) can be recovered 
using matrix algebra. Likewise, 6, 6, and 0 can be found 
using a nonlinear fit to the trajectory between S, and 
S. 1 on the Poincaré sphere and Eq. (42): 

where d is the unit-vector defining the Q axis of the three 
dimensional Cartesian coordinate system containing the 
Poincaré sphere and B, is the U component of B. 

For the next layer (k=2), Eq. (41) becomes E. e. 
Jr. (2) (J2E, Matrix algebra and knowledge of J. 
allows recovery of J2 (82.6.0). Likewise, 82, e3, and 0. 
can be found using a nonlinear fit to the trajectory between 
S 1) and S 2 after compensation of anisotropy in 
the superficial layer (reverse rotation by -ö and reverse col 
lapse by -e, with respect to B). This process is repeated for 
Successively deeper layers in the stack to determine 6, 6, 
and 0 for all k layers. 

In PS-OCT imaging, the polarization state detected after 
double-pass to the rear of the kth intermediate element 
E. e. Eq. (41) is also transformed by optics in the 
instrument (e.g., beamsplitter, optical fiber, polarization 
modulator, retroreflector), adding complexity to the optic axis 
orientation analysis. With inclusion of a Jones matrix (J) 
which encompasses instrumental transformations, Eq. (41) 
becomes: 

(41) 

(42) 

if a i i Edouacio.'(1)' . . . .(i-1)(i)'J.G. (i-1) . . . 
J.(1) Ein. 

For a single-mode-fiber-based PS-OCT configuration, J. 
represents unstable phase retardation between arbitrary ellip 

(43) 
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tical eigenvectors. In this case, eigenvectors of Jones matrices 
in Eq. (43) vary in an unknown fashion and measurement of 
the anatomical fiber direction with respect to the laboratory 
frame is distorted by the optical fiber birefringence. The cali 
bration system 248 may allow fiber-based PS-OCT configu 
rations to overcome distortion in the optical fiber. The PS 
OCT instrument has stable J with linear eigenvectors in the 
laboratory frame; therefore J reduces to simple phase retar 
dation (8 due to the beamsplitter and retroreflector) between 
horizontal and vertical interference fringes. In one embodi 
ment, the PS-OCT configuration incorporates a liquid crystal 
variable retarder ("LCVR) to modulate the launched polar 
ization state incident on the specimen by applying a Voltage 
controlled phase retardation (8). The optic axis of the 
LCVR is horizontal, thus the total systematic phase retarda 
tion (Ö,+8) can be compensated by subtraction offic R+ 
8 from the relative phase of the detected horizontal and 
vertical interference fringe signals, allowing unambiguous 
and undistorted measurement of the anatomical fiber direc 
tion (0) absolutely referenced to the laboratory frame. 

Depth-Resolved Identification 
Transformations in the depth-resolved polarization state of 

light backscattered from linearly anisotropic media such as 
fibrous tissue can be represented as depth-resolved normal 
ized Stokes vector (S(z)) arcs on the Poincaré sphere. The 
trajectory of S(z) arcs in the presence of An and A is gov 
erned by a vector differential equation, as by a vector differ 
ential equation. Briefly, S(Z) arcs rotate in a circular trajectory 
around an eigenaxis (B) by an angle equal to the double-pass 
phase retardation (28) of the specimen. Phase retardation (Ö, 
radians) is related to tissue birefringence (An), wavelength 
(wo) and specimen thickness (AZ) by 8–2 AnAZ/wo. S(Z) arcs 
also collapse towards B by an angle related to the double-pass 
relative attenuation (e., radians), which is proportional to 
tissue biattenuance (A), wavelength and specimen thickness 
by e-21AAz/). The combined effect, a spiraling collapse 
of S(Z) towards B, occurs for tissues exhibiting both An and 
A. 

Eigenaxis (B) is directly related to the fiber orientation (0) 
given with respect to the horizontal by 0-sgn(B, cos' (Bq/2), 
where d is the unit vector defining the Q-axis of the three 
dimensional Cartesian coordinate system containing the 
Poincaré sphere and B, is the U component of B. When 0 is 
constant and biattenuance is negligible (A3An), the curva 
ture (K(z)) of the S(Z) arc is nearly constant and is approxi 
mated by: 

44 k(z) at (44) 
cos-S(z). B 

where depth-resolved separation-angle Y(z)=cos(S(z) f1. 
The unit tangent vector T(z) of S(Z) is given by: 

dS(z) 
dlare 

f = (45) 

where 1 is the arc length of S(Z) on the Poincaré sphere. 
However, abrupt changes in fiber orientation 0(z) versus 
specimen depth (e.g. in annulus fibrous) produce correspond 
ing changes in both Band in the trajectory of S(Z). Disconti 
nuities in the unit tangent vector T(z)) give rise to instances 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

26 
of infinite or very large curvature K(z) for continuous Z. For 
numeric calculation using discrete sampled data (Z= 
0, 1, 2, . . . ) the unit tangent vector is: 

n S(zi) - S(3-1) (46) T(z) = - (ii) Iso-Sc) 

and curvature is: 

f(z)-f(3-1) (47) 

FIG.9A shows simulated depth-resolved polarization data 
S(z) and FIG.9B shows calculated curvature (K(z) for a 
three-layer birefringent specimen with constant An and three 
fiber orientations 0=-10°, 95°, and -5°. 

Exemplary Uses of Depth-Resolved Birefringence, Depth 
Resolved Biattenuance, Depth-Resolved Retardation, and 
Depth-Resolved Optical Axis 

Aneurism vulnerability may be assessed with the PS-OCT 
configurations described above. The likelihood of an aneur 
ism rupturing is related to the mechanical properties of col 
lagen in the arterial walls. If collagen fibers are oriented 
regularly with the artery longitude, then there is reduced 
mechanical strength in the perpendicular (circumferential) 
direction. If aneurisms that contain a more random orienta 
tion of fibers (and thus distribute strength in both longitudinal 
and circumferential directions) are less likely to rupture, then 
the PS-OCT configurations may assess the risk or vulnerabil 
ity of aneurysms to rupture. In one embodiment, fiber-based 
PS-OCT configuration is capable of estimating absolute col 
lagen orientation when a known polarization reference is 
fixed to the distal scanning end. This could be accomplished 
by using a capsule made out of a known birefringent material 
as the reference, which is indicated above with a birefringent 
material in the capsule material of the catheter. 

For Alzheimer's disease (AD), the detection of neurofib 
rillary tangles and amyloid plaques using the PS-OCT con 
figuration may be applied for diagnostic purposes. Cerebral 
amyloid pathologies exhibit linear birefringence and dichro 
ism, which may be detected by the PS-OCT configurations. In 
amyloid angiopathy, deposition of collagen fibrils in the walls 
of capillaries and veins results in narrowed lumina and even 
occlusion has been observed in patients with AD. Collagen 
XVIII accumulates in all types of cerebral blood vessels 
including arteries, arterioles, capillaries, Venules, and Veins in 
patients with AD. Collagen XVIII is associated with amyloid 
deposition in blood vessel walls and may be involved in the 
pathogenesis of AD. The mechanisms leading to the reduced 
blood flow may be found in the retina and are related to those 
that produce the cerebral blood flow abnormalities in AD. 
Narrowing of the retinal venous diameter may be related to an 
increased venous wall thickness due to collagen deposition, 
as found in cerebral veins. The PS-OCT configurations may 
assess such characteristics in the characterization of AD. 

Also, RNFL thickness measurements using the PS-OCT 
configurations are useful in identifying the early changes 
associated with glaucomatous optic neuropathy ("GON”). 
Inferior RNFL loss corresponding to superior visual field loss 
is a typical pattern found in early GON. The predominant 
inferior visual field loss seen in patients with GON and AD 
would correspond structurally to superior RNFL losses. A 
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specific pattern of superior RNFL loss could be detected by 
using the PS-OCT configurations in patients with early AD. 

In Surgical grafting during reconstructive Surgery, the PS 
OCT configurations may be applied to aid alignment of col 
lagen fiber axes. Coronary artery bypass grafting ("CABG') 
is the most commonly performed major Surgery and a critical 
determinant of its outcome has been postulated to be injury to 
the conduit vessel incurred during the harvesting procedure or 
any pathology preexistent in the harvested vessel. Intravas 
cular PS-OCT imaging from the radial arteries (“RA) and/or 
Saphenous veins may reliably detect atheroscleroticlesions in 
the RAS and discerns plaque morphology as fibrous, fibrocal 
cific, or fibroatheromatous. The PS-OCT configurations can 
also be used to identify patent or healthy regions in longitu 
dinal sections of radial arteries or saphenous veins for graft 
1ng 
The PS-OCT configurations may be used for margin detec 

tion in bronchial tumors. The PS-OCT configurations may 
also perform early diagnosis of tumors and cancerous tissue. 
The PS-OCT configuration images may identify bronchial 
tumor presence as destructive growth by ignoring and effac 
ing normal tissue boundaries. Featureless PS-OCT configu 
ration images or regions with reduced form-birefringence 
may lack the ordered multilayered appearance of the healthy 
airway wall. The PS-OCT configurations may also differen 
tiate between areas of chronic inflammation and invasive 
malignancy; where the clear demarcations of epithelium and 
lamina propria may be observed at inflamed sites and may be 
lost in presence of invasive neoplasia. The PS-OCT configu 
rations may individually define the epithelium, subepithelial 
components, and cartilage. The PS-OCT configurations may 
identify morphologic changes associated with inflammatory 
infiltrates, squamous metaplasia, and tumor presence. 
The PS-OCT configurations may assess the coronary 

plaque collagen content. Arterial plaques include intimal col 
lagen, which degrades and leads to plaque destabilization. 
Collagens are major structural components of the arterial wall 
extracellular matrix, comprising 20%-50% of the dry weight, 
with the predominant types being Type I and III, where type 
IV is in the basement membrane. The tensile strength of 
plaque is determined by fibrillar collagen (type I) and extra 
cellular lipid. Inflammation leads to release of collagenases 
and collagen breakdown increasing the risk of plaque rupture. 
Collagen birefringence is a function of highly organized 
alignment and also the nature of the chemical groups of the 
collagen encountered and layer thickness. Form-birefrin 
gence is almost exclusively a function of the fibrous nature of 
the structure and two refractive indices of the fiber and Sur 
rounding material. The intimal region over the necrotic core 
exhibits high polarization sensitivity with organized col 
lagen. The PS-OCT configurations may assess plaque col 
lagen content. For example, the fibrous cap is a layer of 
fibrous connective tissue is thicker and less cellular than the 
normal intima. The fibrous cap contains macrophages and 
Smooth muscle cells. The fibrous cap of an atheroma is com 
posed of smooth muscle cells, macrophages, foam cells, lym 
phocytes, collagen and elastin.). The PS-OCT configurations 
may assess plaque collagen content and generate high reso 
lution structural assessments to identify the thin caps associ 
ate with high risk plaques. 

EXAMPLES 

The following examples are put forth so as to provide those 
of ordinary skill in the art with a complete disclosure and 
description of how the articles, devices, systems, and/or 
methods claimed herein are made and evaluated, and are 
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intended to be purely exemplary and are not intended to limit 
the scope of articles, systems, and/or methods. Efforts have 
been made to ensure accuracy with respect to numbers (e.g., 
amounts, temperature, etc.), but some errors and deviations 
should be accounted for. 

Example 1 

Phase Retardation and Fast-Axis Angle of a 
Birefringent Sample 

A mica retarder (Meadowlark Optics) is positioned in the 
common-path spectral interferometer 30, as shown in FIG. 1, 
orthogonal to the direction of incident light propagation and 
used as a birefringent sample. 

FIG. 3A depicts the typical spectral output intensity of a 
mica retarder positioned in the common path fiber based 
single channel polarization-sensitive spectral interferometer 
orthogonal to the direction of incident light propagation and 
used as a birefringent sample. The output spectral width of the 
whole spectrum was 12.2 THZ, as shown in FIG.3A. FIG.3B 
depicts a small segment of 10 Ghz between 190.69 and 
190.79 THz of the whole spectrum (12.2 THz) to view fringes 
in more detail. The output spectrum in FIGS. 3A and 3B is 
modulated with several distinct high frequencies, and a Swept 
source and OSA with high resolution are required to avoid 
undersampling. A conventional OSA with a spectral resolu 
tion of AW-0.1 nm provides a scan range of about 12 mm and 
is unable to sample Sufficiently a spectral modulation of Such 
high frequency. 

FIGS. 4A and 4B shows the Fourier transform magnitude 
of interference fringes between the front and back surfaces of 
the glass window, as shown in FIG. 4A, and between the back 
Surface of the glass window and the birefringent sample, as 
shown in FIG. 4B. Although the ISA provides the correspond 
ing optical frequency for each recorded spectral component 
of output intensity. Successive spectral samples of output 
intensity are not equally spaced in optical frequency. In Such 
cases of non-uniform frequency sampling, a Nonuniform 
Fourier Transform (“NUFT) algorithm was used rather than 
a simple fast Fourier transform, which assumes uniform Sam 
pling. As shown in FIG. 4A, four Stokes spectral components 
of interfering light are separated into seven peaks in the opti 
cal path-length difference domain. The position of the fourth 
peak and spacing between peaks are determined by the opti 
cal path length difference between interfering beams gener 
ated in the common-path spectral domain interferometer and 
phase retardations due to the two PM fiber segments in the 
FOSPI, respectively. In FIG. 4A, the first seven peaks are 
formed from interference between the back surface of the 
glass window and the font Surface of the birefringent sample 
and are similar to those from interference between the front 
and the back surfaces of the glass window in FIG. 4A, indi 
cating the polarization state between the window and the 
sample is unchanged. Alternatively, the rightmost seven 
peaks in FIG. 4B resulting from interference between the 
back surface of the birefringent sample show the polarization 
state change of double-pass light propagation through the 
birefringent sample. 

Phase retardation due to birefringence, as shown in FIG. 
5A, and fast-axis angle, as shown in FIG. 5B, of the birefrin 
gent sample were estimated from interference between the 
back surface of the glass window and the back surface of the 
birefringent sample by using equations (13) and (14). For this 
measurement, the birefringent sample was rotated in 5 
degrees increments from 0 degrees to 90 degrees. An esti 
mated single-pass phase retardation of 8–34.06 degrees 
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+/-2.68 degrees is consistent with a valued deduced from the 
manufacturer's specification (31.4 degrees). The estimated 
fast-axis angle was offset by 87.5 degrees to the reference 
with respect to the laboratory coordinate system. 

Incorporation of a FOSPI 50 into a common-path spectral 5 
interferometer 30 with a broadband frequency-swept laser 
Source allows measurement of the polarization and depth 
information with a single optical frequency Scan. Spectral 
modulations introduced by the common-path spectral inter 
ferometer and by the FOSPI combine sequentially so that the 10 
polarization and depth information are encoded into separate 
channels in the time-delay domain. For the single optical 
frequency scan, multiple scans are required to average out 
polarimetric speckle noise, as described above. Multiple 
scans may be implemented to average out polarimetric 15 
speckle noise—as described above. Output from the fiber 
based single channel polarization sensitive spectral interfer 
ometer is a convolution of the FOSPI output and that from the 
common path spectral interferometer. 
The full set of Stokes parameters of interfering light at a 20 

specific optical path-length difference consists of seven chan 
nels in the time-delay domain, and channel separation is 
dependent on two factors: spectral resolution (AV) of the 
instrument and choice of PM fiber lengths in the FOSPI. For 
one embodiment, a general bulk optical element does not 25 
require PM fibers as mentioned above. For another embodi 
ment of the fiber-based single-channel polarization-sensitive 
spectral interferometer, channel separation is AT-3.7ps and is 
set by lengths of the PM fiber segments. Maximum channel 
separation in the time delay domain is inversely related (At 30 
max=/8AV) to the spectral resolution of the instrument, and 
the broadband frequency-swept laser source (Av=50 MHz) 
used here allows Atmax 2.5 ns. Such large channel separa 
tions in the time delay domain require optically stable kilo 
meter-length PM fiber segments in the FOSPI. The sample 35 
used here is optically transparent, and its optical thickness is 
large enough so that the two sets of seven channels due to 
refraction from the front and back surfaces are sufficiently 
separated. In general, the bandwidth of each peak in the time 
delay domain is determined by the optical thickness of the 40 
sample, and wide channel separation in the time delay domain 
is required to isolate each channel. 

Prior knowledge of the incident polarization state is not 
required to determine phase retardation and fast-axis angle of 
a birefringent sample in the fiber based single channel polar- 45 
ization sensitive spectral interferometer. An assumption of no 
polarization transformation between the reference and 
sample Surfaces is necessary in the analysis, which is easily 
achieved in a common path spectral interferometer. 

Difference in Stokes parameters determined from the ref 50 
erence and interference fringe signals are optical path-length 
difference A(V) and the phase retardation 8(v) of a bire 
fringent sample. If a sample is non birefringent, Stokes 
parameters of an interfering fringe signal are S,'-cos A(V)S, 
'(v) with Stokes parameters of light reflected from the ref. 55 
erence surface S, (v) and an optical pathlength difference 
A(V). Integration of a common-path spectral interferometer 
with a FOSPI at the outputenables measurement of the Stokes 
parameters of the interference signal with neither a calibra 
tion correction factor nor any assumption of polarization state 60 
of reflected light from the reference surface. 
As shown in FIGS. 5A and 5B, phase retardation and 

fast-axis angle of a birefringent sample are difficult to mea 
Sure when the direction of an incident light oscillation is 
primarily parallel to the fast axis of the sample retarder. In this 65 
case, the polarization state of light entering the interferometer 
should be modified. Such modification can be implemented 

30 
by the input polarization state preparation optics 20 inserted 
between the reference and the sample surfaces, the segment 
can be considered a known portion of the birefringent sample 
with a specified polarization transformation, and the analysis 
presented may be modified to determine the birefringence 
and fast axis of a sample. Such an analysis is presented in the 
paper by Kemp, N.J. et al. Opt. Express 2005: 13:4507, 
herein incorporated by reference. 

Exemplary Conclusion 
The FOSPI 50 is a PM fiber based instrument to measure 

the polarization state of collected light and incorporation of 
the FOSPI 50 into a common-path spectral interferometer 30 
allows measurement of the full set of Stokes parameters of 
interfering light with a single optical frequency scan where 
multiple A-scans are required to average polarimetric speckle 
noise unless multiple A-scans are required to average polari 
metric speckle noise as indicated above. The high spectral 
resolution of the broadband frequency swept laser source 
enables encoding and decoding both the polarization and 
depth information into separate channels in the time delay 
domain. 

Performance of the fiber based single channel polarization 
sensitive spectral interferometer has been demonstrated by 
measuring phase retardation 8 and fast axis angle C. of a mica 
retarder while rotated in 5° increments from 0° to 90°. A 
single optical frequency scan is sufficient to estimate both 
phase retardation and fast axis angle of a mica plate without 
knowledge of the polarization state of incident light. The fiber 
based single channel polarization sensitive spectral interfer 
ometer presented allows measurement of both phase retarda 
tion and fast axis angle of a birefringent sample. Performance 
of the fiber based single channel polarization sensitive spec 
tral interferometer is sensitive to phase retardations due to 
two PM fiber segments in a FOSPI (((p(v) and (cp(v) in 
Equation 4). The PS-OCT configurations may minimize 
variations in phase retardations induced by environmental, 
mechanical and thermal fluctuations. 
The coupling of a thermally isolated mechanical enclosure 

to the polarization sensitive spectral interferometer improves 
the stability of PM fiber phase retardations (p(v) and (p(v)). 
Also, by selecting optimal optics for the frequency range of 
the broadband laser source the signal-to-noise ratio of the 
system is improved. By using the end facet of the sample path 
illuminating fiber instead of the glass window, un-wanted and 
deleterious backscattered signal can be avoided. Slow scan 
speed of 1 Hz of the current system can be a limitation in some 
applications especially that require time-resolved measure 
ments. Also, the experimental results, i.e., estimated phase 
retardation and fast axis angle of a birefringent sample, may 
be sensitive to post signal processing especially when the 
instrument is not optimized. Fourier transformation followed 
by processing in the optical pathlength domain and simple 
arithmetic are used in the present analysis to determine phase 
retardation and fast axis angle. Alternatively, a model-based 
approach may provide estimates of position of reflecting Sur 
faces and birefringence properties. The proposed methodol 
ogy may be applied to measure in real time the depth resolved 
polarization state of back-reflected light from a variety of 
samples. 

Example 2 

High-Sensitivity Determination of Birefringence in 
Turbid Media 

Polarimetric Speckle Noise Reduction 
Many signal processing applications employ ensemble 

averaging of N separate trials for reducing additive white 
noise in recorded signals by a factor of N'. As shown in 
FIGS. 10A and 10B, averaging Nuncorrelated specklefields 
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reduces polarimetric speckle noise (O) and increases 
PSNR by a factor of N'. Sixfold increase in PSNR is 
demonstrated after averaging Stokes vectors for N=36 
speckle fields in a birefringent film. FIG. 10B is a Poincaré 
sphere before (thin line 320) and after (thick line 322) aver 
aging N=36 speckle fields for birefringent film S(Z) for 
m=1 plotted on the Poincaré sphere, where averaged S(Z) 
begins to resemble the noise-free model polarizationarc P(Z). 

Birefringent Film Measurement 
To verify operation of the PS-OCT configuration and the 

multi-state nonlinear algorithm, horizontal and vertical inter 
ference fringe intensities (T(z) and T(z)) were recorded 
from a turbid birefringent film (New Focus, #5842) with 
thickness AZ80 um. A transparent mica waveplate was 
placed on top of the birefringent film to test the multi-state 
nonlinear algorithm in the presence of a preceding birefrin 
gent element with unitary transformation. PSNR was 
increased by averaging Stokes vectors from Equation (48) 

I (3) E, (3) + E(z)? (48) 

S(z) = Q(s) E, (3) - E(z)? 
U(3) 2E, (zi) Ey(zi)cosidiff (zi) 
V(3) 2E, (zi) Ey(zi)sincidiff (zi) 

from N-36 uncorrelated speckle fields within a small two 
dimensional square grid region (50x50 um). Depth-resolved 
polarization data S(Z) was plotted on the Poincaré sphere 
for M-6 incident polarization states. To demonstrate invari 
ance of the multi-state nonlinear algorithm to a preceding 
birefringent element, 8 of the birefringent film is determined 
for a range of mica waveplate slow-axis orientations ranging 
from 0° to 180° in increments of 10°. 

Retardation (8) of the birefringent film was determined for 
a range of mica waveplate slow-axis orientations ranging 
from 0° to 180° in increments of 10°. Mean and standard 
deviation of 6 over the range of mica waveplate orientations 
was Ö=24.50+0.47, while maximum deviation from the 
mean was 0.91. Mean birefringence was An-7.0:10 or 
30.6°/100 um. 

In Vivo Primate Retinal Nerve Fiber Layer Measurement 
The PS-OCT configuration is described in previously and 

the multi-state nonlinear algorithm to detect RNFL birefrin 
gence and biattenuance, respectively. T,(Z) and T(z) were 
recorded from the RNFL. All experimental primate proce 
dures were approved by the University of Texas at Austin 
Institutional Animal Care and Use Committee (protocol 
#02032203) and conform to all USDA, NIH, and ARVO 
guidelines for animal welfare. Both eyes of two healthy 6 
kg, 4 year old, female rhesus monkeys were imaged. Mon 
keys were anesthetized with a combination of ketamine (10 
mg/Kg) and Xylazine (0.25 mg/Kg) given intramuscularly. 
Anesthesia depth was monitored and maintained by a certi 
fied veterinary technologist. Pupils were dilated using one 
drop of 1% cyclopentolate and one drop of 1% tropicamide. 
The head was gently secured to a goniometer in the prone 
position using a custom mask. One drop of 10% methylcel 
lulose was placed in the eye to be imaged and a contact lens 
was placed on the eye. The contact lenses were chosen to 
render the monkeys slightly myopic So incoming light was 
focused at the inner limiting membrane. Specifications of the 
contact lens were: base curve=6.9 mm, diameter=8.6 mm, 
power +2 diopter. The retina was viewed using a Surgical 
microscope and the eye was rotated and held in position by a 
Thornton fixation ring. A coaxial visible aiming beam was 
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placed directly onto the optic nervehead for registration at the 
start of each scan. Sample arm optics were configured for 
pupil-centric scanning Prior to recording high resolution 
maps, a low-resolution fast scan was performed to insure the 
selected lateral area included all desired peripapillary fea 
tures. 

The data acquisition time to record a single peripapillary 
map may vary according to the optical configuration; how 
ever, the time to record the data may not be that important 
inasmuch as longer acquisition times are desired. Laser 
power incident on the cornea was 2.8 mW during lateral 
scanning and 1.7 mW while stationary. Approximate laser 
spot size at the retinal Surface was 30 Lum. Axial resolution 
was determined by the 5 um coherence length of the laser 
Source in air. Lateral scanning in the X and y dimensions 
allowed acquisition of T,(Z) and T(z) at two user-specified 
locations: 1 mm inferior to the center of the ONH and 1 mm 

nasal to the center of the ONH. At each location, T., (z) and 
T(z) were recorded for an ensemble of N=36 uncorrelated 
speckle fields in a small two-dimensional square grid region 
(50 umx50Lum). Registration of the imaging location between 
sessions was accomplished by positioning the eye with the 
center of the ONH at the Zeroed position of the visible aiming 
beam. 

The anterior surface of the RNFL (z=0) was determined 
automatically by thresholding, and the posterior RNFL Sur 
face was identified manually from the depth-resolved inter 
ference fringe intensity (I(z)). The difference between pos 
terior and anterior surfaces (optical RNFL thickness) was 
divided by the mean group tissue refractive index (n=1.38) to 
determine RNFL thickness (AZ). Stokes vectors within 
the ensemble were digitally averaged, normalized, and plot 
ted on the Poincaré sphere for M-6 incident polarization 
states. The multistate nonlinear algorithm was applied to 
extract P(z) from S(z) and determine in vivo primate RNFL 
retardation (Örve) and birefringence (Anver). 
The primate RNFL was imaged in a thick region (1 mm 

inferior to the center of the ONH) and a thin region (1 mm 
nasal to the center of the ONH) during two sessions two 
weeks apart. Table 1 Summarizes the detected RNFL AZ, 
6, and Any given in units of degrees per 100 microme 
ters. FIGS. 11A and 11B shows PS-OCT-recorded S(z) for 
M-6 incident polarization states and corresponding P(Z) 
extracted by the multistate nonlinear algorithm. Noise-free 
model polarization arcs P(Z), black and rotation axis (A) 
were extracted by the multi-state nonlinear algorithm. Arcs 
corresponding to M-3, 4, and 5 are on the far side of the 
Poincaré sphere in FIGS. 11A and 11B. 

TABLE 1 

Thickness and Birefringence of in Vivo Primate RNFL 

Location (session) AZRNFL (mm) ÖRNFL.() AnRNFL (7100 Im) 

Inferior (day 1) 170 29.5 17.3 
Inferior (day 2) 167 27.8 16.6 
Nasal (day 1) 50 3.4 6.8 
Nasal (day 2) 51 3.9 7.6 

Ensemble averaging to increase PSNR comes with a loss in 
lateral resolution, increase in acquisition time by a factor of 
N, and diminishing returns associated with the N' rela 
tionship. Loss in lateral resolution is from the increase in the 
field size corresponding to lateral extent of uncorrelated 
speckle fields included in the averaged ensemble. Because 
speckle noise statistics are closely related to the beam diam 
eter, detection optics, and microstructure of scatterings in the 
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specimen, each instrument-specimen combination has an 
optimum spacing between speckle fields which minimizes 
loss in lateral resolution but insures speckle fields are uncor 
related. 
The N' behavior of averaged polarimetric speckle noise 5 

allows trial-and-error discovery of the optimum spacing 
between speckle fields without a priori knowledge of the 
scatterer microstructure. The optimum spacing between 
speckle fields for imaging the birefringent film with our sys 
tem was determined empirically (8 um). Larger spacing 10 
results in reduced lateral resolution and Smaller spacing 
leaves speckle fields partially correlated thereby diminishing 
the N a noise reduction achieved through ensemble aver 
aging. The likelihood of combining polarization data from 
adjacentanatomical features is decreased with marginal addi- 15 
tional instrumentation complexity by averaging over a small 
two-dimensional Square grid region rather than a pattern of 
traditional rastered B-scan. 

The choice of M-6 incident polarization states in these 
results was selected empirically. Because switching time of 20 
the LCVR is negligible compared to total acquisition time, 
acquiring M incident polarization states increases imaging 
time by a factor of M. Although selection of an incident 
polarization state with Y=90° may be achieved using analysis 
of prior polarization arcs, this would require additional com- 25 
puting resources (e.g. automatic segmentation, real-time non 
linear fitting) and improvements in speed and accuracy may 
be marginal. Increased acquisition time by a factor of NixM. 
although problematic during in vivo imaging with slow time 
domain systems is not a limiting factor for instruments incor- 30 
porating spectral-domain approaches. 

Results of the birefringent film experiments indicate the 
multi-state nonlinear algorithm may be applied to determine 
retardation in turbid birefringent media. Moreover, determi 
nation of 8 by the multi-state nonlinear algorithm is invariant 35 
to unknown unitary polarization transformations from pre 
ceding birefringent layers as demonstrated by the mica wave 
plate rotation. 

Sources of error in birefringence calculation include (1) 
uncertainty in the bulk refractive index (+2.5%); and (2) 40 
uncertainty in 6 due to polarimetric speckle noise which 
lingers after ensemble averaging. After averaging N, 36 
specklefields, polarimetric speckle noise was calculated Eq. 
(16) to be O-4°, resulting in an approximate double 
pass retardation uncertainty of t2” or a single-pass retarda- 45 
tion uncertainty oft1. Uncertainty estimated using the mean 
error between variable birefringent phantom measurements 
and linear fit was +1. These uncertainties give error bars on 
the RNFL birefringence measurements and also a quantita 
tive value for the birefringence sensitivity of the PS-OCT 50 
configuration, as shown in FIG. 12. Additional averaging 
(ND36) would decrease uncertainty in 8 and further increase 
the sensitivity of PS-OCT configuration, but with a cost of 
decreased lateral resolution and increased acquisition time. 

55 

Example 3 

Form-Biattenuance in Fibrous Tissues 

Ex Vivo Rat Tendon Measurements 60 
Four mature, freshly-euthanized Sprague-Dawley rats 

were obtained. To collect tail tendon specimens, each tail was 
cut from the body and a longitudinal incision the length of the 
tail was made in the skin on the dorsal side. Skin was peeled 
back and tertiary fascicle groups were extracted with twee- 65 
Zers and placed in phosphate buffered saline Solution to pre 
vent dehydration before imaging. Anatomical terminology 

34 
used is consistent with the structure of the rat tail tendon. 
Tertiary fascicle groups were teased apart into individual 
fascicles with tweezers and placed in a modified cuvette in the 
sample path of the PS-OCT configuration. The cuvette main 
tained saline solutionaround the fascicle, prevented mechani 
cal deformation in the radial direction, and allowed 20 g 
weights to be attached at each end of the fascicle. Weights 
provided minimal longitudinal loading in order to flatten the 
collagen fibril crimp structure present in rat tail tendon. A 
total of 111 different fascicle locations were imaged from the 
four rats, each at the location of maximum diameteracross its 
transverse cross-section (as determined by an OCT B-scan 
image). Achilles tendon specimens from the same rats were 
harvested in a straightforward manner and imaged while posi 
tioned in the modified cuvette with the same loading condi 
tions. Four different Achilles tendons were imaged in 45 
different randomly chosen locations. S (Z) was recorded 
(N=64, M-3) at all locations and the multistate nonlinear 
algorithm estimated 6 and 8 for each location. 
To investigate effect of relative depth of light focus within 

the tissue on the estimated values for 6 and 6, the same 
location on a single rat tail tendon fascicle was imaged for a 
range of axial displacements between the rear principal plane 
of the f-25 mm focusing lens and the fascicle surface. S(Z) 
(N=64, M-3) for ten 50-um-steps from 0 (focused at sur 
face) to 450 um (focused deep within fascicle) was recorded. 
To investigate effect of different initial separation-angles 

Y(0) on the PS-OCT-estimated values for 8 and e, a /6- 
wave retarder was placed in the sample path between the 
LCVR and scanning optics and S(z) (N=64, M-5) 
recorded from the same location on a single rat tail tendon 
fascicle for 12 uniformly spaced orientations (between 0° and 
165°) of the /6-wave retarder fast-axis. 
For 111 locations in rat tail tendon, meantstandard devia 

tion and range in rat tail tendon form-biattenuance were 
A 5.3-10'-13-103.0-10, 8.0:10 and in form-bire 
fringence Were An=51.7.1.0+2.6.1046.8:10, 
56.310). FIGS. 13 A-B and 14A-B show S(z) and P(z) 
plotted on the Poincaré sphere for two different rattail tendon 
fascicles with the largest (A-8.0:10), as shown in FIGS. 
13A-B, and smallest (A 3.0-10), as shown in FIGS. 
14A-B form-biattenuances detected. Form birefringence for 
the two fascicles shown in FIGS. 13 A-B and 14A-B were 
An=47.410 and An=55.2:10 respectively. Polarimetric 
signal-to-noise ratio (PSNR) ranged from 51 to 155 and stan 
dard deviation of polarimetric speckle noise (O) was 
approximately 0.22 rad for the 111 rat tail tendon locations 
measured. A single incident polarization state (m=1) is shown 
for simplicity. (a) S(z) for tendon with relatively high form 
biattenuance (A–8.0-10) collapses toward B faster than 
that for (b) tendon with relatively low form-biattenuance 
(A-3.0-10). 

Variation in Form-Biattenuance Versus Relative Focal 
Depth 

For 10 different displacements between the rear principal 
plane of the f-25 mm focusing lens and the fascicle surface, 
O-0.22 rad and meantstandard deviation in relative 
attenuation were 6=1.42+0.022 rad and in phase retardation 
were 8–11.5+0.034 rad. Thickness of the tendon specimen 
was AZ360 um. 

Variation in Form-Biattenuance Versus /6-Wave Retarder 
Axis Orientation 

For 12 orientations of the /6-wave retarder axis, 
meantstandard deviation in relative-attenuation were 
6=1.54+0.096 rad and in phase retardation were 
8-13.1+0.046 rad. O, increased exponentially from 
0.066 rad for a small initial separation-angle of Y(0)=0.81 
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rad up to O-0.69 rad for a large Y,(0)-3.0 rad. Thick 
ness of the tendon specimen was AZ383 Lum. 

Rat Achilles Tendon 
For 45 locations in rat Achilles tendon, meantstandard 

deviation and range in rat Achilles tendon form-biattenu 
aC. We A-1,3-10'-0.53-10 0.74-10, 3.2.10 and 
in form-birefringence were An=46.9.10+5.9:10 
32.9.10, 56.3-10. FIGS. 15A-B shows S(z) and P(z) 
plotted on the Poincaré sphere for the location in which the 
form-biattenuance was the lowest of all tendon specimens 
studied (A–0.74-10). PSNR ranged from 76 to 175 and 
O-0.20 rad for the 45 rat Achilles tendon locations 
measured. 
A single incident polarization state (m=1) is shown for 

simplicity. Form-biattenuance in this specimen (A 3.2°/100 
um) is lower than for specimens shown in FIGS. 13 A-B and 
14A-B and spiral collapse toward B is correspondingly 
slower. 

Ex Vivo Chicken Tendon Measurements 
57 randomly chosen locations were imaged from tendons 

extracted from the proximal end of chicken thighs obtained at 
a local grocery store. Temperature variations (freezing/thaw 
ing or refrigeration) and postmortem time prior to character 
ization by PS-OCT were unknown. Extracted tendon speci 
mens were kept hydrated in the modified cuvette and imaged 
without mechanical loading. S(Z) was recorded (NF64. 
M-3) at all locations and the multistate nonlinear algorithm 
was used to estimates 6 and 6 for each location. 

For 57 locations in chicken drumstick tendon, 
meantstandard deviation and range in chicken drumstick 
tendon form-biattenuance were A 2.1-10-03-10 
1.410, 3.1-10 and in form-birefringence were 
An=44.4 10+1.9.1038.410, 48.4-10. PSNR ranged 
from 42 to 96 and O-0.28 rad for the 57 chicken drum 
Stick tendon locations measured. 

In Vivo Primate Retinal Nerve Fiber Layer Measurements 
Details of the animal protocol for PS-OCT characterization 

of the in vivo primate retinal nerve fiber layer (RNFL) were 
given in EXAMPLE 2. S(Z) was recorded (N=36, M=6) on 
two different days for six locations distributed in a 100 um 
region around a point 1 mm inferior to the optic nerve head 
(“ONH) center and six locations distributed in a 100 um 
region around a point 1 mm nasal to the ONH center. 
The meantstandard deviation and range in form-biat 

tenuance for the six locations within a 100 m region around a 
point 1 mm inferior to the ONH center: (b. 0.18 
10+0.09-10 (0.07.10, 0.33:10 on day 1 and 
A-0.18-10'-0.13-10 (0.06-10, 0.42-10 on day 2. 
Average RNFL thickness in this region was 166 um and 
average relative-attenuation (6) was 0.023 radians. FIG.16A 
shows typical Sm(z) and Pm(z) plotted on the Poincaré sphere 
for the region 1 mm inferior to the ONH center in the primate 
RNFL. PSNR ranged from 3 to 16 and O-0.06 rad for 
the six inferior locations measured. In the region 1 mm nasal 
to the ONH center, RNFL thickness averaged 50 um and 
PSNR was too low for reliable estimates of A in the nasal 
region of the primate RNFL. The RNFL exhibits only a frac 
tion of a wave of phase retardation compared to multiple 
waves exhibited by tendon specimens in FIGS. 13A and 14A. 

Variation in Measurements of Form-Biattenuance 
Uncertainty in phase retardation (us) is predominantly due 

to polarimetric speckle noise (O) which lingers after 
ensemble-averaging. Arc length (l) has approximately the 
same functional dependence on 6 and 6, therefore uncer 
tainty in relative-attenuation (u-) is expected to be similar to 
us for a given O. though additional experiments in a speckie 
controlled model are necessary to verify the relationship 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

36 
between u, us, and O. Uncertainties in form-birefrin 
gence (u) or form-biattenuance (u) are dependent onus or 
u as well as the specimen thickness (AZ), which complicates 
comparison ofua, oruAx between specimens or between other 
variations of PS-OCT configuration. For the rat and chicken 
tendon specimens studied (N-64), Oranged from 0.20 
to 0.28 rad, giving uncertainties (us and u) due to polarimet 
ric speckle noise no higher than +0.07 rad. Corresponding 
uncertainty in form-biattenuance for a AZ -160-um-thick 
specimen is ut0.57.1e. In primate RNFL (N–36), 
Osei-0.06 rad corresponds to us+0.015 rad or 
us+0.12-10 for an RNFL thickness of AZ-166 um. 

he range of systematic variation in measurements off and 
6 due to placement of the beam focus was negligible. Varia 
tion in measured 6 (6.2%) due to different initial separation 
angles Y(0) was higher than variation in 8 (0.35%). Inter 
estingly, O. has a roughly exponential dependence on 
Y(0). Large initial separation angles Y(0)st correspond to 
incident polarization states S(0) near the preferentially 
attenuated eigenpolarization; therefore, it is expected that 
these S(0) will have lower detected intensity and relatively 
higher noise variation on the Poincaré sphere than S(O) with 
lower Y(0). Additional experiments may characterize com 
pletely the dependence of O. on Y,(0). Because W(z) 
Eq. (33) decreases with increasing O. states with large 
Y(0) are weighted less by the multistate nonlinear algorithm 
when estimating 8 and 6. Inspection of the FIGS. 13B, 14B, 
15B, and 16B reveals that O. does not increase signifi 
cantly versus depth (z) for the limited tissue thicknesses stud 
ied. Therefore, it is not expected that reduced collection of 
light backscattered from deeper in the tissue significantly 
affects the estimates of € for the range of depths probed. 

Form-Biattenuance Comparison with Other Values 
The form-biattenuance values measured in tendon are sig 

nificantly higher than those approximated from D/AZ values 
reported in chicken tendon (A–0.8-10) or in porcine ten 
don (A–0.17:10). The range of A values measured in a 
substantial number of specimens of rattail tendon (3.0-10' to 
8.0.104 for N=111), rat Achilles tendon (0.74-10 to 3.210 
for N=45), and chicken drumsticktendon (1.4.104 to 3.1:10 
for N=57) demonstrate that a sizable inter-species and intra 
species variation is present in tendon form-biattenuance. 

Loading the tendon specimens with 20 g weights was to 
extract tendon exhibits with a well-known crimp structure in 
which the constituent collagen fibers are not regularly 
aligned. Applying a Small load to the tendon effectively flat 
tens the crimp, providing a reproducible specimen which can 
be modeled using the Jones matrix in Eq. (30) for a homoge 
neous linear retarder/diattenuator and giving results that can 
be objectively compared. And the in vivo state of tendon is 
more similar to the slightly loaded State than to a completely 
relaxed or non-loaded State, especially considering that even 
minimal muscle tone would cause slight tension in connected 
tendons. Variance in the measurements of rat tail tendon 
biattenuance and birefringence was Substantially reduced by 
loading, but mean A and An was not noticeably affected. For 
the purpose of comparison with previous results on chicken 
tendon, chicken tendon specimens were not mechanically 
loaded. Measured values of form-biattenuance of chicken 
tendon (A-1410") are nearly a factor of two higher than 
previously reported (A–0.8-10). 

Because the Small-angle approximation introduces only 
minimal error in previously reported values of D/AZ, discrep 
ancy with A values is not due to conversion from diattenua 
tion (D) to relative-attenuation (6). Difference in values may 
be due to wide inherent anatomical variation in form-biat 
tenuance, nonstandard tissue extraction and preparation, or 
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large uncertainty in the methodologies. Details such as tissue 
freshness, anatomical origin of the harvested specimens, and 
detailed description of the expected uncertainty are not avail 
able. Additionally, crimp structure present in non-loaded ten 
don specimens could cause spatial variations in collagen fiber 
orientation over the sample beam diameter, resulting in poor 
agreement with a homogeneous linear retarder/diattenuator 
model Eq. (30) and artifacts in measurements of A. 
The validity of using diattenuation-per-unit-depth (D/AZ) 

as an approximation for e/AZ (or A) is dependent on the 
acceptable uncertainty for a particular application. For 
example, using the rat tail tendon results presented 
(6=1.54+0.096 rad), the percentage error is 6.2% due to 
/6-wave retarder orientation. Using Eq. (31), the correspond 
ing diattenuation is D-tanh(1.54)=0.91. Because c increases 
linearly with depth, this tendon (AZ383 um) has relative 
attenuation-per-unit-depth of 6/AZ-1.54 rad/383 um=0.004 
rad/um or form-biattenuance A-5.3: 10. Expressing this as 
diattenuation-per-unit-depth D/AZ 0.91/383 um=0.0024/um 
results in an error of 40%, which is much higher than the next 
largest error Source (6.2%) and may be unacceptable formany 
applications. Additional reduction in O. will allow more 
sensitive determination of 6. For arbitrarily large PSNR, the 
Small-angle approximation is invalid for any specimen. 

Diattenuation by PS-OCT has been primarily concerned 
with its effect on estimates of phase retardation or form bire 
fringence. The reasonable estimates of phase retardation can 
be made in tendon and muscle even if diattenuation is physi 
cally present but is ignored in the model. Indeed, one can 
discern from the "damped” sinusoidal nature of the normal 
ized Stokes parameters vs. depth (FIGS. 13 A-B and 14A-B) 
that the frequency of sinusoidal oscillation (proportional to 
form-birefringence) can be estimated without considering the 
"damped amplitude variation (due to form-biattenuance) 
when multiple periods of oscillation (multiple waves of phase 
retardation) are present. Results show that relative contribu 
tion to polarimetric transformations from An and A varies 
largely. In rattail tendon, A/An was measured as high as 0.17 
and in Achilles tendon as low as 0.017. In instances where 
either 1) A/An is high, 2) multiple periods of oscillation are 
not present, or 3) PSNR is low, accuracy in estimates of An 
(A) will be reduced if form-biattenuance (form-birefrin 
gence) is ignored. 

Polarimetric speckle noise (O.) depends on the initial 
separation-angle Y(0). Based on this observation, the num 
ber of incident polarization states (M) and the selection of 
those states S(0) relative to B employed by a particular 
PS-OCT approach will affect the ability to accurately distin 
guish between An and A. Approaches using M-2 incident 
polarization states which are positioned orthogonally to each 
other in their representation on the Poincaré sphere and are 
suited for detecting 8 and An. Alternatively, M=2 polarization 
states which are oriented parallel and perpendicular to the 
optic axis in physical space (and opposite to each other in 
their representation on the Poincaré sphere) may provide the 
best estimates of eand A. These considerations suggest that 
selecting at least M-3 incident polarization states for optimal 
determination of both form-birefringence and form-biattenu 
ance, regardless of the particular PS-OCT approach used. The 
multistate nonlinear algorithm discriminates between Anand 
A by restricting contributions to movement of S,(Z) on the 
Poincaré sphere from each phenomenon into two orthogonal 
planes and seamlessly incorporates M-3 incident polariza 
tion states while avoiding issues related to overdetermined 
Jones matrices. 

Because form-birefringence and form-biattenuance arise 
from light scattering by nanometer-sized anisotropic struc 
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tures, development of Sophisticated models relating An and 
A to underlying microstructure will allow use of the PS-OCT 
configurations for noninvasively and invasively quantifying 
fibrous constituents (e.g., neurotubules in the RNFL or col 
lagen fibers in tendon) which are smaller than the resolution 
limit of light microscopy. A portion of the tendon birefrin 
gence may be due to intrinsic birefringence on the molecular 
scale. Because biattenuance in tendon or RNFL may arise 
from interactions on the nanometer scale, form-biattenuance 
and biattenuance may be used interchangeably. 
The Small-angle approximation introduces minimal error 

for diattenuation-per-unit-depth (D/AZse/AZ) observed in 
thin tissue specimens (AZ-1 mm). Substantial measurements 
on tissues have a diattenuation (D) that is outside the range of 
the Small-angle approximation and cannot be meaningfully 
reported on a diattenuation-per-unit-depth (D/AZ) basis. Biat 
tenuance (A) requires no approximation and is analogous 
and complementary to a well-understood term, birefringence 
(An). Use of the term biattenuance overcomes the need to 
specify when a diattenuation-per-unit-depth approximation is 
valid. Consistency in definitions between birefringence (An) 
and biattenuance (A) or between phase retardation (8) and 
relative-attenuation (6) allow a meaningful and intuitive 
comparison of the relative values (i.e. A/An, e78) of ampli 
tude and phase anisotropy in any optical medium or speci 
men. The availability of narrow line-width swept-source 
lasers allows construction of Fourier-domain PS-OCT instru 
ments having scan depths far longer than current PS-OCT 
instruments. By using Swept laser Sources and hyperosmotic 
agents to reduce scattering in tissue, the PS-OCT configura 
tion probes significantly deeper into tissue specimens than 
1-2 mm, likely making the Small-angle approximation invalid 
even in tissues with low biattenuance. A narrow line width 
laser source will allow longer scan distances as described in 
the common path spectral domain PS-OCT configuration. 
The ability to determine the biattenuance with a spectral 
domain approach is dependent on the multi-state fitting algo 
rithm or similar approach as described above. The spectral 
domain approach, as described in the PS-OCT configuration 
10 and 200, allows faster acquisition of the data and provide 
improved estimates (relative to time domain systems) of bire 
fringence and biattenuance. PS-OCT characterizes non-bio 
logical samples which may have higher D and not satisfy the 
Small-angle approximation. Biattenuance is useful in 
employing other polarimetric optical characterization tech 
niques, which can detect anisotropically scattered light and 
for which dichroism is therefore inappropriate. Finally, 
although the term “depth-resolved' is frequently used in the 
context of either “measured in the depth dimension' or “local 
variation in a parameter versus depth (e.g., A(Z)", biattenu 
ance is independent of the particular interpretation. The first 
interpretation may be applied to biattenuance, but the multi 
state nonlinear algorithm can be extended in a straightforward 
manner to provide local variation in biattenuance versus 
depth A(z)). 

Exemplary Conclusion 
Biattenuance (A) is an intrinsic physical property respon 

sible for polarization-dependent amplitude attenuation, just 
as birefringence (An) is the physical property responsible for 
polarization-dependent phase delay. Diattenuation (D) gives 
the quantity of accumulated anisotropic attenuation over a 
given depth (AZ) by a given optical element. The nonlinear 
dependence of diattenuation on depth motivated introduction 
of relative-attenuation (6), which depends linearly on depth, 
maintains parallelism and consistency with phase retardation 
(ö) in Eq. (30), and is a natural parameter in depth-resolved 
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polarimetry such as PS-OCT. The mathematical relationships 
between these parameters were given in Eqs. (27), (29), and 
(31). 
The PS-OCT configurations includes: (1) theoretical and 

experimental validation for a new term in optical polarimetry, 
biattenuance (A), which describes the phenomenon of aniso 
tropic or polarization-dependent attenuation of light ampli 
tudes due to absorption (dichroism) or scattering; (2) detailed 
mathematical formulation of A and relative-attenuation (e) 
in a manner consistent with established polarimetry (i.e., 
birefringence and phase retardation), and mathematical rela 
tionships to related polarimetric terms diattenuation and dual 
attenuation coefficients; (3) analytic expression for trajectory 
of normalized Stokes vectors on the Poincaré sphere in the 
presence of both birefringence and biattenuance; (4) expres 
sion for arc length (1) and PSNR of normalized Stokes 
vector arcs on the Poincaré sphere in the presence of both 
birefringence and biattenuance; (5) modification of a multi 
state nonlinear algorithm to provide sensitive and accurate 
estimates of eand A in addition to 8 and An; (6) incorpora 
tion of a scalar weighting factor W(z) into the multistate 
nonlinear algorithm; (7) Substantial ex vivo and in vivo 
experimental data in several species and two tissue types to 
demonstrate large variation in A as well as interpretation of 
this data in the context of previously reported values; (8) 
description of the expected uncertainty in our measurements 
ofe and A. and (9) introduction of a physical model for 
birefringent and biattenuating optical media. 

Form-biattenuance and form-birefringence are closely 
related but physically distinct phenomena which may convey 
different information about tissue microstructure. The form 
biattenuance diagnostic capabilities remain with how accu 
rate the determination of form-biattenuance and form-bire 
fringence are concurrently used in biomedical research or 
clinical diagnostics. Form-biattenuance may quantify the 
effect of tendon crimp on An and A and to establish the 
acceptable uncertainty in biattenuance for diagnosis of vari 
ous pathological tissue states. Other fibrous tissues at mul 
tiple imaging wavelengths may refine the physical model and 
establish a comprehensive anatomical range for biattenuance. 

Example 4 

Fiber Orientation Contrast for Depth-Resolved 
Identification of Structural Interfaces in Birefringent 

Tissue 

Procedures for calibrating the constant retardation offset in 
the instrument and for preparing the intervertebral disc speci 
men for PS-OCT imaging were given above. The lateral (x-y 
dimension) scan pattern used consisted of 20 uniformly 
spaced clusters of N=36 A-scans (720 A-scans total). The 
N-36A-Scans in each cluster were acquired in slightly dis 
placed spatial locations on a 6x6 square grid (25umx25um) 
to uncorrelate speckle noise. A-Scans acquired in this x-y scan 
pattern were flattened into an intensity B-scan image (I(X,Z), 
FIG. 17), resulting in the slight sawtooth artifact apparent on 
the specimen Surface. No averaging was performed in the 
intensity B-scan image displayed in FIG. 17. Depth-resolved 
polarization data (Sm(z)) was acquired for M-6 different 
incident polarization states and then ensemble averaging of 
N=36 A-scans was performed to reduce polarimetric 
speckle noise (O) in each cluster. 

For each of the 20 clusters in the X-dimension, the follow 
ing procedure was carried out using only the averaged depth 
resolved polarization data (S(z)) for that cluster. First, the 
top surface of the specimen was identified as the depth (Z) 
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at which S(Z) ceased to exhibit random noise fluctuations 
and began tracing regular arcs on the Poincaré sphere. Sec 
ond, depths below Z at which the trajectories of S,(Z) 
showed a spike in curvature (K(Z). FIG. 18A-B) were identi 
fied as discrete changes in fiber orientation and were attrib 
uted to interfaces between lamellae. Only k=3 lamellae for a 
single incident polarization state (m=1) are shown for sim 
plicity in FIGS. 18A-B. Lamellar thickness (AZ) was 
recorded as the distance between interfaces for each lamellak 
and was compensated by the tissue refractive index (n=1.40). 
Normalization of Stokes vectors ensures that intensity con 
trast information (I(z)) does not contribute to identification of 
lamellar interfaces. Data from adjacent clusters were not used 
in this procedure. 
The high sensitivity nonlinear fitting algorithm in Example 

3 was then applied to estimate phase retardation (Ö), relative 
attenuation (6) and eigenaxis (B) for the top lamella (k=1) 
and then successive 6, 6, and B for k=2 were estimated 
after iterative compensation of Öland 6. 

Exemplary Results 
Fiber orientation (0) and birefringence (An) for each 

lamella k and for all 20 lateral clusters were calculated from 
AZ., 8, and B, as discussed above and assembled into B-scan 
images of depth-resolved fiber orientation (0(x,z), FIG. 19) 
and birefringence (An(x, z), FIG. 20). FIG. 19 shows the 
lamellar structure is clearly visible due to high contrast 
between fiber orientations in successive layers. Relative 
attenuation (e) was at or below the sensitivity limit for the 
deeper lamellae in this cartilage specimen and therefore a 
B-scan image of biattenuance is not shown. The mean and 
standard deviation in biattenuance in the thick upper layer 
where e was above the sensitivity limit are A 
1.02x100.31x10. 

In FIG. 20, black lines indicate lamellar interfaces deter 
mined by identifying segments in trajectories of S(Z) with 
high curvature (K(z)). FIG. 21 shows these interfaces super 
imposed on the original backscattered intensity OCT B-scan 
image (I(X,Z)). A sliding averaging window (15% of image 
width) was applied across each interface to Smooth black 
lines in FIG. 21. Quantitative estimates for mean lamellae 
thickness (AZ) are also indicated in FIG. 21. 
The determination of boundaries and lamellar thickness (A 

Z) using the trajectory of S,(Z) provides vastly improved 
contrast over I(X,Z) in the annulus fibrous specimen, as shown 
in FIG. 21. Since backscattered intensity images do not 
exhibit adequate contrast for detecting these structural 
details, the technique based only on the depth-resolved polar 
ization state resolves the contrast. This is especially true in 
cartilage, a tissue in which these structures directly contribute 
to mechanical and physiological properties. 

Improving contrast and identifying lamellar interfaces by 
detecting changes in relative fiber orientation does not require 
computationally intensive processing algorithms which are 
necessary to effectively quantify tissue retardation, diattenu 
ation and fiber orientation (such as fitting of Stokes vector 
trajectories or Jones matrices). Therefore, the technique is 
more amenable to real-time image processing necessary in 
clinical situations. The B-scan image of fiberaxis orientation 
(0(x,z), FIG. 19) was constructed using a calibrated PS-OCT 
configuration and therefore represents the collagen fiber ori 
entation referenced absolutely to the horizontal laboratory 
frame. For identifying interfaces using the depth-resolved 
polarization state method, only relative fiber orientation 
changes must be detected; thus, a fiber-optic rather than bulk 
optic PS-OCT configuration has stability and portability 
advantages in a clinical environment. The method using 
depth-resolved curvature (K(z)) of normalized Stokes vectors 
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(S(z)) to identify boundaries in multiple-layered fibrous tis 
sue can be applied to all phase-sensitive PS-OCT configura 
tions that detect depth-resolved Stokes vectors, whether fiber 
based or bulk-optic, single-incident-state or multi-incident 
state, time-domain or frequency-domain. Following 
boundary identification, Subsequent quantification of fiber 
orientation (relative or absolute), retardation or diattenuation 
can be accomplished using the method described in 
EXAMPLES 2 and 3. 

Several additional features are apparent in the 0(x,z) and 
An(X, Z) B-scan images. First, a small region of reduced 
birefringence appears in the middle of the An(X,Z) image, 
corresponding to a region with slightly lower backscattering 
intensity in I(X, Z). This may be a region containing lower 
collagen fiber density. Second, an incomplete lamella with 
reduced birefringence is evident in the top right half of the 
specimen. Incomplete lamellae are commonly observed in 
annulus fibrous cartilage. Third, fiber orientation is twisted 
approximately 15-20 counterclockwise in the right half of 
the 0(x,z) image relative to the left half. Finally, increased An 
in the lower left region reveals a different collagen fiber 
structure here. 

Optical or electron microscopy histology is well known to 
not preserve in situ dimensions due to the dehydration process 
integral in histological preparation and therefore is valuable 
only for corroboration of general tissue morphology in OCT 
images. Although histology is the gold standard for patho 
logical diagnoses and identification of tissue type, it is unrea 
sonable to validate quantitative structural dimensions in a 
specimen by making comparisons between in situ OCT mea 
surements and histology. Other complications frequently 
arise because histology shrinkage artifacts can occur aniso 
tropically (causing twisting and nonlinear distortion) and reg 
istration between OCT images and histology images is impre 
cise and qualitative at best. Inasmuch as uncertainty in 
dimensions extracted from an OCT image is due to finite 
resolution (<5 um) or uncertainty in tissue refractive 
index (s.5%), the PS-OCT configurations are more accurate 
than histology for in situ dimensional analysis of lamellar 
thickness or fiber orientation in the annulus fibrosis and other 
tissues exhibiting similar geometries. Additionally, a 
PS-OCT cross section provides the orientation of fibers into 
and out of the B-scan plane, whereas a histological analysis 
cannot reveal this three-dimensional structure without a com 
plex process of registering multiple sections taken parallel to 
the lamellae at Successively deeper locations. 

Decreasing polarimetric speckle noise (O.) by 
ensemble averaging effectively detects changes in 0(Z). 
Although 90° changes in annulus fibrous fiber orientation (0) 
result in dramatic spikes in K(Z), as shown in FIGS. 18A-B, 
other specimens may exhibit less-dramatic S(Z) trajectory 
changes which are more difficult to detect without additional 
O, reduction. Algorithms to automatically detect 
changes in S(Z) trajectories will be more robust with 
adequate O. reduction. Average O. in the specimen 
was 7 and did not show appreciable variation with depth (Z). 

The PS-OCT configuration collects ultrastructural infor 
mation similar to that acquired using histology. Polarization 
related properties such as fiber orientation (0(x, Z)) can be 
used to identify and quantify structural properties (e.g., thick 
ness) in OCT images, regardless of poor contrast in the back 
scattered intensity B-scan image. Comprehensive PS-OCT 
imaging of cartilage structures may elucidate injury mecha 
nisms, stress distribution and age variables as well as provide 
feedback on novel treatment approaches or engineered carti 
lage-replacement constructs. 
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The embodiment described herein are based on aspects 

which have been disclosed by the inventors in disclosure, 
Kim E and Milner T E. J. Opt. Soc. Am. A. 23: 1458-1467 
(2006), hereby incorporated by reference, “High-sensitivity 
Determination of Birefringence in Turbid Media with 
Enhanced Polarization-sensitive Optical Coherence Tomog 
raphy” by Nate J. Kemp et al., J. Opt.Soc. Am. A. 22:552-560 
(2005): “Form-biattenuance in Fibrous Tissues Measured 
with Polarization-sensitive Optical Coherence Tomography 
(PS-OCT) by Nate J. Kemp et al., Optics Express 13:4611 
4628, (2005); and “Fiber Orientation Contrast for Depth 
resolved Identification of Structural Interfaces in Birefringent 
Tissue” by Nate J. Kemp et al., Phys. Med. Biol. 51: 3759 
3767 (2006), all of which are incorporated by reference 
herein. 

Additional objects, advantages and novel features of the 
embodiments as set forth in the description, will be apparent 
to one skilled in the art after reading the foregoing detailed 
description or may be learned by practice of the embodi 
ments. The objects and advantages of the embodiments may 
be realized and attained by means of the instruments and 
combinations particularly pointed out here. 
What is claimed: 
1. A polarization-sensitive spectral interferometer for ana 

lyzing a sample comprising: 
a light source that produces light over a multiplicity of 

optical frequencies; 
at least one optical fiber through which the light is trans 

mitted to the sample; 
a fiber-optic spectral polarimetry instrument disposed in 

and optically coupled to a detection path of the spectral 
interferometer: 

a receiver which receives the light reflected from the 
sample; and 

a computer coupled to the receiver that determines polar 
ization properties of the sample without prior knowl 
edge of the polarization state of light incident on the 
sample. 

2. The interferometer as described in claim 1, further com 
prising an optical spectrum analyzer coupled to the receiver, 
wherein the optical spectrum analyzer records the intensity of 
light at the output of the interferometer. 

3. The interferometer as described in claim 2, wherein the 
computer determines simultaneously the depth and polari 
metric properties of the light reflected from the sample. 

4. The interferometer as described in claim 2, wherein the 
computer identifies the tissue type of the sample by the polar 
ization properties as a function of depth from the biattenuance 
of the sample A, which is given by: A X-X, where X and 
X are attenuation coefficients of the slow and fast eigenpo 
larizations. 

5. The interferometer as described in claim 2, wherein the 
computer identifies the tissue type of the sample by the polar 
ization properties as a function of depth from the birefrin 
gence of the sample by a nonlinear fitting of normalized 
Stokes vectors from multiple incident polarization states. 

6. The interferometer as described in claim 3, wherein the 
computer identifies tissue type of the sample as a function of 
depth from the depth-resolved birefringence, depth resolved 
biattenuance, depth resolved retardation, or depth resolved 
optical axis of the sample. 

7. The interferometer as described in claim 3, wherein the 
optical fiber is coupled to a catheter. 

8. The interferometer as described in claim 3, wherein the 
computer identifies the tissue type of the sample by the polar 
ization properties as a function of depth from the depth 
resolved birefringence of the sample by employing a multi 
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state nonlinear algorithm that uses M incident polarization 
states uniformly distributed on a great circle of the Poincaré 
sphere and utilizing multiple incident polarization states to 
give M distinct separation-angles (Y) distributed within the 
interval. 

9. A polarization-sensitive optical coherence tomography 
apparatus comprising: 

a broadband frequency-swept light Source optically 
coupled to an interferometer; 

an auxiliary wavemeter optically coupled to the interfer 
ometer, 

a detection path optically coupled to a computer to deter 
mine the depth-resolved polarization properties of a 
sample without prior knowledge of the polarization state 
of light incident on the sample; and 

a fiber-optic spectral polarimetry instrument disposed in 
and optically coupled to the detection path. 

10. The apparatus as described in claim 9, wherein the 
computer simultaneously determines the depth and polari 
metric properties of the light reflected from the sample. 

11. The apparatus as described in claim 10, wherein the 
computer determines variations of the polarization of the 
reflected light as a function of depth of the sample. 

12. The apparatus as described in claim 9, wherein the 
computer determines birefringence of the sample, biattenu 
ance of the sample, retardation of the sample, or optical axis 
of the sample. 

13. The apparatus as described in claim 9, wherein the 
computer identifies the tissue type of the sample as a function 
of depth from the depth-resolved birefringence, depth-re 
solved biattenuance, depth-resolved retardation, or depth 
resolved optical axis of the sample. 

14. The apparatus as described in claim 13, wherein the 
interferometer is coupled to a catheter. 

15. The apparatus as described in claim 9, wherein the 
computer identifies the tissue type of the sample by the polar 
ization properties as function of depth from the depth-re 
Solved birefringence of the sample by employing a multi-state 
nonlinear algorithm that uses Mincident polarization states 
uniformly distributed on a great circle of the Poincaré sphere 
and utilizing multiple incident polarization states to gives M 
distinct separation-angles (Y) distributed within the interval. 
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16. A polarization-sensitive spectral interferometer for 

analyzing a sample comprising: 
a light source that produces light over a multiplicity of 

optical frequencies; 
at least one optical fiber through which the light is trans 

mitted to the sample; 
an optical spectrum analyzer; 
a fiber-based common-path spectral interferometer, 
a fiber-optic spectral polarimetry instrument disposed in 

and optically coupled to a detection path of the common 
path spectral interferometer; 

a receiver which receives the light reflected from the 
sample; and 

a computer coupled to the receiver that determines polar 
ization properties of the sample without prior knowl 
edge of the polarization state of light incident on the 
sample. 

17. The interferometer as described in claim 16, wherein 
the computer simultaneously determines the depth and pola 
rimetric properties of the light reflected from the sample and 
determines variations of the polarization of the reflected light 
as a function of depth of the sample. 

18. The interferometer as described in claim 16, wherein 
the computer determines birefringence of the sample, biat 
tenuance of the sample, retardation of the sample, or optical 
axis of the sample. 

19. The interferometer as described in claim 16, wherein 
the computer identifies the tissue type of the sample as a 
function of depth from the depth-resolved birefringence, 
depth-resolved biattenuance, depth-resolved retardation, or 
depth-resolved optical axis of the sample. 

20. The interferometer as described in claim 16, wherein 
the computer identifies the tissue type of the sample by the 
polarization properties as function of depth from the depth 
resolved birefringence of the sample by employing a multi 
state nonlinear algorithm that uses M incident polarization 
states uniformly distributed on a great circle of the Poincaré 
sphere and utilizing multiple incident polarization states to 
gives M distinct separation-angles (Y) distributed within the 
interval. 


