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 An Enhanced Polarization-Sensitive Optical Coherence Tomography 

(EPS-OCT) instrument for high sensitivity cross-sectional imaging of optical 

anisotropy in turbid media has been designed, constructed, and verified.  

Enhanced sensitivity to small transformations in light polarization state is 

provided by a novel multi-state nonlinear fitting algorithm capable of detecting 

phase retardation (δ) with ±1° uncertainty. 
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Introduction of a new polarimetric term, biattenuance, describing 

differential attenuation of light amplitudes is theoretically and experimentally 

motivated.  Biattenuance (∆χ) is complimentary to birefringence (∆n), which 

results in a differential delay (phase retardation, δ) between modes polarized 

parallel and perpendicular to the anisotropic axis orientation (θ).  In addition, a 

physical model is formulated to calculate the relative contributions of ∆χ and ∆n 

to polarimetric transformations in anisotropic media. 

 Optical anisotropy properties birefringence (∆n), biattenuance (∆χ), and 

axis orientation (θ) convey information about the sub-microscopic structure of 

fibrous tissue (e.g., connective, muscle, and nervous tissue).  A method for 

nondestructively characterizing these properties in multiple-layered fibrous tissue 

using EPS-OCT is demonstrated in ex vivo specimens of porcine intervertebral 

disc cartilage. 

Diseases or traumas often alter tissue on the ultrastructural level; thus, 

noninvasive polarimetric imaging using EPS-OCT is expected to be a valuable 

tool for in vivo medical research as well as for diagnosis and management of 

disease.  For example, glaucoma affects the vitality of retinal ganglion cell axons 

in the retinal nerve fiber layer (RNFL) and may be clinically detected through a 

change in RNFL birefringence.  Comprehensive peripapillary maps of healthy 

primate RNFL birefringence were constructed using EPS-OCT.  A preliminary 
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model relating RNFL birefringence to the area-density of intracellular 

neurotubules suggests that superior and inferior quadrants have a higher 

neurotubule density than that in nasal and temporal quadrants. 
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Phase retardation between eigenpolarization states δ 
Relative-attenuation of amplitudes between eigenpolarization states ε 

Diattenuation D 

Birefringence or form-birefringence ∆n 

Biattenuance or form-biattenuance  ∆χ 
Fiber axis orientation θ 

Depth (axial) dimension z 

Lateral dimensions x,y 

Horizontal and vertical interference fringe intensities Γh(z), Γv(z) 

Horizontal and vertical electric field amplitudes Eh(z), Eh(z) 

Phase difference between horizontal and vertical electric fields φdiff(z) 
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Depth-resolved polarization data S(z) 

     (comprised of normalized Stokes vectors) 

Noise free model polarization arc P(z) 

     (comprised of normalized Stokes vectors) 

Arc length of noise free model polarization arc larc 

Standard deviation of polarimetric speckle noise σspeckle 

Polarimetric signal-to-noise ratio PSNR 

Separation-angle γ 
Single-state residual function Ro 

Multi-state residual function RM 

Number of incident polarization states M 

Number of A-scans in averaged ensemble NA 

Subscript “m” to denote member of multiple polarization state set Xm 
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CHAPTER 1 

 

Introduction and Background 

 

 

1.1 ORGANIZATION OF THE DISSERTATION 

 Chapter 1 of this dissertation contains an introduction to optical 

coherence tomography (OCT), polarized light and optical properties of tissue, 

and the application of polarization-sensitive (PS)-OCT for glaucoma screening 

and other biomedical applications.  The material contained in Chapter 1 is 

adapted primarily from the Background and Significance sections of 

“Quantitative Structural Imaging of Tissue” and “Quantitative RNFL Assessment 

for Glaucoma Diagnosis”, R01 grant applications submitted to the National 

Institute for Biomedical Imaging and Bioengineering (NIBIB) and the National 

Eye Institute (NEI) by the author and colleagues in November 2004 and March 

2005 respectively. 

 Chapter 2 contains detailed description of the optical and electronic 

configuration of the PS-OCT instrument used for studies presented in Chapters 3 

through 6. 
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 Chapter 3 presents a novel polarization signal processing algorithm for 

determining birefringence (∆n) in turbid media with enhanced sensitivity using 

PS-OCT.  This chapter contains text adapted primarily from Kemp, et al, "High 

sensitivity determination of birefringence in turbid media using enhanced 

polarization-sensitive OCT," JOSA A 22(3), 552-560 (2005) as well as 

unpublished work. 

 Chapter 4 introduces and motivates a new term in depth-resolved 

polarimetry, biattenuance.  The contents of Chapter 4 were published in Kemp, et 

al, "Form-biattenuance in fibrous tissues measured with polarization-sensitive 

optical coherence tomography (PS-OCT)," Optics Express 13(12), 4611-4628 

(2005). 

 Chapter 5 describes and demonstrates the use of PS-OCT to detect fiber 

axis orientation (θ) in multiple-layered fibrous tissues.  The contents of Chapter 5 

are taken from Kemp, et al, "Depth-resolved optic axis orientation in multiple 

layered anisotropic tissues measured with enhanced polarization-sensitive 

optical coherence tomography (EPS-OCT)," Optics Express 13(12), 4507-4518 

(2005) and a manuscript which is under review for publication in the Journal of 

Biomedical Optics. 

 Chapter 6 describes a study to create comprehensive spatially-resolved 

maps of healthy primate retinal nerve fiber layer (RNFL) birefringence.  This 
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study was published in Rylander, Kemp, et al, "Birefringence of the primate 

retinal nerve fiber layer," Experimental Eye Research 81, 81-89 (2005). 

 

1.2 OPTICAL COHERENCE TOMOGRAPHY (OCT) 

Optical Coherence Tomography (OCT)
1
 has emerged as a promising 

technique for high resolution cross-sectional imaging of tissue specimens.  

Application of OCT imaging to clinical and biomedical problems is increasing 

rapidly and is expected to continue to grow in coming years.  OCT uses a 

spectrally broadband light source in a two-beam interferometer with the 

specimen under study positioned in the sample path (Fig. 1.1).  Depth ranging in 

the specimen is possible because interference fringes are detected only for 

backscattered photons that have an optical path-length matching the reference 

distance to within the source coherence length (lc = 2 to 10 µm).  As reference 

path-length is varied over a specified range, detected interference fringe intensity 

is mapped to the specimen’s backscattering profile vs. depth (A-scan).  Extent of 

the point spread function in the axial dimension (axial resolution) is equal to the 

coherence length (lc) of the OCT source light.  Numerical aperture of the sample 

path focusing optics determines the lateral extent of the point spread function or 

lateral resolution (la).  Consecutive A-scans acquired laterally across the 

specimen allow reconstruction of two-dimensional (B-scan) and three-

dimensional tomographic images.  Details of a polarization-sensitive OCT 
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instrument for detecting the depth-resolved polarization state of light 

backscattered from the specimen are given in Chapter 2. 

 

Figure 1.1.  Schematic of basic OCT instrument.  Light backscattered by 

the specimen interferes from light reflected from the reference mirror 

only when the optical path lengths are matched to within one coherence 

length.  As the optical path length in the reference path is varied, depth-

resolved interference fringe intensities are detected. 

 

1.3 OPTICAL PROPERTIES 

1.3.1 Polarization 

A light wave consists of electromagnetic field oscillations contained in a 

plane (x,y) transverse to the propagation direction (z).  Electromagnetic field 

oscillations of a light wave (ΨΨΨΨ) are described mathematically by the sine 

function, having both amplitude (E) and phase (2πnz/λ0+φ):  

 ( )0sin 2 /E nzπ φ= λ +ΨΨΨΨ  (1.1) 

photoreceiver

specimen 

scanning 
galvanometers 

reference 
mirror 

optical 
path length 

variation 

laser 
source 

source sample 

detection 

reference 

NPBS 

A/D conversion, 
digital processing 
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where φ is a phase constant, λ0 is the free-space wavelength, and z is the direction 

of light propagation.  The refractive index (n) is a material property and 

determines the speed at which the light wave propagates through the material. 

The direction of oscillation (not direction of propagation) of a light wave 

is given by its polarization state relative to a fixed reference frame.  In the 

laboratory reference frame, perfectly-polarized light is specified by a component 

parallel (horizontal) and perpendicular (vertical) to the laboratory table: 

 
( )

( )
0

0

sin 2 /

sin 2 /

h h h

v v v

E nz

E nz

π φ

π φ

= λ +

= λ +

ΨΨΨΨ

ΨΨΨΨ
 (1.2) 

Polarization state of a light wave is a combination of these two orthogonal 

components (ΨΨΨΨh and ΨΨΨΨv) and is characterized by the amplitudes (Eh and Ev) and 

phase difference between horizontal and vertical components [φdiff = 

(2πnz/λ0+φv) - (2πnz/λ0+φh) = φv-φh]. 

 

1.3.2 Form-birefringence 

 Form-birefringence is an optical property exhibited by media containing 

ordered arrays of anisotropic light scatterers 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 regularly oriented in 

a surrounding medium with different refractive index.  The electric field of 
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incident light oscillating perpendicular to the fibers (E⊥) induces surface charges 

that create an induced field (Eo) within the fiber (Fig. 1.2).  The induced field 

(Eo) 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||).
2,3

  The incremental phase retardation (δi) incurred by the 

perpendicular component (E⊥) results in slower light transmission and larger 

refractive index (ns) than that experienced by light polarized parallel to the fiber 

axis (E||) with refractive index nf.  The numerical difference between indices of 

refraction of light oscillations polarized along fast and slow axes is the 

birefringence (∆n=ns-nf). 

Incremental phase retardations (δi) accumulate through fibrous structures 

and the composite retardation (δ) between components polarized parallel (E||) and 

perpendicular (E⊥) to the fibers after propagating a distance ∆z is  

 
0

360 n
zδ

⋅ ∆
= ⋅∆

λ
 (1.3) 

where δ is given in degrees.  In addition to phase retardation between E|| and E⊥, 

forward scattered light may have a scattering anisotropy resulting in differential 

attenuation of light amplitudes.  This quantity is given by the form-biattenuance 

(∆χ, see Chapter 4).  Similarly, the composite relative-attenuation (ε) between 
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components polarized parallel (E||) and perpendicular (E⊥) to the fibers after 

propagating a distance ∆z is  

 
0

360
z

χ
ε

⋅∆
= ⋅∆

λ
 (1.4) 

where ε is given in degrees. 

 
 

Figure 1.2.  Origin of form-birefringence (∆n) and form-biattenuance (∆χ) in 

fibrous structures.  The electric field of incident light which is polarized 

perpendicular to the fiber axis (E⊥) produces a surface charge density with an 

induced field (Eo). This changes the dielectric susceptibility and gives higher 

refractive index (ns) relative to that experienced by light polarized parallel to the 

fiber axis (E||). Form-biattenuance (∆χ) causes anisotropic attenuation of 

amplitude between E⊥ and E||.  Many fibrillar tissue structures are optically 

anisotropic; however, values of ∆n vary considerably among species and tissue 

type.
4-9

 

 

1.3.3  Propagation of Polarized Light in Tissue 

 Over the past decade, propagation of polarized light in tissue has been 

studied by a number of investigators.  Sankaran, et al
10

 used Stokes laser 

polarimetry to investigate how structural components (e.g. fibers, cells) 

E⊥(0) 

E||(0) 

∆z 

δ⊥-||(0) δ⊥-||(∆z) 

E⊥(∆z) 

E||(∆z) 

intracellular or 
tissue fibers  

(∆∆∆∆n, ∆χ∆χ∆χ∆χ) 

incident light transmitted light 

E⊥(z) 

E||(z) 

Eo 
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contribute to depolarization of light propagating in a tissue and found that linear 

and circular incident states are depolarized differently depending on structure of 

the tissue specimen.  Degree of polarization for circularly polarized light was 

maintained over longer distances compared to linearly polarized light.  Jacques, 

Roman, and Lee
11

 studied depolarization of linearly polarized light propagating 

through suspensions of polystyrene microspheres and tissue. They found that 

form-birefringent tissue specimens randomize linearly polarized light more 

rapidly than non-birefringent tissues and concluded that polarization imaging of 

skin yields images based primarily on photons backscattered from the epidermis 

and superficial papillary dermis because the form-birefringent dermal collagen 

rapidly randomizes polarized light.  Wang and Wang
12

 used a Monte Carlo 

simulation to study polarized light propagation in birefringent turbid media and 

found that linear birefringence from fibrous structures changed the single 

scattering matrix and altered the polarization state of photons propagating in a 

phantom tissue.  Some Mueller matrix elements of light backscattered from 

form-birefringent turbid media present unusual spatial patterns compared to non-

birefringent isotropic turbid media.   

 The study of polarized light propagation in tissue in the context of OCT 

when only single- or few- scattered coherent photons contribute to the detected 

signal is incomplete.  Future studies comparing analytical and Monte Carlo 
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models with experimental data acquired using polarization-sensitive OCT are 

expected to advance understanding of polarized light propagation in this regime. 

 

1.4 THE RETINAL NERVE FIBER LAYER (RNFL) AND GLAUCOMA 

Glaucoma is a serious ocular disease ranking as the second leading cause 

of blindness worldwide
13,14

 and is characterized by progressive loss of retinal 

ganglion cells (RGCs) and their axons in the retinal nerve fiber layer (RNFL, Fig. 

1.3). If not diagnosed early, glaucoma can result in partial or total blindness.  

Effective pharmacologic and surgical interventions are available once glaucoma 

is diagnosed; therefore early treatment and prevention of irreversible vision loss 

are possible if objective and sensitive diagnostic techniques become available to 

assess the RNFL.  Polarization-sensitive OCT is a promising technology for 

RNFL assessment.  

 

1.4.1 Glaucoma Pathophysiology 

Numerous primary glaucomatous damage mechanisms have been 

proposed, including increased pressure or mechanical stress
15

, ischemic 

changes
16

, astrocytic reaction
17-19

, autoimmune attack
20

, and reactive ion species 

and nitric oxide metabolism.
21,22
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Figure 1.3.  H&E-stained sections of normal (top left) and glaucomatous 

(bottom left) human retina.
23

  The retinal nerve fiber layer (RNFL, 

asterisk) and retinal ganglion cell (RGC, black arrow) layer visible in the 

normal retina is replaced by glial scar tissue (red arrow) in the 

glaucomatous retina.  INL: inner nuclear layer; ONL: outer nuclear layer; 

PE: pigment epithelium.  Electron micrograph
24

 of normal human retina 

indicating RGC neurotubules (right).  Dimensions for light microscopy 

images are unknown.  Scale bar in electron micrograph is 500nm. 

 

A proposed glaucoma damage mechanism is axonal constriction at the 

lamina cribrosa, resulting in disruption of axoplasmic transport and eventual 

RGC apoptosis.  Neurotubules undergo rapid polymerization and 

depolymerization in mitotic cells, but are more stable in mature axons.  Stability 

is due to microtubule associated proteins (MAPs) which promote the oriented 

polymerization and assembly of neurotubules.
25

  MAPs are maintained by 

neurotrophic factors that signal vitality and connectedness of the neurons.  When 

positive neurotrophic factors are not present, perhaps as a result of constriction of 

axoplasmic flow, MAPs decrease and neurotubules depolymerize leading to 

RRGGCC  
nneeuurroottuubbuulleess  

Electron Micrograph of Human RNFL 

glial 
scar 

Glaucomatous Human Retina 

Normal Human Retina 

RGC 
RNFL 

INL 

ONL 

PE 
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RGC apoptosis.  The hypothesis that neurotubule disruption precedes RGC death 

is further supported by investigations by Sponne, et al.
26

  They studied the 

kinetics of cellular events triggered when cortical neurons were exposed to 

amyloid-beta peptide (A-beta).  A-beta produced reactive oxygen species-

dependent cytoskeleton disruption, caspase activation, and cell death. 

A related hypothesis for RGC death in glaucoma involves chronic 

amyloid-beta neurotoxicity that mimics Alzheimer’s disease at the molecular 

level.
27,28

  In this hypothesis, RGC stress and impending apoptosis result from the 

activation of caspases that act as specific proteases in chronic neurodegenerations 

and cause neurotubule disruption.  The hypothesis is supported by results of a 

recent study involving induced glaucoma in rats with elevated intraocular 

pressure (IOP).
29

  Results of the study indicate that the level of caspase activation 

correlates with RGC death. 

Regardless of the damage mechanism and associated apoptotic signaling 

pathways, most investigators believe, and available data supports,
30

 that the 

pathologic hallmark of glaucoma in human eyes is selective RGC death and 

accompanying degeneration of RGC neurotubules. 

 

1.4.2 Motivation for Objective Diagnostic Techniques 

Glaucomatous nerve damage usually progresses gradually from the 

periphery to the central visual field.  Symptoms like pain and blurred vision are 
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often not present; as a result, glaucoma is often not diagnosed until a significant 

vision loss is noticed subjectively by the patient.  Some evidence indicates 

thinning of the RNFL can occur up to 6 years prior to clinically discernable 

vision loss.
31

  Since pharmacologic/surgical interventions that reduce IOP and 

slow or stop progressive axon degeneration in the RNFL are available, early 

diagnosis and treatment frequently prevents additional vision loss.  

Unfortunately, early diagnosis of glaucoma with high specificity and sensitivity 

using available techniques for retinal examination remains problematic.  

Population surveys indicate that less than 50% of those with glaucomatous visual 

field loss have received an appropriate diagnosis and treatment.
32-34

  Available 

techniques for retinal examination and glaucoma screening, such as the visual 

field test, frequency doubling perimetry, and tendency oriented perimetry, rely on 

not only the subjective test response of the patient, but also on subjective 

interpretation of test results by the physician.  For example, visual inspection of 

the optic nerve head can be misleading due to variation in normal patients.  These 

subjective methods, which are currently the clinical gold standards, diagnose 

glaucoma only after up to 40% of the RNFL is irreversibly lost.
30,31,35,36

  In 

addition, a number of neuroprotective strategies
22,37-39

 are under investigation and 

require further clinical study to evaluate effectiveness and safety.  Unfortunately, 

because glaucoma usually progresses gradually, large multi-center controlled 

clinical studies are required that can extend over many years.  Such clinical 
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studies are problematic since available techniques for retinal examination are 

subjective and therefore susceptible to high statistical variation. 

 

1.4.3 RNFL Birefringence and Neurotubules 

The common orientation of neurotubules within axons causes the RNFL 

to be form-birefringent.  Zhou and Knighton
40

 studied relative contribution of the 

axonal membrane, neurotubules, neurofilaments, and mitochondria to RNFL 

birefringence (∆n) using TEM cross-sections of toad RNFL.  They showed that 

RNFL birefringence is 3.2·10
-4

 at 560nm, close to the value (∆n = 3.2·10
-4

) 

Ducros, et al
7
 measured in primate RNFL at 859nm.  In recent studies, Knighton, 

et al
41,42

 used the depolymerizing agent colchicine and found that neurotubules 

are the primary contributor to light scattering properties of unmyelinated axons 

and that RNFL birefringence (∆n) is due primarily to neurotubules within RGC 

axons.  Neurotubule integrity is a prerequisite for normal neuronal function and 

degeneration of RGC neurotubules and subsequent change in RNFL 

birefringence may be an early indicator of RGC stress and impending apoptosis.   

 

1.4.4 Objective Retinal Examination 

The need for early and objective glaucoma diagnosis has led investigators 

to develop methods which measure morphological or structural changes in the 

retina.  Methods include red-free stereo photography, confocal scanning laser 
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ophthalmoscopy (CSLO), optical coherence tomography (OCT), and scanning 

laser polarimetry (SLP).  Although routinely performed at a few large 

ophthalmologic centers, red-free stereo photography is far too labor-intensive for 

most clinical practices
43

 and is fundamentally limited because image analysis and 

interpretation is subjective.  CSLO provides longitudinal sectioning capability 

through use of a short confocal parameter of the laser beam in the detection path.  

Due to the low numerical aperture of the eye, longitudinal resolution is limited to 

200-300µm and application of CSLO is restricted to evaluation of optic nerve 

head topography rather than the more clinically relevant assessment of the 

RNFL. 

Quantitative retinal measurements can be obtained from either OCT or 

SLP.  High-resolution (3µm) video-rate volumetric OCT imaging of the normal 

human retina has been applied
44

 to measure RNFL thickness (∆z).  SLP uses the 

polarization of light to determine RNFL retardation (δ).  Because the pathologic 

hallmark of glaucoma in human eyes is selective RGC death and accompanying 

degeneration of RGC axons, OCT and SLP are promising diagnostic techniques 

for glaucoma.  Each provides a direct and quantitative assessment of the RNFL.
45

  

For example, studies using OCT have shown that RNFL thinning due to aging 

can occur without discernable changes in the optic nerve head, prompting 

investigators to suggest that analysis of RNFL thickness (∆z) may be more 

sensitive than cup-to-disc ratio or neuroretinal rim area measured using CSLO.
46
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Performance of OCT and SLP in discriminating between normal and 

glaucomatous eyes was analyzed by Zangwill, et al.
47

  She concluded that 

qualitative assessment of quantitative OCT images had higher sensitivity than 

SLP data, although area under ROC curves was similar among the best classifiers 

for each instrument.  These recent studies suggest that RNFL thickness (∆z) 

measured by OCT and RNFL retardation (δ) determined by SLP both have 

predictive value in glaucoma diagnosis. 

 

1.4.4.1  Optical Coherence Tomography (OCT) 

OCT has emerged as a promising technique for direct, high-resolution, 

tomographic imaging of the RNFL.  Because OCT images convey morphological 

information (Fig. 1.4), the technique may be used to quantify changes in RNFL 

thickness (∆z) associated with glaucoma.  Carl Zeiss Meditech (Dublin, CA) 

manufactures and markets a commercial OCT instrument (Stratus OCT) to 

measure ∆z.  Most reports do not question the validity of OCT-measured RNFL 

thickness (∆z), rather they attempt to correlate ∆z with visual field loss in 

glaucomatous eyes.  Soliman, et al
48

 found that ∆z decreased (as measured with 

OCT) with increased RNFL damage (assessed with red-free photography) and 

that OCT could be used to discriminate between glaucomatous and normal eyes.  

Liu, et al
49

 found that OCT can quantitatively measure RNFL thickness (∆z) 
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differences between normal and glaucomatous eyes and that ∆z gradually 

decreased with increasing visual field defect.  Using the Zeiss OCT system, 

Bowd, et al
50

 found that quantitative differences in ∆z could be measured 

between age-matched normal, ocular hypertension, and glaucoma patients.  

Recently, Mederios, et al
51

 reported a sensitivity of 89% and specificity of 80% 

for the Stratus OCT instrument. 

 

Figure 1.4.  OCT B-scan image of in vivo primate retina demonstrating 

morphological features provided by OCT. (N: nasal; T: temporal; ONH: 

optic nerve head; RNFL: retinal nerve fiber layer; IPL: inner plexiform 

layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL/PR: 

outer nuclear layer and photoreceptors; PE: pigment epithelium; CH: 

choroid). Image is 1mm deep by 4mm wide. 

 

1.4.4.2 Scanning Laser Polarimetry (SLP) 

In SLP, polarization-modulated laser light passes through the cornea and 

is focused onto the patient’s retina.  A large fraction of incident light propagates 
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to the pigment epithelium, is reflected, passes back through the retina and cornea, 

and is detected.
52

  Carl Zeiss Meditec (Dublin, CA) manufactures and markets a 

commercial SLP instrument (GDx-VCC) to measure and analyze the polarization 

state of light reflected from the retina.  RNFL retardation (δ) is determined from 

the reflected polarization after compensation of corneal birefringence.  Choplin, 

et al
53

 studied the sensitivity and specificity of masked experts in classifying 

results obtained from normal eyes, glaucomatous eyes, and glaucoma suspect 

eyes using the GDx instrument and found that GDx may have good sensitivity 

and specificity for separating normal and glaucoma eyes but is less useful in 

classifying unknown subjects when glaucoma suspects are included.  Lauande-

Pimentel concluded that combining measurements recorded from visual field 

analysis and SLP resulted in a combined measure with better sensitivity and 

specificity in discriminating glaucoma and normal eyes than individual 

parameters alone.
54

  Efforts have been made to improve accuracy of SLP 

measurements.  Knighton developed an analytical model of SLP for RNFL 

assessment.
55

  Using Mueller matrix calculus to model the polarization optics of 

SLP, he found that corneal birefringence is a significant source of variance in 

SLP measurements.  Weinreb, et al
56

 used custom corneal compensation to 

improve the accuracy of SLP measurements in primates.  Garway-Heath, et al
57

 

introduced a method to correct the erroneous compensation of anterior segment 

birefringence using measurements in the macula and temporal peripapillary 
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retina.  Despite these efforts to improve measurement accuracy, most recent 

studies using SLP show sensitivity values ranging from 74% - 94% and 

specificity values from 74% - 91% for diagnosing glaucoma.
53-60

 

 

1.4.4.3 Polarization-Sensitive Optical Coherence Tomography (PS-OCT) 

 Polarization-sensitive OCT
61,62

 combines the depth-resolving capability 

of OCT with the polarization sensitivity of SLP to detect RNFL thickness (∆z), 

retardation (δ), and RNFL birefringence [∆n, Eq. (1.3)].  Birefringence (∆n) is 

directly related to the density of sub-microscopic anisotropic structures in tissue, 

suggesting that PS-OCT is sensitive to the density of neurotubules in the RGC 

axons comprising the RNFL (see Chapter 6). 

 

1.5 OTHER TISSUES, DISEASES, AND APPLICATIONS 

Cytoskeletal elements, cell membranes, and interstitial collagen impart 

form-birefringence to tissues such as cartilage, cornea, muscle, nerve, skin and 

tendon.  Noninvasive quantification of form-birefringence by PS-OCT may have 

important implications in the clinical management and basic understanding of 

diseases including but not limited to osteoarthritis,
63-65

 myocardial heart 

disease,
66

 thyroid disease,
67

 aneurism,
68

 gout,
69

 and chronic myeloid leukemia.
70

  

In addition, changes in form-birefringence may elucidate traumatic, functional, 

or physiologic alterations such as the severity and depth of burns,
9
 wound 
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healing,
71,72

 optical clearing by exogenous chemical agents,
73

 or the contractile 

state of muscle.
74

 

 

1.5.1 Osteoarthritis 

Arthritis is a general pathology classification that refers to more than one-

hundred different diseases affecting areas in or around the joints.  These diseases 

represent the nation’s leading cause of disability among Americans over fifteen 

years of age.  Arthritis is second only to heart disease as a cause of work 

disability and is estimated to cost the U.S. economy more than 86.2 billion 

dollars annually.
75

  In 2002, seventy-million Americans (1 in 3 adults) reported 

suffering from arthritis.  The earliest biochemical changes (which precede gross 

pathological changes) are the non-uniform loss of proteoglycans associated with 

increased water content and then increased fibrillation of the collagen network.  

Loss of proteoglycans decreases the ability of cartilage to withstand compressive 

loading and results in cartilage that is softer and more susceptible to wear.  Early 

damage consists of microfractures and increased fibrillation, eventually leading 

to signs of chondromalacia as a result of the increased water to proteoglycan 

ratio.
63,76

  Optical techniques that can provide noninvasive quantitative 

characterization of cartilage form-birefringence may find application in both 

early diagnostics as well as in vivo assessment of the efficacy of novel 
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therapeutic modalities
77-79

 including transplantation, chondrocyte transfer, 

artificial matrices, and pharmaceuticals. 

 

1.5.2 Optical Clearing of Tissue 

Recently optical clearing agents to reduce light scattering in skin,
80

 

blood
81

 and other tissues have been demonstrated.  Strong optical scattering in 

tissue is a primary obstacle in delivering a specified light dosage for destruction 

of targeted subsurface chromophores.  Reduction in optical scattering may allow 

for a substantial improvement in laser surgical techniques that rely on selective 

photothermolysis.
82

  For diagnostics, strong optical scattering is the principal 

source of blurring that reduces resolution and penetration depth of optical 

imaging techniques in tissue.  Application of optical clearing agents to reduce 

light scattering may enhance the resolution and penetration depth of various 

imaging modalities.
1,83,84

  Successful development of optical clearing agents for 

light-based therapeutics and diagnostics requires study, characterization, and 

control of the underlying mechanisms.  Because both form-birefringence and 

light scattering originate in fibrillar structures, optical characterization of form-

birefringence in response to application of optical clearing agents may elucidate 

underlying mechanisms and help assess the efficacy of specific agents in various 

structures at the sub-cellular, cellular, and tissue levels. 
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CHAPTER 2 

 

Time-Domain Polarization-Sensitive Optical Coherence 

Tomography Instrumentation and Signal Acquisition 

 

2.1 ABSTRACT 

A bulk-optic polarization-sensitive optical coherence tomography (PS-

OCT) instrument for measuring interference fringe intensities in horizontal and 

vertical polarization states has been designed and constructed.  PS-OCT optical 

configuration and data acquisition method are presented. 

 

2.2 OPTICAL CONFIGURATION 

 The PS-OCT instrument consists of a laser source and Michelson 

interferometer with source, reference, sample, and detection paths.  

Interferometer components are arranged on a 48” × 48” optical breadboard 

located in the Engineering Science Building, Room 36D at the University of 

Texas at Austin.  A granite optical table provides isolation from environmental 

vibration.  The PS-OCT instrument configuration is similar to single-channel 

intensity OCT instrument with the addition of polarization control optics. 
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2.2.1 Source Path 

The source path (Fig. 2.1) employs a Titanium-Sapphire (Ti:Al2O3) 

mode-locked femtosecond laser operating at a 88 MHz pulse repetition rate, a 

center wavelength λ0 = 830nm and full-width-half-max (FWHM) spectral 

bandwidth ∆λ = 55nm.  Although the mode-locked Ti:Al2O3 laser can provide 

light with spectral bandwidths up to ∆λ=140nm (FWHM), management of 

spectral and polarization dispersion complicate operation in this regime.  The 

optical power injected into the interferometer is controlled by varying the 

coupling efficiency of Ti:Al2O3 laser light into a 30m segment of single-mode 

optical fiber.  Waveguide and material dispersion in the source fiber increases 

pulse duration and substantially reduces peak optical power of light injected into 

the interferometer.  An optical isolator is spliced directly to the source fiber to 

prevent optical feedback into the Ti:Al2O3 laser.  The output of the isolator and 

distal end of the source-fiber use an FC/APC connector to prevent multiple 

reflections. 

Light that exits the source-fiber is collimated in open air and injected into 

the interferometer with an achromatic microscope objective giving a Gaussian 

beam profile with 1/e diameter of 2mm.  To monitor source spectral quality, a 

spectrometer (Ocean Optics, S2000) connected to a personal computer (Dell, 

Precision Workstation 530) detects the incident spectrum as sampled from a glass 

microscope slide.  To allow viewing of the incident beam location on the tissue 
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specimen, visible red light (λ0 = 660nm) emitted by a diode laser is coupled into 

a multimode fiber, collimated, and combined with the source beam by a dichroic 

mirror.  A Glan Thompson prism polarizer is oriented at 45º to insure that light 

injected into the interferometer has equal amplitudes in horizontal and vertical 

polarization channels.  The angular orientation of all PS-OCT polarization 

elements is measured clockwise with respect to the horizontal plane (x-axis) 

viewed along the beam propagation direction (z-axis); the y-axis is vertical 

parallel to the earth’s gravitational field.  A 50/50 non-polarizing broadband cube 

beam splitter divides the source beam into reference and sample paths.  

 

Figure 2.1.  Source path optics in PS-OCT instrument. 

 

2.2.2 Reference Path 

Reference path optics (Fig. 2.2) include a corner-cube retroreflector 

mounted to a loudspeaker diaphragm and glass windows to match material 

dispersion of the liquid crystal variable retarder (LCVR) and two triplet lenses in 
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the sample path (Fig. 2.3).  For longitudinal scanning, a sinusoidal voltage is 

applied to a voice coil actuator that translates (in the z-direction) the corner-cube 

retroreflector mounted with epoxy to the loudspeaker diaphragm.  A neutral 

density filter wheel containing filters of varying optical density allow reference 

path light to be reduced for optimum signal-to-noise ratio.
85

  Reflected light 

propagates back along the incident path to the non-polarizing beamsplitter and is 

directed into the detection path. 

 

Figure 2.2.  Reference path optics in PS-OCT instrument. 

 

2.2.3 Sample Path 

Sample path optics (Fig. 2.3) in the PS-OCT instrument include a liquid 

crystal variable retarder (LCVR), x- and y- scanning galvanometer mirrors, a 

silver-coated mirror, an afocal triplet lens pair, and a small scanning lens.  To 

provide a user-defined polarization state incident on the tissue specimen, the 

LCVR is oriented with its fast axis at 0º (horizontal) and a voltage is applied to 

produce a user-specified phase retardation (δLCVR).  X- and y- scanning 
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galvanometer mirrors are oriented in orthogonal planes and deflected to provide 

lateral scanning of the sample beam on the tissue specimen.  The x- galvanometer 

mirror diverts the sample beam in a vertical plane while the y- galvanometer 

mirror diverts the beam in a horizontal plane.  The center position between the x- 

and y- galvanometer mirrors is set at the front focal point of a high numerical 

aperture (NA) achromatic triplet lens 1 (JML Optical, f=50.8mm).  Triplet lens 1 

focuses the light and converts an angular displacement from the x- and y- 

scanning galvanometer mirrors to a lateral displacement in the lens’ image space.  

A second identical high-NA achromatic triplet lens 2 (f=50.8mm) is placed in the 

rear focal plane of triplet lens 1 to form a unity magnification afocal system.  

Triplet lens 2 re-collimates the light and converts the lateral beam translation 

back into an angular deflection so that galvanometer deflection produces a scan 

that pivots about the back focal point of triplet lens 2.  For non-ocular specimens, 

a scanning lens (f=17mm) focuses the light onto the tissue specimen.  For intact 

ocular specimens, the cornea is located in the rear focal plane of triplet lens 2 and 

provides the power needed to focus light onto the retinal surface. 
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Figure 2.3.  Sample path optics in PS-OCT instrument. 

 

2.2.4 Detection Path 

Light returning from sample and reference paths recombines and 

interferes in the non-polarizing beamsplitter and is diverted into the detection 

path (Fig. 2.4).  A polarizing beamsplitter reflects vertically polarized light and 

transmits the horizontally polarized light.  To reduce cross-coupling between 

channels due to an imperfect beamsplitter polarization separation, horizontally 

and vertically polarized beams pass through additional Glan Thompson 

polarizers oriented at 0º in the horizontal beam and 90º in the vertical beam.  The 



 

27 

horizontally and vertically polarized beams are each focused by an achromatic 

lens (f=35mm), through a 30µm diameter pinhole and onto a silicon 

photodetector.  A transimpedance amplifier with adjustable gain and passive 

filters converts photocurrent to photovoltages representing depth-resolved 

horizontal [Γh(z)] and vertical [Γv(z)] interference fringe intensities.  Gain and 

pass band of the filters are configured to utilize the maximum dynamic range of 

the analog-to-digital converter and remove noise outside of the signal bandwidth. 

 

Figure 2.4.  Detection path optics in PS-OCT instrument. 

 

2.3 DIGITAL SIGNAL ACQUISITION AND DEMODULATION 

 Photovoltages representing depth-resolved horizontal [Γh(z)] and vertical 

[Γv(z)] interference fringe intensities are sampled at 400kHz and digitized with a 

12-bit A/D converter (National Instruments, PCI-6110).  Acquisition is 

controlled using National Instruments LabView 7.1 Virtual Instrument (VI) 



 

28 

running on a dual-processor (2.3 GHz) Dell Precision 530 workstation with 2 GB 

of RAM. 

 Digital acquisition of Γh(z) and Γv(z) requires several electronic 

instruments for timing and control.  A schematic of the instruments involved is 

shown in Fig. 2.5.  The sinusoidal reference reflector scan frequency, A/D 

conversion, and sample arm lateral scanning are coordinated with the triggering 

scheme shown in Figure 2.6. 

 

Figure 2.5.  Electronic instrumentation for acquiring PS-OCT 

interference fringe intensities. 
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 The angular rotation of the sample path scanning galvanometers and 

therefore location of the lateral scan on the sample is controlled by the VI.  User-

specified locations are converted to analog voltage signals by a digital-to-analog 

converter (DAC) card (National Instruments, PCI-6713).  Each voltage (scan 

position) is stored in the card's RAM and clocked to the DAC output sequentially 

on a clock signal.  This provides a new lateral position for each A-scan.  Voltages 

are input to galvanometer servo drivers (Cambridge Technology, #67820) via a 

break-out box.  Galvanometer drivers maintain a closed-loop feedback system 

which maintains a linear relationship between applied voltage and angular 

displacement of the mirrors. 

 A function generator (Agilent Technologies, 33250A) creates a sinusoidal 

reference waveform (freq = 15 Hz, Vamp = 4V) that drives the loudspeaker 

diaphragm and creates a TTL acquisition clock pulse via its sync output.  A 

digital delay generator (Stanford Research, DG535) is configured to provide a 

time offset between the loudspeaker's longitudinal position and data acquisition 

events.  This time offset insures that the data acquisition period is synchronized 

with the correct depth during each A-scan.  The delay generator is triggered by 

the sync out signal from the function generator and creates the delayed TTL 

pulse on the “A-B” output.  The delay generator also generates a TTL pulse 

which is displaced by one half period on the “C-D” output.   When the A-B and 

C-D signals are input into an OR gate, the frequency is doubled and data is 
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acquired on both forward and backward movements of the loudspeaker 

oscillation.  The frequency-doubled signal also provides the clock input to the 

lateral scan control card. 

 When the human operator begins acquisition through software control, an 

acquisition signal (ACQ) goes from 0 to +5V.  The ACQ signal is logically 

AND’ed with the frequency-doubled signal and becomes the trigger for the A/D 

card.  The A/D card acquires one A-scan following each input pulse.  When the 

scan is complete, ACQ returns to 0V. 

 

Figure 2.6.  Timing diagram for triggering and clock signals. 
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Γh(z) and Γv(z) are double-sideband modulated signals with a carrier 

frequency proportional to the velocity of the loudspeaker diaphragm in the 

reference path.  The amplitudes and phase difference (and thus polarization state) 

of the orthogonal electric field components backscattered from the sample are 

encoded in the amplitude and relative phase of horizontal and vertical 

interference fringe intensities.  Coherent demodulation
86

 of the interference 

fringe intensities [Γh(z) and Γv(z)] yields orthogonal electric field amplitudes 

[Εh(z) and Εh(z)] and relative phase [φdiff(z)] which are then processed by the 

algorithms discussed in Chapters 3 through 5. 
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CHAPTER 3 

 

Enhanced Sensitivity Algorithm for Determination of 

Birefringence in Turbid Media
†
 

 

3.1  ABSTRACT 

Polarization-sensitive optical coherence tomography provides high 

resolution cross-sectional characterization of birefringence in turbid media.  

Weakly birefringent biological tissues such as the retinal nerve fiber layer 

(RNFL) require advanced speckle noise reduction for high sensitivity 

measurement of form-birefringence.  A novel method for high sensitivity 

birefringence quantification using enhanced polarization-sensitivity optical 

coherence tomography (EPS-OCT) is presented.  Polarimetric signal-to-noise 

ratio, a mathematical tool for analyzing noise in polarimetry is introduced.  

Multiple incident polarization states and nonlinear fitting of normalized Stokes 

vectors allow determination of retardation with ±1º uncertainty with invariance 

                                                 

†
 Portions of this chapter have been previously published in Journal of the 

Optical Society of America A [87]. 
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to an unknown unitary polarization transformation.  Results from a weakly 

birefringent turbid film and a variable birefringent phantom are presented. 

 

3.2  INTRODUCTION 

Polarization-sensitive optical coherence tomography (PS-OCT) combines 

polarimetric sensitivity with the high resolution tomographic capability of optical 

coherence tomography (OCT) to determine retardation (δ) and birefringence (∆n) 

of turbid media.  Noninvasive determination of δ and ∆n in biological tissue 

makes PS-OCT well-suited for clinical diagnostics and biomedical research 

applications where monitoring of birefringent tissue is important.   

 A primary obstacle to high sensitivity determination of tissue retardation 

and birefringence is polarimetric speckle noise.
88

  Speckle noise is common to all 

imaging modalities that employ spatially-coherent waves (e.g. ultrasound, radar, 

OCT, etc.).
89

  A method to determine accurately tissue retardation and 

birefringence must adequately address the degrading effects of speckle noise in 

polarimetric signals detected with PS-OCT. 

  Previous methods
90-92

 to determine δ and ∆n using PS-OCT may suffer 

from instabilities in instances of low retardation.  Although these methods are 

capable of accurately determining δ and ∆n in thick sections of highly 

birefringent tissue (e.g., tendon and muscle, ∆n > 10
-3

), they lack the sensitivity 
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required for accurate determination of δ and ∆n in thin tissue sections with weak 

birefringence [e.g., primate retinal nerve fiber layer (RNFL), ∆n ≈ 10
-4

].  

Determination of δ and ∆n is also complicated by unknown transformations of 

the polarization state by preceding birefringent elements such as single-mode 

optical fiber or the anterior segment of the eye. 

Enhanced polarization-sensitive optical coherence tomography (EPS-

OCT) uses multiple incident polarization states and a nonlinear fitting algorithm 

to determine δ and ∆n with high sensitivity and invariance to unknown incident 

unitary polarization transformations.  The “multi-state nonlinear algorithm” is 

demonstrated in a thin turbid birefringent film. 

 Quantitative assessment of the sensitivity of various PS-OCT approaches 

has been problematic because of the unavailability of calibrated polarimetric 

standards which exhibit light-scattering properties similar to tissue.  Calibrated 

waveplates and polarizers have been used to measure the sensitivity of PS-OCT, 

but are not effective models for biological tissue because speckle noise and 

multiple-scattering are not present.  A scattering tissue phantom in which 

birefringence can be varied in small, user-defined increments has been devised to 

assess PS-OCT retardation measurement uncertainty in a biologically relevant 

specimen.  The variable birefringent phantom consists of a rat tail tendon fascicle 

treated with varying concentrations of aqueous glycerol solution.  As glycerol 
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concentration is increased monotonically in small increments, the difference 

between collagen and matrix refractive index is reduced and birefringence (∆n) is 

monotonically reduced in small increments.  The uncertainty in retardation 

detected by PS-OCT is given as the mean error between experimentally 

measured retardation (δ) vs. volume concentration of glycerol and a linear fit to 

the measured retardation. 

 

3.3  THEORY 

EPS-OCT detects interference fringe intensities vs. depth (z) for both 

horizontal [Γh(z)] and vertical [Γv(z)] polarization components.  Depth-resolved 

horizontal and vertical electric field amplitudes [Eh(z) and Eh(z)] and phase 

difference [φdiff(z)] are determined from coherent demodulation
86

 of Γh(z) and 

Γv(z).  Stokes vectors
93

 represent the intensity and polarization state of light 

backscattered from the tissue specimen at depth z: 
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Normalization of Stokes vectors by the intensity [I(z)] gives normalized Stokes 

vectors which represent depth-resolved polarization data [S(z)]: 
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S(z) is plotted in three-dimensional Cartesian coordinates (Q,U,V) on the 

Poincaré sphere, a convenient tool to represent and analyze polarization 

transformations in birefringent media.
94

  Each point plotted on the Poincaré 

sphere corresponds to a unique normalized Stokes vector representing the 

polarization state of light backscattered from the tissue specimen at depth z. 

The noise-free model polarization arc [P(z)] on the Poincaré sphere is an 

idealized representation of depth-resolved polarization data [S(z)] recorded with 

EPS-OCT.  Trajectory of P(z) on the Poincaré sphere represents a polarization 

transformation free of degrading speckle noise.  As light propagates into the form 

birefringent tissue specimen, forward scattering by individual fibrillar structures 

(e.g. collagen fibrils, microtubules, muscle fibers) transforms the light 

polarization state by introducing incremental phase-delays between 

eigenpolarizations.  In the absence of diattenuation (i.e. differential amplitude 

attenuation between eigenpolarization states),
95

 phase-delays accumulate 

throughout specimen depth resulting in P(z) tracing a circular arc on the surface 

of the Poincaré sphere (Fig. 3.1).   

Initial point of the P(z) arc represents the polarization state at the 

specimen’s front surface [P(0)].  End point of the arc [P(∆z)] represents the 
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polarization state after forward propagation, backscatter from the specimen’s rear 

surface at ∆z, and propagation back to the front surface.  Total accumulated 

phase-delay experienced by light propagating through the specimen to the rear 

surface and then back is equal to the round-trip or double-pass retardation (2δ).  

The circular arc traced by P(z) rotates around eigen-axis β̂βββ  by an angle equal to 

2δ and is equivalent geometrically to the intersection of a right-circular cone with 

the Poincaré sphere.   

 

Figure 3.1.  (a) Accumulated phase-delay from individual fibrillar 

structures trace a circular arc [P(z)] around eigen-axis β̂βββ  on the Poincaré 

sphere.  (b) Alternate aspect of geometry in (a) viewed along eigen-

axis β̂βββ .  Dashed lines indicate circular trajectory of P(z); only when 2δ = 

360º is an entire circle traced by P(z). 
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The noise-free model polarization arc [P(z)] is mathematically specified 

by three model parameters:  double-pass retardation (2δ), eigen-axis ( β̂βββ ), and 

polarization at the specimen’s front surface [P(0)].  Extracting these model 

parameters from noisy depth-resolved polarization data [S(z)] allows 

determination of δ.  With knowledge of the bulk refractive index (n), specimen 

thickness (∆z) can be calculated from front and rear boundaries observed in the 

depth-resolved interference fringe intensity [I(z)].  Specimen birefringence is 

calculated from δ and ∆z by: 

 0

360
n

z

δλ
∆ =

∆
 (3.3) 

where λ0 is the free-space wavelength and δ is given in degrees (º). 

Any polarization transformation by a non-diattenuating, birefringent 

element (e.g., single-mode optical fiber, anterior segment of eye) directly 

preceding the specimen results in a unitary transformation on the Poincaré sphere 

(i.e., a pure rotation) and detected depth-resolved polarization data [S(z)] is 

known only in a relative sense.  Fortunately, the unitarity of a transformation 

preceding the specimen preserves the arc-axis rotation behavior of P(z) and β̂βββ , 

allowing δ to be extracted from the geometry irrespective of the preceding 

birefringent element.  If the unitary transformation is known, fiber orientation of 

a linearly birefringent specimen can be determined (Chapter 5). 
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 Arc length (larc) of P(z) depends on both 2δ and the separation-angle (γ) 

between the polarization at the specimen’s front surface [P(0)] and β̂βββ : 

 2 sin( )
arc

l δ γ=  (3.4) 

 ( )1 ˆcos (0)γ −= ⋅ Pββββ  (3.5) 

 For example, if P(0) is close to β̂βββ , γ is small and a significant double-pass 

retardation (e.g. 2δ = 80º) produces minimal movement on the Poincaré sphere 

(Fig. 3.2) with short larc.  Alternatively, if γ is large the same double-pass 

retardation (2δ = 80º) produces substantial movement on the Poincaré sphere 

with long larc.  Arc length is meaningful because P(z) with longer larc on the 

Poincaré sphere allows more accurate determination of δ and ∆n. 

 

3.3.1  Polarimetric Signal to Noise Ratio 

Although EPS-OCT is susceptible to common electrical noise sources 

(e.g. shot noise, intensity noise, A/D quantization noise, etc.), the dominant noise 

source impeding accurate determination of δ is polarimetric speckle noise.  In 

contrast to intensity speckle noise which is common to both polarization channels 

and only degrades I(z), polarimetric speckle noise is different for horizontal and 

vertical polarization channels and degrades S(z).  Intensity speckle noise is 

removed from polarization data by normalization of Stokes vectors. 
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Figure 3.2.  (a) Arc length (larc) of P(z) depends on separation-angle (γ) 

and is relevant because longer larc allows a more accurate estimate of 

retardation (δ).  (b) Alternate aspect of geometry in (a) viewed along 

eigen-axis β̂βββ . 

 

 The problem of specifying statistics of polarimetric speckle noise has 

been addressed by a number of investigators.  Fercher and Steeger
96,97

 derived 

first order statistics of the Stokes vector of scattered light for the case when 

horizontal and vertical fields are uncorrelated.  They found 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 variates.  More recently, 

Eliyahu derived speckle statistics of the Stokes vector for partially polarized light 

assuming Gaussian correlated field amplitudes.
98,99

   He derived expressions for 

the joint and marginal probability density functions of the Stokes vector.  These 

Plarge(z) 

γsmall 

γlarge 

Psmall(z) 
β̂βββ     

Plarge(0) 

Plarge(∆z) 
Psmall(0) 

(a) 

2δ 

Plarge(z) 

β̂βββ  

Psmall(z) 

 

sin(γlarge) 

sin(γsmall) 

Plarge(0) 

Plarge(∆z) 

  large 
 arc length 

small 
arc length 

 larc,small 

larc,large 

(b) 



 

41 

analyses may not be directly applicable to polarimetric speckle noise in the 

context of EPS-OCT where single- or few-scattered photons dominate the 

interference signal.  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). 

To quantitatively characterize the ability of EPS-OCT to extract model 

P(z) from noisy S(z) we introduce polarimetric signal-to-noise ratio (PSNR): 

 
( )2 sin

arc

speckle speckle

l
PSNR

δ γ

σ σ
= =  (3.6) 

where larc is arc length of the noise-free model polarization arc [P(z)] associated 

with measured S(z).  Standard deviation of polarimetric speckle noise (σspeckle) is 

a statistical measure of the point-by-point angular variation on the Poincaré 

sphere between detected S(z) and model P(z): 
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where J is the total number of depth-resolved sample points within the specimen.  

By averaging an ensemble of NA uncorrelated speckle fields, σspeckle is reduced 

and PSNR is increased. 
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3.3.2  Algorithm to Determine Retardation and Birefringence 

Determining retardation from S(z) recorded with EPS-OCT requires 

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 (2δ);  2) eigen-axis ( β̂βββ ); and  3) the arc’s initial point, 

which represents the polarization at the specimen’s front surface [P(0)].  A 

nonlinear fitting algorithm that takes S(z) as input and estimates model 

parameters has been developed.  Implementation of the nonlinear fitting 

algorithm to estimate 2δ, β̂βββ , and P(0) requires formulation of a residual function 

(Ro) which specifies goodness of fit between S(z) and P(z): 

 ( ) ( )
2

ˆ;2 , , (0)o

j

R z z δ= −∑ S P Pββββ  (3.8) 

Ro measures cumulative squared deviation between noisy S(z) and noise-free 

P(z).  Model parameters are estimated by minimizing Ro using a Levenberg-

Marquardt algorithm
100

 and represent the best estimate of P(z). 

Because PSNR increases with separation-angle (γ, Eq. (3.6)), the 

polarization at the specimen’s front surface [P(0)] which gives γ  = 90º provides 

the most accurate determination of δ.  Unfortunately, because birefringence 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(0) that provides a 
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maximum separation-angle γ = 90º.  To resolve the problem of preceding 

unknown birefringent layers and estimate 2δ and β̂βββ  accurately, we have 

developed a multi-state nonlinear algorithm that uses M incident polarization 

states uniformly distributed on a great circle of the Poincaré sphere.  Utilizing 

multiple incident polarization states gives M distinct separation-angles (γm) 

distributed within the interval [0º,90º] insuring that γm ≈ 90º for some states.  By 

using a multi-state approach, variance in estimated 2δ due to either uncertainty in 

β̂βββ  or low PSNR is minimized. 

Implementation of the multi-state nonlinear algorithm to determine δ 

requires formulation of a multi-state residual function.  We have implemented a 

multi-state residual function (RM) that is the algebraic sum of Ro (Eq. (3.8)) over 

the M incident polarization states: 

 ( )
1

ˆ( ); , , (0)
M

M o m m

m

R R z δ
=

=∑ S Pββββ  (3.9) 

RM gives the composite squared deviation between M sets of depth-resolved 

polarization data [Sm(z)] and corresponding M noise-free model polarization arcs 

[Pm(z)].  Model parameters [2δ, β̂βββ , and Pm(0)] are estimated by minimizing RM 

using a Levenberg-Marquardt algorithm
100

 and represent the best estimates of 

Pm(z) arcs. 
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Ability of the multi-state nonlinear algorithm to determine model 

parameters was verified on simulated noisy depth-resolved polarization data.  

The multi-state approach is effective because all M noise-free model polarization 

arcs [Pm(z)] must rotate around the same eigen-axis ( β̂βββ ) by the same angle (2δ) 

regardless of Pm(0), larc,m, or γm.  Uncertainty in any single Pm(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 provides a single 

estimate of unknown parameters using all depth-resolved data points in the scan, 

whereas previous methods
90-92

 consider only two points at a time [S(0) and 

S(∆z)] and do not incorporate S(z) arc curvature. 

 

3.4  METHODS 

3.4.1  Birefringent Film Measurement 

To verify operation of the EPS-OCT instrument and multi-state nonlinear 

algorithm, Γh(z) and Γv(z) was recorded from a turbid birefringent film (New 

Focus, #5842) with thickness ∆z = 80µm.  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 birefringent element with unitary transformation.  

PSNR was increased by averaging Stokes vectors [Eq. (3.1)] from NA = 36 

uncorrelated speckle fields within a small two-dimensional square grid region 
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(50 × 50 µm
2
).  Depth-resolved polarization data [Sm(z)] was plotted on the 

Poincaré sphere for M = 6 incident polarization states.  To demonstrate 

invariance of the multi-state nonlinear algorithm to a preceding birefringent 

element, we determined δ of the birefringent film for a range of mica waveplate 

slow-axis orientations ranging from 0º to 180º in increments of 10º. 

 

3.4.2  Variable Birefringent Phantom Measurement 

 A tail tendon fascicle was extracted from a freshly-euthanized Sprague-

Dawley rat and positioned in a custom cuvette which allowed exchange of 

bathing fluid without repositioning of the tendon specimen.  Mixtures of glycerol 

in phosphate buffered saline solution were prepared with the following 

concentrations:  0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 7.5, 10, 20, 30, 40, 50, and 60 by 

volume percentage.  Each mixture was introduced as the bathing fluid, allowed to 

diffuse into the fascicle for 3 minutes, and then EPS-OCT measurement was 

recorded (NA = 36, M = 5) at a common location along the maximum diameter of 

the fascicle.  Mixtures were exchanged in a monotonically increasing fashion and 

measured fascicle retardation was plotted versus glycerol concentration. 
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3.5  RESULTS 

3.5.1  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
1/2

.  Although the statistics of polarimetric speckle noise in EPS-OCT require 

further study, averaging NA uncorrelated speckle fields reduces polarimetric 

speckle noise (σspeckle) and increases PSNR by a factor of NA
1/2

 (Fig. 3.3).  Six-

fold increase in PSNR is demonstrated after averaging Stokes vectors for NA = 36 

speckle fields in the birefringent film. 

 

Figure 3.3.  (a) Ensemble averaging NA uncorrelated speckle fields increases 

PSNR by a factor of NA
1/2

.  (b) Birefringent film Sm(z) for m = 1 plotted on 

the Poincaré sphere before (gray) and after (black) averaging NA = 36 speckle 

fields.  Averaged S(z) begins to resemble the noise-free model polarization 

arc P(z). 

 

 

(a) 

P
S

N
R

 G
a
in

 

number of speckle fields (NA) 

(b) 



 

47 

3.5.2  Birefringent Film 

Retardation (δ) of the birefringent film was determined for a range of 

mica waveplate slow-axis orientations ranging from 0º to 180º in increments of 

10º.  Mean and standard deviation of δ over the range of mica waveplate 

orientations was δ = 24.50º ± 0.47º while maximum deviation from the mean was 

0.91º.  Mean birefringence was ∆n  = 7.0×10
-4

 or 30.6°/100µm.  Figure 3.4 shows 

Pm(z) and Sm(z) on the Poincaré sphere for M = 6. 

 

Figure 3.4.  Pm(z) and Sm(z) for M = 6 plotted on the Poincaré sphere.  

Gray arcs (m = 3 through m = 6) are on the far side of the Poincaré 

sphere. 
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3.5.3  Variable Birefringent Phantom 

A plot of EPS-OCT-measured retardation (δ) versus bathing glycerol 

concentration (by volume percentage) is shown in Fig. 3.5 for a 300µm thick 

fascicle.  The mean error between this data and a linear fit to this data was 1.7°, 

which is interpreted as a single pass retardation uncertainty of ±0.85°. 
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Figure 3.5.  Measured retardation (triangles) and linear fit to measured 

retardation (line) of 300µm-thick rat tail tendon specimen plotted versus 

volume concentration of aqueous glycerol solution. 

 

3.6 DISCUSSION 

Ensemble averaging to increase PSNR comes with a loss in lateral 

resolution, increase in acquisition time by a factor of NA, and diminishing returns 

associated with the NA
1/2

 relationship.  Loss in lateral resolution is from the 

increase in the field size corresponding to lateral extent of uncorrelated speckle 
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fields included in the averaged ensemble.  Because speckle noise statistics are 

closely related to the beam diameter, detection optics, and microstructure of 

scatterers in the specimen, each instrument-specimen combination has an 

optimum spacing between speckle fields which minimizes loss in lateral 

resolution but insures speckle fields are uncorrelated. 

The NA
1/2

 behavior of averaged polarimetric speckle noise 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 system was determined 

empirically (8µm).  Larger spacing results in reduced lateral resolution and 

smaller spacing leaves speckle fields partially correlated thereby diminishing the 

NA
1/2 

noise reduction achieved through ensemble averaging.  The likelihood of 

combining polarization data from adjacent anatomical features is decreased with 

marginal additional 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 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 γ = 90º may be achieved using analysis of prior 
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polarization arcs, this would require additional computing resources (e.g. 

automatic segmentation, real-time nonlinear fitting) and improvements in speed 

and accuracy may be marginal.  Increased acquisition time by a factor of NA × M, 

although problematic during in vivo imaging with the slow, time domain EPS-

OCT instrument used in this study, will not be a limiting factor for future 

instruments incorporating spectral-domain approaches.
101,102

 

Results of the birefringent film experiments indicate the multi-state 

nonlinear algorithm may be applied to determine retardation in turbid 

birefringent media.  Moreover, determination of δ by the multi-state nonlinear 

algorithm is invariant to unknown unitary polarization transformations from 

preceding birefringent layers as demonstrated by the mica waveplate rotation. 

Sources of error in birefringence calculation include 1) uncertainty in the 

bulk refractive index (± 2.5%); and 2) uncertainty in δ due to polarimetric 

speckle noise which lingers after ensemble averaging.  After averaging NA = 36 

speckle fields, polarimetric speckle noise was calculated [Eq. (3.7)] to be σspeckle 

= 4º, resulting in an approximate double-pass retardation uncertainty of ±2º or a 

single-pass retardation uncertainty of ±1º.  Uncertainty estimated using the mean 

error between variable birefringent phantom measurements and linear fit was 

±0.85º.  These combined uncertainties give a quantitative value for the 

birefringence sensitivity of the EPS-OCT system.  Additional averaging (NA > 
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36) would decrease uncertainty in δ and further increase the sensitivity of EPS-

OCT, but with a cost of decreased lateral resolution and increased acquisition 

time. 

Birefringence in tissue is predominantly the form type and results from an 

anisotropic distribution of refractive index from ordered fibrillar structures.
2
  A 

novel technique for high sensitivity quantification of birefringence with EPS-

OCT has been presented.  Nonlinear fitting of normalized Stokes vectors from 

multiple 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, a highly 

sensitive method such as EPS-OCT which reliably detects changes in 

birefringence may have clinical value in diagnosis or monitoring of pathological 

conditions which alter fibrillar tissue structure.  
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CHAPTER 4 

 

Biattenuance
†
 

 

4.1 ABSTRACT 

Biattenuance (∆χ) in biological tissue arises from anisotropic light 

scattering by regularly oriented cylindrical fibers and results in a differential 

attenuation (diattenuation) of light amplitudes polarized parallel and 

perpendicular to the fiber axis (eigenpolarizations).  Form-biattenuance is 

complimentary to form-birefringence (∆n) which results in a differential delay 

(phase retardation) between eigenpolarizations.  Terminology and theoretical 

basis for form-biattenuance in depth-resolved polarimetry is motivated.  A 

technique to noninvasively and accurately quantify form-biattenuance which 

employs a polarization-sensitive optical coherence tomography (PS-OCT) 

instrument in combination with an enhanced sensitivity algorithm (Chapter 3) is 

demonstrated on ex vivo rat tail tendon (mean ∆χ = 5.3·10
-4

, N = 111), rat 

Achilles tendon (∆χ = 1.3·10
-4

, N = 45), and chicken drumstick tendon 

                                                 

†
 Portions of this chapter have been previously published in Optics Express 

[103]. 
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(∆χ = 2.1·10
-4

, N = 57).  A physical model is formulated to calculate the 

contributions of ∆χ and ∆n to polarimetric transformations in anisotropic media. 

 

4.2 INTRODUCTION 

Polarization-sensitive optical coherence tomography (PS-OCT) 

incorporates polarimetric sensitivity with the ranging capability of optical 

coherence tomography (OCT) to characterize the depth-resolved polarization 

state of light backscattered from turbid media such as biological tissue.  Using 

requisite processing methods, diagnostically-relevant polarization properties such 

as tissue form-birefringence and optic axis orientation can be decoded from the 

detected transformation in light polarization state versus propagation depth.
7,90-92

  

Accurate quantification of tissue polarization properties in thin specimens 

exhibiting weak form-birefringence necessitates an approach which minimizes 

the effects of speckle noise and exploits the known behavior of polarization 

transformations in a noise-free model.
87

 

Form-birefringence (∆n) in tissue arises from anisotropic light scattering 

by ordered submicroscopic cylindrical structures (e.g., microtubules or collagen 

fibrils) whose diameter is smaller than the wavelength of incident light but larger 

than the dimension of molecules.
2,3,104

  Inasmuch as form-birefringence describes 

the effect of differential phase velocities between light polarized parallel- and 

perpendicular-to the fiber axis (eigenpolarizations), the term form-biattenuance 
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(∆χ) is introduced to describe the related effect of differential attenuation on 

eigenpolarization amplitudes. 

In the eigenpolarization coordinate frame, the polarization-transforming 

properties of a non-depolarizing, homogeneous optical medium such as 

anisotropic fibrous tissue are described by the Jones matrix 

 

( )( )
( )( )

( )
( )

0

0

1 1

2 2

exp / 0
=

0 exp /

exp arg( ) 0

0 exp arg( )

i n z

i n z

i

i

χ π

χ π

ξ ξ

ξ ξ

 ∆ + ∆ ∆ λ
 

−∆ − ∆ ∆ λ  

 
=  
 

J

, (4.1) 

where ξ1 and ξ2 are the complex eigenvalues representing changes in amplitude 

and phase for orthogonal eigenpolarization states with free-space wavelength λ0 

propagating a distance ∆z through the medium.  Attenuation common to both 

eigenpolarizations does not affect the light polarization state and is neglected 

here. 

The phase retardation (δ, expressed in radians) between eigenpolarization 

states after propagation through the medium is the difference between the 

arguments of the eigenvalues, δ = arg(ξ1) – arg(ξ2), which allows simplification 

of the Jones matrix to 

 
( )

( )
1

2

exp / 2 0

0 exp / 2

i

i

ξ δ

ξ δ

 
=  

− 
J . (4.2) 
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Chipman
95,105

 introduced the polarimetric parameter diattenuation (D) 

given quantitatively by 

 

2 2

1 2
1 2

2 2

1 2 1 2

T T
D

T T

ξ ξ

ξ ξ

−−
= =

+ +
            0 ≤ D ≤ 1, (4.3) 

where T1 and T2 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 (∆n) is the phenomenon responsible for phase retardation 

(δ) of light propagating a distance ∆z in an anisotropic element and is given by 

 0

2
s f

n n n
z

δ

π

λ
∆ = = −

∆
, (4.4) 

where ns and nf are the real-valued refractive indices experienced by the slow and 

fast eigenpolarizations, respectively.  Note form-birefringence (∆n) is 

proportional to and given experimentally by the phase retardation-per-unit-depth 

(δ/∆z). 

To the author’s knowledge, the field of polarimetry lacks a related term 

for the analogous phenomenon responsible for diattenuation in an anisotropically 

scattering element.  Although dichroism describes the phenomenon of 

diattenuation in an anisotropically absorbing element (such as that exhibited by a 

sheet polarizer), the term is also used to describe differential transmission or 

reflection between spectral components (such as that exhibited by a dichroic 
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beam splitter), leading to confusion if taken in the incorrect context.  More 

importantly for work reported here, neither dichroism nor diattenuation nor 

polarization dependent loss (PDL)
106,107

 can be expressed on a per-unit-depth 

basis and are thus unsuitable quantities for depth-resolved polarimetry in 

scattering media.  Inasmuch as the term attenuance has come to describe the loss 

of transmittance by either absorption or scattering,
108

 a new term, biattenuance, 

is proposed to describe differential loss of transmittance between two 

eigenpolarization states by either absorption (dichroism) or scattering.  

Importantly, it is shown that form-biattenuance is an experimentally and 

theoretically relevant term that can be expressed on a per-unit-depth basis.  

Numerically, biattenuance (∆χ) is given by 

 
s f

χ χ χ∆ = − , (4.5) 

where χs and χf are attenuation coefficients of the slow and fast 

eigenpolarizations.  For absorbing (dichroic) media, χs and χf are simply 

imaginary-valued refractive indices. 

As noted previously, the phase retardation (δ) and thickness (∆z) of an 

element are linearly related by its birefringence (∆n).  However, the relationship 

between an element’s diattenuation [D, Eq. (4.3)] and thickness (∆z) is nonlinear.  

This nonlinear relationship complicates expression of an element’s form-

biattenuance:  one cannot generally and without approximation refer to a 
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diattenuation-per-unit-depth as one can refer to form-birefringence as a phase 

retardation-per-unit-depth.  For example, if optical element A has thickness ∆zA = 

1 mm, diattenuation DA = 0.4, and phase retardation δΑ = π/4 radians and element 

B is made of the same material but has twice the thickness ∆zB = 2 mm, element 

B will have twice the phase retardation δB = 2δA = π/2 radians but will not have 

twice the diattenuation DB = 0.69 ≠ 2DA. 

For depth-resolved polarimetry in scattering media (i.e. PS-OCT)
109

, 

expression of an element’s form-biattenuance on a per-unit-depth basis is 

desirable both theoretically and experimentally.  We define the relative-

attenuation (ε) experienced by light propagating to a depth ∆z in an anisotropic 

element as 

 
0

2
z

π
ε χ= ∆ ∆

λ
, (4.6) 

and form-biattenuance (∆χ) can now be meaningfully expressed on a relative-

attenuation-per-unit-depth basis (ε/∆z).  Relative-attenuation (ε) is the 

complimentary term to phase retardation [δ, Eq. (4.4)], just as biattenuance (∆χ) 

is the complementary term to birefringence (∆n).   

The Jones matrix of the anisotropic medium from Eqs. (4.1) and (4.2) 

becomes 



 

58 

 

exp 0
2

0 exp
2

i

i

ε δ

ε δ

 +  
  
  =

 − − 
  

  

J , (4.7) 

and the “anisotropic damping” effect of the relative-attenuation (ε) becomes 

apparent.  Diattenuation (D) is related to relative-attenuation (ε) by 

 ( )tanh
e e

D
e e

ε ε

ε ε
ε

−

−

−
= =

+
. (4.8) 

We note that for small relative-attenuation, a small-angle approximation is valid 

and D ≈ ε. 

The problem with the nonlinear diattenuation-thickness relationship in 

depth-resolved polarimetry was recognized by Todorovic, et al.
110

 They defined 

dual attenuation coefficients (µax and µay) to represent Beer’s law attenuation for 

each eigenpolarization and related them to diattenuation (D) using Eq. (4.8) 

where relative-attenuation (ε) is related to dual attenuation coefficients by ε = 

|µax - µay|∆z/2. 

Phase retardation (δ) is in the argument of an exponential [Eq. (4.7)] and 

therefore has units of radians, but is also commonly expressed in units of degrees 

(180·δ/π), fractions of waves (δ/2π), or length (λ0·δ/2π).  Similarly, relative-

attenuation (ε) is in the argument of an exponential [Eq. (4.7)] and has units of 
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radians.  Regrettably, expression of relative-attenuation in units of radians (or 

degrees, fractions of waves, or length) is less intuitive than for phase retardation. 

Several investigators have reported PS-OCT measurements of 

diattenuation.  Park, et al
111

 recently reported an approximate single-pass 

“diattenuation-per-unit-depth” in chicken tendon of D/∆z = 0.39/mm using a PS-

OCT instrument with 1310 nm light.  For their sample thickness (∆z = 0.4 mm), 

the small-angle approximation is valid and ε/∆z = 0.39 rad/mm (∆χ = 0.82·10
-4

).  

Unfortunately, reading D/∆z = 0.39/mm can be mistakenly perceived that a 3-

mm-thick specimen of the same tendon would have diattenuation D = 1.17 [0 ≤ 

D ≤ 1, Eq. (4.3)].  Jiao and Wang
91

 reported single-pass D/∆z = 0.13/mm for a 

sample with thickness ∆z = 0.3 mm and Todorovic, et al
110

 reported single-pass 

D = 0.1 for a sample with thickness ∆z = 1 mm.  Again, although the small-angle 

approximation is valid for these cases (ε/∆z = 0.13 rad/mm or ∆χ = 0.17·10
-4

; 

ε/∆z = 0.1 rad/mm or ∆χ = 0.13·10
-4

), for specimens with higher diattenuation 

D/∆z ≠ ε/∆z [see Eq. (4.8)].  Expression of a specimen’s polarization-dependent 

attenuation in terms of form-biattenuance (∆χ) or corresponding relative-

attenuation-per-unit-depth (ε/∆z) overcomes ambiguity associated with the 

nonlinear diattenuation-thickness relationship and no approximations are 

necessary in depth-resolved polarimetry. 
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4.3 THEORY 

The continuous transformation of perfectly polarized light propagating 

through a scattering medium with Jones matrix given in Eq. (4.7) is 

geometrically represented by normalized Stokes parameters vs. depth [Q(z), U(z), 

V(z)] which trace a noise-free model polarization arc [P(z)] on the Poincaré 

sphere surface (Fig. 4.1).  Trajectory of the P(z) arc is governed by a vector 

differential equation
103

, 

 ( ) ( )( )
( ) ( ) ( ) 0

re im

d z
z z z

dz
+ × + × × =

P
P P Pβ ββ ββ ββ β

� �

, (4.9) 

where the complex differential wavevector ββββ
�

 is a property of the medium and is 

defined as 

 ( ) ˆ
re im re imi iβ β= + = +β β β ββ β β ββ β β ββ β β β

� � �

. (4.10) 

βre and βim are real and imaginary parts of the complex differential wavenumber 

β , 

 ( )
0

2
re im

i n i
π

β β β χ= + = ∆ + ∆
λ

, (4.11) 

and eigen-axis β̂βββ  is a unit-vector on the Poincaré sphere representing the fast 

eigenpolarization state which propagates through the medium without 

transformation. 

The vector differential equation [Eq. (4.9)] indicates that differential 

movement of the P(z) arc may be resolved into orthogonal movements for all z.  
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In anatomically fibrillar media, form-birefringence (∆n) and form-biattenuance 

(∆χ) arise from the same anisotropic scattering structures so that 
re

ββββ
�

 and 
im

ββββ
�

 

share a common eigen-axis ( β̂βββ ) and differential movement of P(z) on the 

Poincaré sphere due to form-birefringence (
re

dz×P ββββ
�

) is orthogonal to movement 

due to form-biattenuance [ ( )
im

dz× ×P P ββββ
�

].  At each depth z in the medium, the 

instantaneous trajectory of P(z) is resolved into two orthogonal planes: 1) a plane 

[ΠΠΠΠ1(z)] with normal β̂βββ  which encompasses differential movement of P(z) due to 

∆n, and 2) a plane [ΠΠΠΠ2(z)] containing both P(z) and β̂βββ  which encompasses 

differential movement of  P(z) due to ∆χ. 

Cumulative movement of P(z) on the Poincaré sphere represents the 

entire transformation experienced by polarized light propagating into and back 

from the medium (double-pass) and can be found by direct integration of Eq. 

(4.9) in the mutually orthogonal planes ΠΠΠΠ1(z) and ΠΠΠΠ2(z).  The cumulative angle 

between ΠΠΠΠ2(0) and ΠΠΠΠ2(∆z) is given by 

 2 2 re zδ β= ∆ , (4.12) 

and therefore 2δ is the total double-pass phase retardation of the specimen.  

Separation-angle [γ(z)] is defined as the angle between P(z) and β̂βββ  and moves 

within ΠΠΠΠ2(z) according to 
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 ( )1 (0)
( ) 2 tan tan exp 2

2
imz z

γ
γ β−   

= −  
  

        0 ≤ γ < π, (4.13) 

where γ(0) = cos
-1

[ β̂βββ ·P(0)] is the initial separation-angle between β̂βββ  and the 

incident polarization state [P(0)].  At γ(∆z), the total double-pass relative-

attenuation (2ε) is given by 

 2 2 im zε β= ∆ . (4.14) 

Form-birefringence (∆n) gives a circular rotation [Fig. 4.1(a)] of P(z) 

about β̂βββ  with rotation angle equal to the double-pass phase retardation (2δ) 

while form-biattenuance (∆χ) produces a collapse [Fig. 4.1(b)] of P(z) toward β̂βββ  

which is related to the double-pass relative attenuation (2ε) by Eqs. (4.13) and 

(4.14).  For media exhibiting both ∆n and ∆χ, the trajectory is a spiral converging 

toward β̂βββ  [Fig. 4.1(c)]. 
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Figure 4.1.  Noise-free model polarization arc [P(z), black] and eigen-

axis ( β̂βββ , green) on the Poincaré sphere (left) and corresponding 

normalized Stokes parameters [Q(z), U(z), V(z)] vs. depth (right).  (a) 

Pure form-birefringence causes rotation of P(z) around β̂βββ  in plane ΠΠΠΠ1 

which is normal to β̂βββ .  (b) Pure form-biattenuance causes translation of 

P(z) toward β̂βββ  in plane ΠΠΠΠ2.  (c) Combined birefringence and 

biattenuance cause P(z) to spiral toward β̂βββ  and orthogonal planes ΠΠΠΠ1 and 

ΠΠΠΠ2 are therefore functions of depth [ΠΠΠΠ1(z) and ΠΠΠΠ2(z)]. 
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Polarimetric signal-to-noise ratio (PSNR) characterizes the ability of PS-

OCT to estimate δ and ε in the presence of polarimetric speckle noise with 

standard deviation σspeckle, 

 arc

speckle

PSNR
l

σ
= , (4.15) 

where larc is arc length of the noise-free model polarization arc [P(z)].  

Differential arc length (dlarc) is given by 

 [ ]
1

2 2 2
arc 2( ) sin ( )

re im
dl z dzβ β γ= + , (4.16) 

which is integrated to provide arc length of P(z),  

 [ ]

1
2 2

arc 1 (0) ( )l z
δ

γ γ
ε

  
= + − ∆  

   
. (4.17)  

When relative-attenuation is small (ε < 0.1), larc can be approximated to the first 

order, 

 ( ) [ ]
1

2 2 2
arc 2 sin (0)l δ ε γ≈ + . (4.18) 
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4.4 METHODS 

4.4.1  Signal conditioning 

Detected photocurrents representing ΓΓΓΓh(z) and ΓΓΓΓv(z) are preamplified, 

bandpass filtered, and digitized.  Coherent demodulation of ΓΓΓΓh(z) and ΓΓΓΓv(z) yields 

signals proportional to the horizontal and vertical electric field amplitudes [Εh(z) 

and Εv(z)] and relative phase [∆φ(z)] of light backscattered from the specimen at 

each depth z within the A-scan.  An ensemble (NA) of A-scans representing 

uncorrelated speckle fields are acquired on a grid within a small square region 

(50 µm × 50 µm) at each location of interest on the specimen.  Acquisition of an 

ensemble of NA 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 (δLCVR,m) of the LCVR.  For each M, the calibrated LCVR 

phase shift (δLCVR,m) is subtracted from the demodulated relative phase [∆φm(z)] 

to compensate for the light’s return propagation through the LCVR.  This yields 

M sets of horizontal and vertical electric field amplitudes [Εh,m(z) and Εv,m(z)] and 

compensated relative phase [∆φc,m(z)]. 

Non-normalized Stokes vectors are calculated from Εh,m(z), Εv,m(z), and 

∆φc,m(z) for each of NA A-scans in the ensemble and for each M.  Ensemble-

averaging over NA at each depth z (denoted by
AN
) reduces σspeckle by a factor of 
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approximately NA
1/2 

and then normalization yields M sets of depth-resolved 

polarization data [Sm(z)] for each location, 

2 2
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2 2
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 (4.19) 

When Stokes vectors are first normalized and then ensemble-averaged over NA, 

the resulting Stokes vectors [Wm(z)] have magnitude [0 ≤ |Wm(z)| = Wm(z) ≤ 1] 

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, 
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  (4.20) 

Wm(z) is used as a scalar weighting factor in the multistate nonlinear algorithm to 

estimate phase retardation (δ) and relative-attenuation (ε). 

 

4.4.2  Multistate nonlinear algorithm to determine biattenuance 

High sensitivity quantification of form-biattenuance (∆χ) is accomplished 

using a nonlinear fitting algorithm based on the approach introduced by Kemp, et 
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al
87

 for determining form-birefringence (∆n) with EPS-OCT.  A modified 

multistate residual function (RM) has been implemented which gives the 

composite squared deviation between M sets of depth-resolved polarization data 

[Sm(z)] and corresponding M noise-free model polarization arcs [Pm(z)] weighted 

by Wm(z), 

 
1

ˆ[ ( ), ( );2 ,2 , , (0)]
M

M o m j m j m

m

R R z W z ε δ
=

=∑ S Pββββ , (4.21) 

where Ro is the weighted single-state residual function, 

 { }
2

1

ˆ( )[ ( ) [ ;2 ,2 , , (0)]
J

o j j j

j

R W z z z ε δ
=

= −∑ S P Pββββ , (4.22) 

and the subscript “j” is used to denote the discrete nature of sampled data versus 

depth (z).  Model parameters [2ε, 2δ, β̂βββ , and Pm(0)] are estimated by minimizing 

RM using a Levenberg-Marquardt algorithm
100

 and represent the best estimate of 

Pm(z).  At increased penetration depths (lower electrical signal-to-noise ratio) or 

large initial separation-angles [γm(0)], Wm(z) decreases and Sm(z) are given less 

weight.  ∆χ and ∆n are calculated using Eqs. (4.6) and (4.4) from estimates of ε 

and δ provided by the multistate nonlinear algorithm.  ∆z is measured by 

subtracting the front and rear specimen boundaries in the OCT intensity image 

and dividing by the bulk refractive index (n =  1.4). 

Uncertainty in estimates of any single Pm(z) arc is offset through 

constraints placed upon the other M – 1 arcs by the modified residual function 
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[Eq. (4.21)].  All M noise-free model polarization arcs [Pm(z)] must collapse 

toward the same eigen-axis ( β̂βββ ) at the same rate (2ε) and must rotate around β̂βββ  

by the same angle (2δ) regardless of the incident polarization state.  

Discrimination between arc movements on the Poincaré sphere due to either ∆n 

or ∆χ is accomplished by restricting contributions from each into orthogonal 

planes. 

 

4.4.3  Ex vivo rat tendon measurements 

Four mature, freshly-euthanized Sprague-Dawley rats were obtained from 

an unrelated study.  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 tweezers and placed in phosphate buffered saline solution to prevent 

dehydration before imaging.  Anatomical terminology used in this paper is 

consistent with that given by Rowe.
112

  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 instrument.  The cuvette maintained saline solution 

around the fascicle, prevented mechanical 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 
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structure present in rat tail tendon.
113,114

  A total of 111 different fascicle 

locations were imaged from the four rats, each at the location of maximum 

diameter across 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 positioned in the modified cuvette 

with the same loading conditions.  Four different Achilles tendons were imaged 

in 45 different randomly chosen locations.  Sm(z) was recorded (NA = 64, M = 3) 

at all locations and the multistate nonlinear algorithm estimated ε and δ for each 

location. 

To investigate effect of relative depth of light focus within the tissue on 

the estimated values for δ and ε, 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.  Sm(z) (NA = 64, M 

= 3) for ten 50-µm-steps from 0 (focused at surface) to 450 µm (focused deep 

within fascicle) was recorded. 

To investigate effect of different initial separation-angles [γm(0)] on the 

PS-OCT-estimated values for δ and ε, a 1/6-wave retarder was placed in the 

sample path between the LCVR and scanning optics and Sm(z) (NA = 64, M = 5) 

recorded from the same location on a single rat tail tendon fascicle for 12 
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uniformly spaced orientations (between 0° and 165°) of the 1/6-wave retarder 

fast-axis. 

 

4.4.4  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/thawing or refrigeration) and postmortem time 

prior to characterization by PS-OCT were unknown.  Extracted tendon specimens 

were kept hydrated in the modified cuvette and imaged without mechanical 

loading.   Sm(z) was recorded (NA = 64, M = 3) at all locations and the multistate 

nonlinear algorithm was used to estimate ε and δ for each location. 

 

4.5 RESULTS 

4.5.1  Rat tail tendon 

For 111 locations in rat tail tendon, mean ± standard deviation and 

[range] in rat tail tendon form-biattenuance were ∆χ = 5.3·10
-4

 ± 1.3·10
-4

 [3.0·10
-

4
, 8.0·10

-4
] and in form-birefringence were ∆n = 51.7·10

-4
 ± 2.6·10

-4
 [46.8·10

-4
, 

56.3·10
-4

].  Figures 4.2(a) and 4.2(b) show Sm(z) and Pm(z) plotted on the 

Poincaré sphere for two different rat tail tendon fascicles with the largest (∆χ = 

8.0·10
-4

) and smallest (∆χ = 3.0·10
-4

) form-biattenuances detected.  Form-
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birefringence for the two fascicles shown in Figs. 4.2(a) and 4.2(b) were ∆n = 

47.4·10
-4 

and ∆n = 55.2·10
-4

 respectively.  Polarimetric signal-to-noise ratio 

(PSNR) ranged from 51 to 155 and standard deviation of polarimetric speckle 

noise (σspeckle) was approximately 0.22 rad for the 111 rat tail tendon locations 

measured. 

 

Figure 4.2. Depth-resolved polarization data [S1(z), orange] and 

associated noise-free model polarization arc [P1(z), black] and eigen-axis 

( β̂βββ , green) determined by the multistate nonlinear algorithm in rat tail 

tendon are shown on the Poincaré sphere (left).  Corresponding 

normalized Stokes parameters [Q(z), U(z), V(z)] and associated nonlinear 

fits (black) are shown on the right.  A single incident polarization state (m 

= 1) is shown for simplicity.  (a)  Sm(z) for tendon with relatively high 

form-biattenuance (∆χ = 8.0·10
-4

) collapses toward β̂βββ  faster than that for 

(b) tendon with relatively low form-biattenuance (∆χ = 3.0·10
-4

). 
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4.5.2  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, σspeckle ≈ 0.22 rad and mean ± 

standard deviation in relative-attenuation were ε = 1.42 ± 0.022 rad and in phase 

retardation were δ = 11.5 ± 0.034 rad.  Thickness of the tendon specimen was ∆z 

= 360 µm. 

 

4.5.3  Variation in form-biattenuance versus 1/6-wave retarder axis 

orientation 

For 12 orientations of the 1/6-wave retarder axis, mean ± standard 

deviation in relative-attenuation were ε = 1.54 ± 0.096 rad and in phase 

retardation were δ = 13.1 ± 0.046 rad.  σspeckle increased exponentially from 0.066 

rad for a small initial separation-angle of γm(0) = 0.81 rad up to σspeckle = 0.69 rad 

for a large γm(0) = 3.0 rad.  Thickness of the tendon specimen was ∆z = 383 µm. 

 

4.5.4  Rat Achilles tendon 

For 45 locations in rat Achilles tendon, mean ± standard deviation and 

[range] in rat Achilles tendon form-biattenuance were ∆χ = 1.3·10
-4

 ± 0.53·10
-4

 

[0.74·10
-4

, 3.2·10
-4

] and in form-birefringence were ∆n = 46.9·10
-4

 ± 5.9·10
-4

 

[32.9·10
-4

, 56.3·10
-4

].  Figure 4.3 shows Sm(z) and Pm(z) plotted on the Poincaré 
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sphere for the location in which the form-biattenuance was the lowest of all 

tendon specimens studied (∆χ = 0.74·10
-4

).  PSNR ranged from 76 to 175 and 

σspeckle ≈ 0.20 rad for the 45 rat Achilles tendon locations measured. 

 

Figure 4.3.  S1(z) (orange) and associated P1(z) (black) and β̂βββ  (green) 

determined by the multistate nonlinear algorithm in rat Achilles tendon 

are shown on the Poincaré sphere (left).  A single incident polarization 

state (m = 1) is shown for simplicity.  Form-biattenuance in this specimen 

(∆χ = 3.2 °/100µm) is lower than for specimens shown in Figures 4.2(a) 

and 4.2(b) and spiral collapse toward β̂βββ  is correspondingly slower. 

 

4.5.5  Chicken drumstick tendon 

For 57 locations in chicken drumstick tendon, mean ± standard deviation 

and [range] in chicken drumstick tendon form-biattenuance were ∆χ = 2.1·10
-4

 ± 

0.3·10
-4

 [1.4·10
-4

, 3.1·10
-4

] and in form-birefringence were ∆n = 44.4·10
-4

 ± 

1.9·10
-4

 [38.4·10
-4

, 48.4·10
-4

].  PSNR ranged from 42 to 96 and σspeckle ≈ 0.28 rad 

for the 57 chicken drumstick tendon locations measured. 
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4.6 DISCUSSION 

4.6.1  Variation in measurements of form-biattenuance 

Uncertainty in phase retardation (uδ) was analyzed previously
87

 and is 

predominantly due to polarimetric speckle noise (σspeckle) which lingers after 

ensemble-averaging.  Arc length (larc) has approximately the same functional 

dependence on δ and ε [Eqs. (4.17) and (4.18)]; therefore uncertainty in relative-

attenuation (uε) is expected to be similar to uδ for a given σspeckle, though 

additional experiments in a controlled model are necessary to verify the 

relationship between uε, uδ, and σspeckle.  Uncertainties in form-birefringence (u∆n) 

or form-biattenuance (u∆χ) are dependent on uδ or uε as well as the specimen 

thickness (∆z), which complicates comparison of u∆n or u∆χ between specimens 

or between other variations of PS-OCT.  For the rat and chicken tendon 

specimens studied (NA = 64), σspeckle ranged from 0.20 to 0.28 rad, giving 

uncertainties (uδ and uε) due to polarimetric speckle noise no higher than ± 0.07 

rad.  Corresponding uncertainty in form-biattenuance for a ∆z = 160-µm-thick 

specimen is u∆χ  ≈ ± 0.57·10
-4

.   

The range of systematic variation in measurements of δ and ε due to 

placement of the beam focus was negligible.  Variation in measured ε (6.2%) due 

to different initial separation-angles [γm(0)] was higher than variation in δ 

(0.35%).  Interestingly, σspeckle has a roughly exponential dependence on γm(0).  
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Large initial separation angles [γm(0) ≈ π] correspond to incident polarization 

states [Sm(0)] near the preferentially attenuated eigenpolarization;  therefore, it is 

expected that these Sm(0) will have lower detected intensity and relatively higher 

noise variation on the Poincaré sphere than Sm(0) with lower γm(0).  Additional 

experiments are needed to characterize completely the dependence of σspeckle on 

γm(0).  Because Wm(z) [Eq. (4.20)] decreases with increasing σspeckle, states with 

large γm(0) are weighted less by the multistate nonlinear algorithm when 

estimating δ and ε.  Inspection of the right sides of Figs. 4.2(a), 4.2(b), 4.3, and 

4.4 reveals that σspeckle does not increase significantly versus depth (z) for the 

limited tissue thicknesses studied.  Therefore, it is not expected that reduced 

collection of light backscattered from deeper in the tissue significantly affects the 

estimates of ε for the range of depths probed. 

 

4.6.2  Model for form-biattenuance and form-birefringence 

Since the pioneering work of O. Wiener
104

, many investigators have 

examined the origin of form-birefringence in anisotropic media.  Notably, Bragg 

and Pippard
115

 derived an expression for the form-birefringence of a suspension 

of aligned ellipsoidal particles and compared their result to that derived by 

Wiener.  More recently, Oldenbourg and Ruiz
3
 reexamined Wiener’s original 

theory and applied their model to compute form-birefringence of 
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macromolecules including DNA and the tobacco mosaic virus.  None of these 

investigations address the phenomenon of form-biattenuance nor introduce a 

model predicting the relative contribution of ∆n and ∆χ to transformations in 

polarization state of light propagating in anisotropic media.  

A rudimentary model for form-biattenuance (∆χ) is introduced.  Consider 

light normally incident on a fibrous material that consists of alternating 

anisotropic and isotropic layers (Fig. 4.4).  The anisotropic layer with thickness 

h1 is composed of cylindrical fibers (nf) imbedded in water (nw) with center-to-

center spacing (a) and with diameters (h1) much less than the wavelength of 

incident light (h1 ≤ a << λ0).  Effective refractive indices parallel (np) and 

perpendicular (ns) to the fibers are
3 

 2 2 21 11p f w

h h
n n n

a a

   
= + −   
   

and (4.23) 
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The second layer has thickness h – h1 and contains the same isotropic fluid 

(water, nw) found between fibers in the adjacent anisotropic layers.  
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Figure 4.4. A model for form-biattenuance consisting of alternating 

anisotropic and isotropic layers. 

 

When np,s - nw ≈ 0, the Fresnel relations governing transmission through 

an interface can be used to find expressions for the form-birefringence (∆n) and 

form-biattenuance (∆χ).  The form-birefringence (∆n) is that of the anisotropic 

layer reduced by the layer fill factor (h1/h), 

 ( )1
p s

h
n n n

h
∆ = − . (4.25) 

Relative amplitude (tp/ts) between p and s components of normally incident light 

transmitted to depth z is reduced by transmission through z/h layer-pairs, 
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where multiple reflections between layers are neglected.  The form-biattenuance 

(∆χ) is computed directly from Eqs. (4.6) and (4.26) by computing the logarithm,  
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χ

π
0

 +λ  ∆ = −
 + 

.  (4.27) 

A notable difference between the functional dependence of ∆n and ∆χ in 

this model is apparent in Eqs. (4.25) and (4.27).  Whereas form-biattenuance 

(∆χ) depends directly on a wavelength-relative structural dimension (h/λ0), the 

form of ∆n is wavelength independent (ignoring dispersion).  Consider for 

example h1 = 0.12 µm collagen fibers (nf = 1.51) in water (nw=1.33) with fill 

factors h1/a = 0.8 and h1/h = 0.8, Eqs. (4.25) and (4.27) give ∆n = 31·10
-4

 and 

∆χ = 1.2·10
-4

.   Increasing the collagen fiber diameter to h1 = 0.18 µm while 

preserving the fill-factors and material properties gives an identical form-

birefringence (∆n = 31·10
-4

) while reducing the form-biattenuance (∆χ = 0.81·10
-

4
) by one-third.  Interestingly, in this model the ratio of form-biattenuance to 

form-birefringence (∆χ/∆n) is dependent on the structural dimensions of the 

fibers comprising the material. 

Recently Louis-Dorr, et al
116

 reported corneal form-biattenuance 

measurements.  That a transparent fibrous biological material such as cornea 

exhibits form-biattenuance is consistent with the model presented here.  

Although this model does not include effects such as differential polarimetric 
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scattering and evanescent field propagation which may also lead to form-

biattenuance, the computed value (∆χ = 1.2·10
-4

) for 0.12 µm collagen fibers (nf 

= 1.51) in water (nw=1.33) is comparable to that measured experimentally in rat 

Achilles tendon (∆χ = 1.3·10
-4

).  Determining the contribution of differential 

polarimetric scattering and evanescent field propagation and other candidate 

mechanisms to the form-biattenuance will require further studies in a model 

system that allows independent variation of these mechanisms. 

 

4.6.3  Comparison with previously reported values 

The form-biattenuance values measured in tendon and reported here are 

significantly higher than those approximated from D/∆z values reported by Park, 

et al
111

 in chicken tendon (∆χ = 0.8·10
-4

) or by Jiao and Wang
91

 in porcine tendon 

(∆χ = 0.17·10
-4

).  The range of ∆χ values measured in a substantial number of 

specimens of rat tail tendon (3.0·10
-4

 to 8.0·10
-4

 for N=111), rat Achilles tendon 

(0.74·10
-4

 to 3.2·10
-4

 for N=45), and chicken drumstick tendon (1.4·10
-4

 to 3.1·10
-

4
 for N=57) demonstrate that a sizable inter-species and intra-species variation is 

present in tendon form-biattenuance. 

The motivation for loading tendon specimens with 20 g weights was two-

fold.  First, extracted tendon exhibits a well-known crimp structure
113,114

 in which 

the constituent collagen fibers are not regularly aligned.  Applying a small load 
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to the tendon effectively flattens the crimp, providing a reproducible specimen 

which can be modeled using the Jones matrix in Eq. (4.7) for a homogeneous 

linear retarder/diattenuator and giving results that can be objectively compared.  

Second, the in vivo state of tendon is arguably 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.  

Consistent with these motivations, variance in measurements of rat tail tendon 

biattenuance and birefringence was substantially reduced by loading, but mean 

∆χ and ∆n was not noticeably affected.  For the purpose of comparison with 

previous results on chicken tendon
111

, chicken tendon specimens were not 

mechanically loaded.  Measured values of form-biattenuance of chicken tendon 

(∆χ ≥ 1.4·10
-4

) are nearly a factor of two higher than previously reported (∆χ = 

0.8·10
-4

).
111

 

Because the small-angle approximation introduces only minimal error in 

previously reported values of D/∆z, discrepancy with ∆χ values reported here is 

not due to conversion from diattenuation (D) to relative-attenuation (ε).  

Difference in values may be due to wide inherent anatomical variation in form-

biattenuance, nonstandard tissue extraction and preparation, or 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 
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available in previous reports; therefore direct comparison with results reported 

here is not possible.  Additionally, crimp structure present in non-loaded tendon 

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. (4.7)] and artifacts in measurements of ∆χ. 

The validity of using diattenuation-per-unit-depth (D/∆z) as an 

approximation for ε/∆z (or ∆χ) is dependent on the acceptable uncertainty for a 

particular application.  For example, using the rat tail tendon results presented (ε 

= 1.54 ± 0.096 rad), the percentage error is 6.2% due to 1/6-wave retarder 

orientation.  Using Eq. (4.8), the corresponding diattenuation is D = tanh(1.54) = 

0.91.  Because ε increases linearly with depth, we can say this tendon (∆z = 383 

µm) has relative-attenuation-per-unit-depth of ε/∆z = 1.54 rad / 383 µm = 0.004 

rad/µm or form-biattenuance ∆χ = 5.3·10
-4

.  Expressing this as diattenuation-per-

unit-depth D/∆z = 0.91 / 383 µm = 0.0024 /µm results in an error of 40%, which 

is much higher than the next largest error source (6.2%) and may be unacceptable 

for many applications.  Importantly, additional reduction in σspeckle will allow 

more sensitive determination of ε.  For arbitrarily large PSNR, the small-angle 

approximation is invalid for any specimen. 

Previous discussion of diattenuation by PS-OCT investigators has been 

primarily concerned with its effect on estimates of phase retardation or form-
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birefringence.  Park, et al
111

 concluded that reasonable estimates of phase 

retardation can be made in tendon and muscle even if diattenuation is physically 

present but is ignored in the model.  Indeed, one can discern from the “damped” 

sinusoidal nature of the normalized Stokes parameters vs. depth [Figs. 4.1(c) and 

4.2] 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 

contribution to polarimetric transformations from ∆n and ∆χ varies largely.  In 

rat tail tendon, we measured ∆χ/∆n as high as 0.17 and in Achilles tendon as low 

as 0.017.  In instances where either 1) ∆χ/∆n is high, 2) multiple periods of 

oscillation are not present, or 3) PSNR is low, accuracy in estimates of ∆n (∆χ) 

will be reduced if form-biattenuance (form-birefringence) is ignored. 

Polarimetric speckle noise (σspeckle) depends on the initial separation-

angle [γm(0)].  Based on this observation, we conclude that the number of 

incident polarization states (M) and the selection of those states [Sm(0)] relative 

to β̂βββ  employed by a particular PS-OCT approach will affect one’s ability to 

accurately distinguish between ∆n and ∆χ.  Previously reported approaches
90

 use 

M = 2 incident polarization states which are positioned orthogonally to each 

other in their representation on the Poincaré sphere and are best suited for 
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detecting δ and ∆n.  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 ε and ∆χ.  These considerations suggest that future studies should 

select at least M = 3 incident polarization states for optimal determination of both 

form-birefringence and form-biattenuance, regardless of the particular PS-OCT 

approach used.  Our multistate nonlinear algorithm discriminates between ∆n and 

∆χ by restricting contributions to movement of Sm(z) on the Poincaré sphere from 

each phenomenon into two orthogonal planes and seamlessly incorporates M ≥ 3 

incident polarization states while avoiding issues related to overdetermined Jones 

matrices. 

 

4.6.4  Relevance and motivation for form-biattenuance 

Because form-birefringence and form-biattenuance arise from light 

scattering by nanometer-sized anisotropic structures, development of 

sophisticated models relating ∆n and ∆χ to underlying microstructure will allow 

use of PS-OCT for noninvasively quantifying fibrous constituents (e.g., 

neurotubules in the RNFL or collagen fibers in tendon) which are smaller than 

the resolution limit of light microscopy.  Although the term form-birefringence is 

used throughout this dissertation, PS-OCT is not directly capable of 
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discriminating between form and intrinsic effects; therefore a portion of the 

reported tendon birefringence may be due to intrinsic birefringence on the 

molecular scale.  Because we thick biattenuance in tendon or RNFL may arise 

from interactions on the nanometer scale, form-biattenuance and biattenuance 

are used interchangeably in this report. 

Although the small-angle approximation introduces minimal error for 

previously reported values of diattenuation-per-unit-depth (D/∆z ≈ ε/∆z) 

observed in thin tissue specimens (∆z < 1 mm), we motivate and justify the 

introduction of a new term, biattenuance (∆χ).  First, substantial measurements 

on tissues studied here have a diattenuation (D) that is outside the range of the 

small-angle approximation and cannot meaningfully be reported on a 

diattenuation-per-unit-depth (D/∆z) basis.  Second, biattenuance (∆χ) requires no 

approximation and is analogous and complementary to a well-understood term, 

birefringence (∆n).  Use of the term biattenuance overcomes the need to specify 

when a diattenuation-per-unit-depth approximation is valid.  Third, consistency 

in definitions between birefringence (∆n) and biattenuance (∆χ) or between 

phase retardation (δ) and relative-attenuation (ε) allow a meaningful and intuitive 

comparison of the relative values (i.e. ∆χ/∆n, ε/δ) of amplitude and phase 

anisotropy in any optical medium or specimen.  Fourth, availability of narrow 

line-width swept-source lasers may allow construction of Fourier-domain PS-
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OCT instruments having scan depths far longer than current PS-OCT 

instruments.  By using these sources and hyperosmotic agents to reduce 

scattering in tissue
117

, future studies using PS-OCT may probe significantly 

deeper into tissue specimens than 1-2 mm, likely making the small-angle 

approximation invalid even in tissues with low biattenuance.  Fifth, PS-OCT may 

be applied to characterize non-biological samples
118

 which may have higher D 

and not satisfy the small-angle approximation.  Sixth, biattenuance may be useful 

to investigators employing other polarimetric optical characterization techniques 

which can detect anisotropically scattered light and for which dichroism is 

therefore inappropriate.  Finally, although the term “depth-resolved” is frequently 

used in OCT literature in the context of either “measured in the depth dimension” 

or “local variation in a parameter versus depth [e.g., ∆χ(z)]”, motivation for 

biattenuance is independent of the particular interpretation.  The first 

interpretation is assumed for work reported here, but the multistate nonlinear 

algorithm can be extended in a straightforward manner to provide local variation 

in biattenuance versus depth [∆χ(z)]. 

 

4.7 CONCLUSION 

A summary of the terms and symbols used in this chapter is appropriate 

here.  Biattenuance (∆χ) is an intrinsic physical property responsible for 

polarization-dependent amplitude attenuation, just as birefringence (∆n) is the 
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physical property responsible for polarization-dependent phase delay.  

Diattenuation (D) gives the quantity of accumulated anisotropic attenuation over 

a given depth (∆z) by a given optical element.  The nonlinear dependence of 

diattenuation on depth motivated introduction of relative-attenuation (ε), which 

depends linearly on depth, maintains parallelism and consistency with phase 

retardation (δ) in Eq. (4.7), and is a natural parameter in depth-resolved 

polarimetry such as PS-OCT.  The mathematical relationships between these 

parameters were given in Eqs. (4.4), (4.6), and (4.8). 

Novel work reported in this chapter includes:  1) theoretical and 

experimental motivation for a new term in optical polarimetry, biattenuance 

(∆χ), which describes the phenomenon of anisotropic or polarization-dependent 

attenuation of light amplitudes due to absorption (dichroism) or scattering; 2) 

detailed mathematical formulation of ∆χ and relative-attenuation (ε) in a manner 

consistent with established polarimetry (i.e., birefringence and phase retardation), 

and mathematical relationships to related polarimetric terms diattenuation
95

 and 

dual attenuation coefficients
110

; 3) analytic expression for trajectory of 

normalized Stokes vectors on the Poincaré sphere in the presence of both 

birefringence and biattenuance; 4) expression for arc length (larc) and PSNR of 

normalized Stokes vector arcs on the Poincaré sphere in the presence of both 

birefringence and biattenuance; 5) modification of a multistate nonlinear 
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algorithm
87

 to provide sensitive and accurate estimates of ε and ∆χ in addition to 

δ and ∆n; 6) incorporation of a scalar weighting factor [Wm(z)] into the multistate 

nonlinear algorithm
87

; 7) substantial ex vivo and in vivo experimental data in 

several species and two tissue types to demonstrate large variation in ∆χ, as well 

as interpretation of this data in the context of previously reported values; 8) 

description of the expected uncertainty in our measurements of ε and ∆χ; and 9) 

introduction of a physical model for birefringent and biattenuating optical media. 

The experimental results and physical model introduced here demonstrate 

that form-biattenuance and form-birefringence are closely related but physically 

independent phenomena which may convey different information about tissue 

microstructure.  Although the diagnostic relevance of form-biattenuance remains 

unknown, this work motivates further investigation into how accurate 

determination of form-biattenuance and form-birefringence might be 

concurrently used in biomedical research or clinical diagnostics.  Further studies 

are also required to quantify the effect of tendon crimp on ∆n and ∆χ and to 

establish the acceptable uncertainty in biattenuance for diagnosis of various 

pathological tissue states.  Additional experimentation in collagenous, neural, 

and other fibrous tissues at multiple imaging wavelengths is necessary to refine 

the physical model and establish a comprehensive anatomical range for 

biattenuance. 
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CHAPTER 5 

 

Determination of Fiber Axis Orientation in Optically Anisotropic 

Tissue
†
 

 

5.1 ABSTRACT 

Enhanced polarization-sensitive optical coherence tomography (EPS-

OCT) is a noninvasive cross-sectional imaging technique capable of quantifying 

with high sensitivity the optically anisotropic properties of fibrillar tissues.  A 

method to measure the depth-resolved optic axis orientations in superficial and 

deep regions of multiple-layered form-birefringent tissue is presented.  

Additionally, the bulk-optic EPS-OCT instrument provides anatomical fiber 

direction referenced absolutely to the laboratory frame, in contrast with fiber-

based PS-OCT instruments which to date can only provide relative optic axis 

orientation measurements. Results presented on ex vivo murine tail tendon and 

porcine annulus fibrosus indicate that the method is capable of characterizing 

depth-resolved fiber direction [θ(z)], form-birefringence [∆n(z)], and form-

                                                 

†
 Portions of this chapter have been previously published in Optics Express 

[119]. 
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biattenuance [∆χ(z)] for at least 10 successive lamellae and a depth of 0.52 mm 

into the intervertebral disc.  A high contrast B-scan image of collagen fiber 

orientation is shown for a porcine intervertebral disc cartilage specimen which 

exhibited low backscattering intensity contrast.  Interfaces in the annulus 

fibrosus identified using depth-resolved fiber orientation allowed quantification 

of lamellae thickness.  Noninvasive assessment of optic axis orientation by EPS-

OCT provides increased contrast in images of multiple-layered media and may 

improve the understanding of anatomically fibrillar tissue ultrastructure and the 

diseases or traumas that affect fibrillar tissues. 

 

5.2 INTRODUCTION 

Polarization-sensitive optical coherence tomography (PS-OCT) is a 

depth-resolved polarimetric imaging technology
61

 which, when coupled with 

appropriate processing algorithms, is capable of quantifying anisotropic tissue 

properties such as form-birefringence, form-biattenuance
103

, and optic axis 

orientation.  Whereas tissue form-birefringence (∆n) and form-biattenuance (∆χ) 

provide information related to constituent fiber diameters, volume fraction, and 

refractive index mismatch between fibers and surrounding matrix
3,103,104

, optic 

axis orientation (θ) provides the direction of constituent fibers relative to a fixed 

reference direction (i.e., horizontal in the laboratory frame).  
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Image contrast in optical coherence tomography (OCT) arises from 

spatial gradients in refractive index (n) and resulting variations in intensity of 

backscattering.  Many biological tissues exhibit homogenous backscattering and 

thus structures of interest are obscured by high contrast speckle noise and 

multiply-scattered photons.
89,120

  Polarization-sensitive optical coherence 

tomography
61,62

 (PS-OCT) detects the depth-resolved polarization state of 

backscattered light and therefore can provide improved contrast in optically 

anisotropic media such as fibrillar tissue.
121

  Incorporating polarimetric 

sensitivity into OCT has been shown to qualitatively improve image contrast of 

collagenous (e.g., tendon, skin, bone, cartilage, teeth), muscular, or neural tissue 

and shows promise for distinguishing between normal fibrillar tissues and those 

denatured by disease or trauma.
7,122-124

 

Measurement of optic axis orientation using PS-OCT has been previously 

reported in non-scattering retardation waveplates and highly scattering fibrillar 

tissue.  Hitzenberger, et al
92

 demonstrated a method for quantifying optic axis 

orientation in a Berek’s compensator.  Methods given by Zhang, et al
125

 and 

Park, et al
111

 were used to measure optic axis orientation in other non-biological 

media with fiber-based PS-OCT instruments.  Jiao and Wang
91,126

 successfully 

quantified the optic axis orientation using tendon rotated within the plane normal 

to incident light, and several papers
92,125,127-129

 have shown B-scan images of 

cumulative optic axis orientation in anisotropic tissues including skin, retina, 
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cornea, muscle, and tendon.  However, because anisotropy in superficial regions 

is not considered during calculation of optic axis orientation in deeper regions, 

these B-scan images of optic axis orientation do not represent the anatomical 

fiber direction with respect to a laboratory reference.  In addition, these B-scan 

images can be difficult to interpret due to their speckled appearance.  Recently, 

both Todorovic, et al
110

 and Guo, et al
130

 modeled specimens as stacked, multiple 

layered retarders with arbitrary optic axis orientation for each layer.  By 

employing Jones or quaternion algebraic techniques, cumulative effects of 

overlying layers were removed and differential optic axis orientation was 

measured. 

In this paper, we present a similar method for measuring depth-resolved 

optic axis orientation [θ(z)] deep within multiple layered tissue using enhanced 

polarization-sensitive optical coherence tomography (EPS-OCT)
87

.  Importantly, 

using bulk-optic EPS-OCT, the depth-resolved optic axis orientation [θ(z)] 

unambiguously represents the actual anatomical fiber direction in each layer with 

respect to a fixed laboratory reference and can be measured with high sensitivity 

and accuracy.  Characterization of the anatomical fiber direction in connective 

tissues with respect to a fixed reference is important because functional and 

structural characteristics such as tensile and compressive strength are directly 

related to the orientation of constituent collagen fibers. 
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Collagen organization in cartilage has been previously studied using PS-

OCT
124

 and the utility of intervertebral disc cartilage as a model tissue on which 

to demonstrate the depth-resolved polarimetric imaging ability of PS-OCT was 

recognized by Matcher, et al
131

.  Their work and others
132,133

 effectively describe 

intervertebral disc structure and its elegant biomechanical role in shock-

absorption and flexibility; therefore only a brief summary is provided here.   

Intervertebral discs (Fig. 5.1) are located between spinal vertebrae and consist of 

the annulus fibrosus enclosing an inner gel-like nucleus pulposis.  Annulus 

fibrosus 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 lamellae, 

forming a lattice-like pattern.  Regular orientation of collagen fibers within a 

single lamella is responsible for form-birefringence [∆n(z)], and alternating fiber 

directions between successive lamellae correspond to alternation of optic axis 

orientation [θ(z)] within the annulus fibrosus. 
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Figure 5.1.  Schematic of intervertebral disc and annulus fibrosus 

showing alternating fiber directions in the laboratory frame (H and V)
134

, 

the incident beam, and scan location (dashed red line).  AF: annulus 

fibrosus; NP: nucleus pulposis. 

 

Examination of previously reported OCT intensity B-scan images of 

cartilage
124,135-140

 reveals that high contrast structural detail is not present in 

general, and can be faint even for the annulus fibrosus.
131

  A technique which 

uses the depth-resolved curvature [κ(z)] of normalized Stokes vectors [S(z)] to 

identify boundaries in multiple-layered fibrous tissue is presented.  The technique 

is demonstrated on a specimen of porcine intervertebral disc cartilage in which 

backscattered intensity contrast is insufficient for identification of lamellar 

interfaces. 
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5.3 THEORY 

Transformations in the polarization state of light can be described using 

either linear algebra techniques involving Jones or quaternion 

vectors/matrices
91,111,130

 or three-dimensional geometric techniques involving 

normalized Stokes vector trajectories on the Poincaré sphere.
87,90

  A linearly 

anisotropic, homogenous element such as a single lamella in the annulus fibrosus 

can be modeled with the Jones matrix 

 

s rot ret att rot

/ 2 / 2

/ 2 / 2

( , , ) (- ) ( ) ( ) ( )

cos( ) sin( ) cos( ) sin( )0 0

sin( ) cos( ) sin( ) cos( )0 0

i

i

e e

e e

δ ε

δ ε

δ ε θ θ δ ε θ

θ θ θ θ

θ θ θ θ− −

=

−       
=       −      

J J J J J

, 

 (5.1) 

where phase retardation (δ) and relative-attenuation (ε)
103

 between orthogonal 

eigenpolarizations (eigenvectors) are contained in the diagonal matrices Jret and 

Jatt respectively, and attenuation common to both eigenpolarizations is neglected.  

Jrot is a rotation matrix which defines the linear eigenvectors relative to the 

laboratory frame by the orientation of the optic axis (θ). 

Incident light (represented by Jones vector Ein) is transformed by the 

element Js into exiting light, Eout = Js(δ,ε,θ)Ein. In the equivalent Poincaré sphere 

geometry, normalized Stokes vectors representing the incident (Sin) and exiting 

(Sout) light polarizations are displaced along a trajectory which can be 

decomposed into differential movements in two orthogonal planes:  1) a rotation 



 

95 

around eigen-axis β̂βββ  with angle equal to the phase retardation (δ), and 2) a 

collapse toward β̂βββ  which is related to the relative-attenuation (ε).  Eigen-axis 

( β̂βββ ) is a vector in the equatorial (Q-U) plane of the Poincaré sphere and is 

related to the optic axis orientation (θ) by 

 -1 ˆ ˆ= sgn( )cos ( ) / 2
u

qθ β ⋅ββββ , (5.2) 

where q̂  is the unit-vector defining the Q axis of the three-dimensional Cartesian 

coordinate system containing the Poincaré sphere and βu is the U component 

of β̂βββ . 

When incident light (Ein) propagates to a given depth and is reflected 

back in double-pass, the exiting light (Edp_out) is given by the equation Edp_out = 

Js
T
(δ,ε,θ)Js(δ,ε,θ)Ein = Js(2δ,2ε,θ)Ein.  Likewise, the double-pass trajectory 

between Sin and Sdp_out on the Poincaré sphere is simply twice the rotation (2δ) 

and collapse (2ε) as the single-pass trajectory about the same eigen-axis ( β̂βββ ). 

Multiple layered fibrous tissue such as the annulus fibrosus is modeled as 

a stack of K linearly anisotropic, homogeneous elements, each with arbitrary 

phase retardation (δk), relative-attenuation (εk), optic axis orientation (θk), and 

corresponding kth Jones matrix [Js(k)(δk,εk,θk), Eq. (5.1)].  Incident polarized light 

(Ein) propagating to the rear of the kth intermediate element and back out in 

double-pass (Edp_out(k)) is represented by 
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 Edp_out(k) = Js(1)
T
Js(2)

T
…Js(k-1)

T
Js(k)

T
Js(k)Js(k-1)…Js(2)Js(1)Ein. (5.3) 

For the most superficial layer (k = 1), Eq. (5.3) becomes Edp_out(1) = Js(1)
T
Js(1)Ein, 

and Js(1)(δ1,ε1,θ1) can be recovered using matrix algebra.
91,111

  Likewise, δ1, ε1, 

and θ1 can be found using a nonlinear fit
103

 to the trajectory between Sin and 

Sdp_out(1) on the Poincaré sphere and Eq. (5.2). 

For the next layer (k = 2), Eq. (5.3) becomes Edp_out(2) = Js(1)
T
Js(2)

T
 

Js(2)Js(1)Ein.  Again, matrix algebra and knowledge of Js(1) allows recovery of 

Js(2)(δ2,ε2,θ2).
110

  Likewise, δ2, ε2, and θ2 can be found using a nonlinear fit to the 

trajectory between Sdp_out(1) and Sdp_out(2) after compensation of anisotropy in the 

superficial layer (reverse rotation by –δ1 and reverse collapse by –ε1 with respect 

to ˆ
1ββββ ).  This process is repeated for successively deeper layers in the stack to 

determine δk, εk, and θk for all K layers as summarized by Todorovic, et al.
110

  To 

avoid confusion with the multiple layer analysis presented here, we note Ref 

[110] contains a typographical error in the unlabeled equation directly above Fig. 

1 in which the term to the right of the final ellipsis should read “[Jst(i–1)]
-1 

” (no 

transpose). 

In the context of PS-OCT imaging, the polarization state detected after 

double-pass to the rear of the kth intermediate element [Edp_out(k), Eq. (5.3)] is 

also transformed by optics in the instrument (e.g., beamsplitter, optical fiber, 

polarization modulator, retroreflector), adding complexity to the optic axis 
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orientation analysis.  With inclusion of a Jones matrix (Jc) which encompasses 

instrumental transformations, Eq. (5.3) becomes 

 Edp_out(k) = Jc
T
Js(1)

T
…Js(k-1)

T
Js(k)

T
Js(k)Js(k-1)…Js(1)JcEin. (5.4) 

For a single-mode-fiber-based PS-OCT instrument, Jc represents an 

unstable phase retardation between arbitrary elliptical eigenvectors.  In this case, 

eigenvectors of Jones matrices in Eq. (5.4) 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.
141

  Advanced calibration 

techniques may allow fiber-based PS-OCT instruments to overcome distortion in 

the optical fiber, but these have yet to be demonstrated.  A generic bulk-optic PS-

OCT instrument has stable Jc with linear eigenvectors in the laboratory frame; 

therefore Jc reduces to a simple phase retardation (δc, due to the beamsplitter and 

retroreflector) between horizontal and vertical interference fringes.  Additionally, 

our bulk-optic EPS-OCT instrument incorporates a liquid crystal variable 

retarder (LCVR)
87

 to modulate the launched polarization state incident on the 

specimen by applying a voltage-controlled phase retardation (δLCVR).  The optic 

axis of the LCVR is horizontal, thus the total systematic phase retardation (δLCVR 

+ δc) can be compensated by subtraction of δLCVR + δc from the relative phase of 

the detected horizontal and vertical interference fringe signals, allowing 
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unambiguous and undistorted measurement of the anatomical fiber direction (θk) 

absolutely referenced to the laboratory frame. 

 

5.3.1 Identification of lamellar interfaces using depth-resolved curvature 

When θ is constant and biattenuance is negligible (∆χ << ∆n), the 

curvature [κ(z)] of the S(z) arc is  

 
1

( )
sin[ ( )

z
z

κ
γ

=
]

 , (5.5) 

where depth-resolved separation-angle γ(z) = cos
-1

[S(z) · β̂βββ ].  The unit tangent 

vector [ ˆ ( )zT ] of S(z) is given by  

 
( )ˆ ( )
arc

d z
z

dl
=

S
T  , (5.6) 

where larc is the arc length of S(z) on the Poincaré Sphere.
142

  However, abrupt 

changes in fiber orientation [θ(z)] versus specimen depth (e.g. in annulus 

fibrosus) produce corresponding changes in both β̂βββ  and in the trajectory of S(z).  

Discontinuities in the unit tangent vector [ ˆ ( )zT ] give rise to instances of infinite 

curvature [κ(z)] for continuous z.  For numeric calculation using discrete sampled 

data (zj = 0,1,2,…) the unit tangent vector is  
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and curvature is 
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Figure 5.2 shows simulated depth-resolved polarization data [S(zj)] and 

calculated curvature [κ(zj), Eq. (5.8)] for a three-layer birefringent specimen with 

constant ∆n and three fiber orientations θ = -10°, 95°, and -5°. 

 

Figure 5.2.  (a) Simulated trajectory of S(zj) on the Poincaré sphere for k 

= 3 layers with fiber orientations θ = -10°, 95°, and -5°.  (b) Abrupt 

changes in trajectory of S(zj) corresponding to layer interfaces at zj = 34 

and zj = 70 are observed as spikes in the curvature [κ(z)] indicated by 

dashed circles. 

 

5.4 METHODS 

Instrumentation used for this study was a previously reported
87

 bulk-optic 

EPS-OCT system (Chapter 2).  An achromatic lens (f = 8 mm) was used to focus 
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incident light on the specimen surface.  A constant instrumental phase retardation 

(δc = 58º) between horizontal and vertical interference fringes was determined 

empirically from the image of a mirror. 

 

5.4.1  Crossed tendon specimen 

To validate the procedure for measuring fiber direction (θk) with respect 

to the fixed laboratory frame in multiple layered tissue with EPS-OCT, a 

specimen consisting of overlying mouse tail tendon fascicles was placed on a 

microscope slide with a random orientation.  The slide was placed in the EPS-

OCT sample path and an en face photograph of the crossed tendon specimen was 

recorded using a dissection microscope and digital camera oriented carefully in 

the laboratory frame.  The specimen was imaged with EPS-OCT in three 

locations designated by numbered dots in Fig. 5.3.  Dots #1 and #2 correspond to 

locations where fascicles were not overlapping (K = 1), and dot #3 corresponds 

to the location were the two fascicles overlapped and therefore represents 

multiple layered tissue (K = 2). 
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Figure 5.3.  Photograph of the crossed tendon specimen showing 

orientation in the laboratory frame (H and V) and three locations imaged 

using EPS-OCT. 

 

At each location, a cluster of 36 A-scans was acquired on a 6×6 grid 

within a small square region (25 µm × 25 µm).  Acquisition was repeated for M = 

3 launched polarization states distributed uniformly around the U-V plane of the 

Poincaré sphere as set by the voltage-controlled LCVR in the sample path.  After 

subtraction of the constant instrumental phase retardation (δc + δLCVR,m), 

normalized Stokes parameters representing depth-resolved polarization data 

[Sm(z)] were calculated and averaged to reduce polarimetric speckle noise 

(σspeckle) for each cluster as described previously.
103

  A multistate nonlinear 

algorithm
103

 was applied to determine phase retardation (δ1), relative-attenuation 

H 

V 

#1 

#2 
#3 
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(ε1), and eigen-axis ( ˆ
1ββββ ) for fascicles at locations #1 and #2 and for the top 

fascicle (k = 1) at location #3.  Sm(z) for the bottom fascicle (k = 2) at location #3 

were compensated by δ1, ε1, and ˆ
1ββββ  as described previously and the multistate 

nonlinear algorithm was applied to determine δ2, ε2, and ˆ
2ββββ .  Eq. (5.2) was used 

to calculate fiber direction (θk) from the estimated eigen-axis ( ˆ
k

ββββ ).  EPS-OCT-

measured θk was compared to the orientation measured in the digital photograph 

using a software-based angle dimensioning tool (Canvas, ACD Systems Intl., 

British Columbia, Canada). 

 

5.4.2  Porcine annulus fibrosus specimen with high intensity contrast 

A section of spine with four intact thoracic vertebrae was harvested from 

a freshly-euthanized Yucatan mini-pig (female, 6-month-old, 35 kg) obtained 

from an unrelated study.  Intervertebral disc was exposed on the dorsal side and 

placed in the EPS-OCT instrument.  Care was taken to insure that the exposed 

surface was normal to the incident beam.  Figure 5.1 shows the incident beam 

(normal to specimen surface) and B-scan pattern on the intervertebral disc 

specimen. 

The acquired B-scan image was 0.52 mm deep and 0.25 mm wide, 

consisting of 360 A-scans divided laterally into 10 uniformly-spaced clusters of 

36 A-scans each (Fig 5.4).  Calculation of depth-resolved polarization data 
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[Sm(z)] for each cluster proceeded as described for the crossed tendon specimen, 

except M = 6 launched polarization states were used.  The OCT intensity B-scan 

image of the annulus fibrosus was divided into K layers, each representing one 

lamella with thickness ∆zk.  Index of refraction n = 1.40 was used to convert from 

optical thickness to physical thickness.  For the most superficial layer (k = 1), the 

multistate nonlinear algorithm
103

 was applied to determine phase retardation (δ1), 

relative-attenuation (ε1), and eigen-axis ( ˆ
1ββββ ) from the depth-resolved 

polarization data [Sm(0…∆z1)].  Sm(z) for deeper layers (k = 2…K) were 

compensated by δ1, ε1, and ˆ
1ββββ  as described previously.  Estimation of δk, εk, and 

ˆ
k

ββββ  and compensation of successively deeper layers for each lateral cluster 

allowed measurement of local form-birefringence (∆nk = λ0δk/2π∆zk), form-

biattenuance (∆χk = λ0εk/2π∆zk), and collagen fiber direction [θk, Eq. (5.2)] in the 

annulus fibrosus. 
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Figure 5.4.  Intensity B-scan image of porcine annulus fibrosus 

exhibiting high contrast between lamellar boundaries.  Image is 0.25 mm 

wide and 0.52 mm deep.  Intensity is plotted logarithmically using 

arbitrary units. 

 

5.4.2  Porcine annulus fibrosus specimen with low intensity contrast 

An alternate section of spine was harvested from the Yucatan mini-pig 

and similarly placed in the EPS-OCT instrument.  The lateral (x-y dimension) 

scan pattern used for this specimen consisted of 20 uniformly-spaced clusters of 

NA = 36 A-scans (720 A-scans total).  The NA = 36 A-scans in each cluster were 

acquired on a 6×6 square grid (25 µm × 25 µm) to uncorrelate speckle noise 

while reducing the lateral extent of A-scans averaged in each cluster.  A-scans 
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acquired in this x-y scan pattern were flattened into an intensity B-scan image 

[I(x,z), Fig. 5.5], resulting in a slight saw-tooth artifact apparent on the specimen 

surface. 

 

Figure 5.5.  Intensity B-scan of annulus fibrosus in which contrast is 

insufficient to identify lamellar interfaces.  Image is 0.35 mm wide and 

0.5 mm deep.  Intensity is plotted logarithmically using arbitrary units. 

 

 For each of the 20 clusters in the x-dimension, the following procedure 

was carried out using only the depth-resolved polarization data [Sm(z)] for that 

cluster.  Backscattered intensity data [I(z)] was not used in this procedure.  1) 

The top surface of the specimen was identified as the depth (ztop) at which Sm(z) 

began tracing regular arcs on the Poincaré sphere.  2) Depths below ztop at which 
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the trajectories of Sm(z) showed a spike in curvature [κ(z)] (Fig. 5.6) were 

identified as interfaces between lamellae.  Lamellar thickness (∆zk) was recorded 

as the distance between interfaces for each lamella k and was compensated by the 

tissue refractive index (n = 1.40).  3) A highly sensitive multistate nonlinear 

algorithm
103

 was applied to estimate phase-retardation (δ1), relative-attenuation 

(ε1), and eigen-axis ( ˆ
1ββββ ) for the top lamella (k = 1).  4) δk, εk, and ˆ

k
ββββ  for k ≥ 2 

were estimated by the multistate nonlinear algorithm after iterative compensation 

of δk-1 and εk-1 as described previously.
119

 

 

Figure 5.6.  (a) Trajectory of Sm(z) on the Poincaré sphere for annulus 

fibrosus.  Only k = 3 lamellae for a single incident polarization state (m = 1) 

are shown for simplicity.  (b) Abrupt changes in trajectory of Sm(z) 

corresponding to lamellar interfaces at z = ztop + ∆z1 and z = ztop + ∆z1 + ∆z2 

are observed as spikes in the curvature [κ(z)] indicated by dashed circles. 

 

 

S1(ztop) 

S1(ztop+∆z1) 

S1(ztop+∆z1+∆z2) 

(a) (b) 

depth (z, µm) 

c
u
rv

a
tu

re
 (

κ
) 

ztop+∆z1 

ztop+∆z1+∆z2 



 

107 

5.5 RESULTS 

5.5.1  Crossed tendons 

EPS-OCT-measured values of fiber direction (θk) and the orientation 

angles measured in the digital photograph are summarized in Table 5.1.  Figure 

5.7 shows the angle dimensioning measurements superimposed on a zoomed-in 

view of Fig. 5.3.  Standard deviation of polarimetric speckle noise
87

 was 

approximately σspeckle ≈ 7° for all locations and did not increase significantly for 

the bottom fascicle in location #3. 

 

Table 5.1.  Fiber directions (θk) in degrees 

(°) measured counterclockwise with respect 

to the horizontal laboratory frame. 
 

 EPS-OCT photo 

Fascicle #1 #2 #3  

  top -72.5  -74.4 -73.1 

  bottom  -23.2 -21.3 -20.4 

 



 

108 

 

Figure 5.7.  Orientations of the top (blue) and bottom (red) fascicle are 

measured with respect to the horizontal (green) in this digital photograph 

using a software-based angle dimensioning tool.  Numbered dots (cyan) 

indicate the locations of EPS-OCT imaging. 

 

5.5.2 Annulus fibrosus with high intensity contrast 

The high-contrast OCT intensity B-scan image of porcine annulus 

fibrosus (K = 11) is shown in Fig. 5.4.  Depth-resolved anatomical fiber direction 

(θk) and birefringence (∆nk) are represented by false-colors in the corresponding 

B-scan images shown in Figs. 5.8(a) and 5.8(b).  Figure 5.9 shows a graph of 

mean θk for each lamella (k) averaged across the 10 lateral clusters.  Standard 

deviation in θk is denoted by error bars.  Mean and standard deviation in depth-

resolved birefringence (∆nk, gray bars) and biattenuance (∆χk, white bars) for 

#1 

#2 

top 

bottom 

#3 
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each lamella (k) are shown in Fig. 5.10.  Mean σspeckle increased from 

approximately 7° for k = 1 to approximately 10° for k = 11. 

 
(a) 

 
(b) 

Figure 5.8.  (a) Depth-resolved anatomical fiber direction and (b) 

birefringence images of ex vivo porcine annulus fibrosus (K = 11) 

corresponding to the OCT intensity image in Fig. 5.4.  Image dimensions 

are 0.52 mm deep by 0.25 mm wide. 
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Figure 5.9.  Mean and standard deviation in depth-resolved anatomical 

fiber direction (θk) for each lamella (k) in ex vivo porcine annulus 

fibrosus.  As expected, an approximate 90° change in fiber direction is 

apparent between successive layers. 

 

 

 

 

 

Figure 5.10.  Mean and standard deviation in birefringence (∆nk, gray) 

and biattenuance (∆χk, white) for each lamella (k) in ex vivo porcine 

annulus fibrosus. 
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5.5.3 Annulus fibrosus with insufficient intensity contrast 

Fiber orientation (θk) and birefringence (∆nk) for each lamella k and for 

all 20 lateral clusters were calculated from ∆zk, δk and ˆ
k

ββββ  as discussed 

previously and assembled into B-scan images of depth-resolved fiber orientation 

[θ(x,z), Fig. 5.11(a)] and birefringence [∆n(x,z), Fig. 5.11(b)].  Relative-

attenuation (εk) 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.  Mean and standard deviation in biattenuance in the thick upper layer was 

∆χ = 1.02×10
-4

 ± 0.31×10
-4

. 

 
(a) 

 
(b) 

Figure 5.11.  (a) EPS-OCT fiber orientation B-scan [θ(x,z)] of the 

annulus fibrosus specimen shown in Fig. 5.5.  Fiber orientation (θ) is 

assigned a false color representing the counterclockwise angle between 

the fiber axis and the horizontal as viewed along the incident beam.  (b) 

EPS-OCT birefringence B-scan [∆n(x,z)] of the annulus fibrosus 

specimen shown in Fig. 5.5.  Detected interfaces between lamellae are 

represented by black lines.   
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In Fig. 5.11(b), black lines indicate lamellar interfaces determined by 

identifying segments with high curvature [κ(z)] in trajectories of Sm(z).  Fig. 5.12 

shows the interfaces superimposed on the original backscattered intensity OCT 

B-scan image [I(x,z)] after applying a sliding averaging window (15% of image 

width) across each interface to smooth noise.  Mean lamellae thicknesses (
k

z∆ ) 

are indicated in Fig. 5.12. 

 
Figure 5.12.  Intensity B-scan [I(x,z)] introduced in Fig. 5.5 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 [Sm(z)].  Numbers on left represent mean thickness of 

each lamella (
k

z∆ , µm). 
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5.6 DISCUSSION 

This work represents the first reported implementation of a depth-

resolved polarimetric method (e.g., PS-OCT) to unambiguously characterize 

anatomical fiber directions (θk) deep within multiple layered anisotropic tissues 

with absolute referencing to the laboratory frame.  The EPS-OCT approach 

builds on previous algorithms
110,130

 and a bulk-optic (or free-space) 

implementation avoids distortion and unstable polarization transformations 

introduced by fiber-based PS-OCT instruments.
141

  A non-fiber-based instrument 

is expected to have less clinical impact on noninvasive diagnosis of diseases; 

nevertheless, the application of a bulk-optic instrument in a laboratory setting 

could have significant impact on the basic understanding of tissue ultrastructure 

and the diseases or traumas that affect it. 

The anatomical fiber direction B-scans created using EPS-OCT [Fig. 

5.8(a) and 5.11(a)] do not exhibit high-contrast speckle noise common to 

previous optic axis orientation B-scan images.
92,125,130

  This is accomplished by 

1) lateral ensemble averaging and 2) launching multiple incident polarization 

states to reduce σspeckle and maximize polarimetric signal-to-noise ratio (PSNR)
87

, 

and 3) fitting of noisy depth-resolved polarization data [Sm(z)] to a noise-free 

model.  The effects of speckle noise are reduced to small errors in the fiber 

direction estimates (θk) provided by the multistate nonlinear algorithm and thus 

do not appear as high-contrast speckle noise in our fiber direction B-scan image. 
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Expected uncertainty in estimates of δ and ε was discussed 

previously
87,103

 and is related to σspeckle.  We expect uncertainty in θ1 (the top 

layer) to be no more than 3.5° for σspeckle = 7° and Table 5.1 indicates uncertainty 

may be even lower.  Accurate measurement of θk in deeper layers is directly 

dependent on accuracy in preceding layers; therefore one would expect errors to 

accumulate rapidly as deeper layers are analyzed.  However, the standard 

deviation in estimated θk across each lamella (error bars in Fig. 5.9) shows only 

marginal increase versus k.  The robustness of the multistate nonlinear algorithm 

and insensitivity to noise with which EPS-OCT can measure depth-resolved fiber 

direction (θk) is thus demonstrated by the consistency in calculated θk (across 

each lamella) after iterating through more than K = 10 layers.  Because of noise, 

estimated eigen-axis ( ˆ
k

ββββ ) showed a slight deviation from the equatorial plane 

after compensation of previous layers.  Deviation was removed by projecting the 

estimated ˆ
k

ββββ  into the equatorial (Q-U) plane before compensation of the 

subsequent layers.  The number of incident polarization states (M) was 

anticipated prior to recording data.  For annulus fibrosus lamellae (lower phase 

retardation than tendon specimens), we insured sufficient PSNR by including 

additional incident polarization states (M = 6).  Detailed analysis of the optimum 

number of incident polarization states (M) requires further study. 
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Although layer-by-layer compensation of relative-attenuation (εk) was 

accomplished for crossed tendon and annulus fibrosus specimens, it was not 

necessary for accurate determination of θk or δ in the annulus fibrosus specimen 

studied here.  εk in each layer of annulus fibrosus was small and the possibility of 

relative-attenuation accumulating versus depth is cancelled by the approximately 

orthogonal orientation of alternating fiber directions in successive lamellae.  For 

layers with larger relative-attenuation (εk, e.g, tendon
103

), compensation of both 

δk and εk in superficial layers is necessary for accurate determination of δk, εk, 

and θk in deeper layers. 

A possible constraint of PS-OCT-based approaches for characterizing 

fiber direction in anisotropic tissue is that current techniques are sensitive only to 

the component of fiber orientation within the plane perpendicular to the probing 

beam.  Although not a limitation of this study due to the approximately planar 

structure of annulus fibrosus over the small region imaged, future 

characterization of fiber direction in more dimensionally-complex tissues (e.g., 

skin, articular cartilage) should be analyzed with prior knowledge of this 

constraint. 

For the high contrast annulus fibrosus specimen, lamella thickness (∆zk) 

was determined by inspection of the OCT intensity image [Fig. 5.4] because 

contrast was sufficient to identify lamellae as alternating bright and dark bands.  
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However, the most effective contrast mechanism for identifying lamellae in 

annulus fibrosus is the fiber direction (θk) due to its approximately 90° change 

between successive layers.  Matcher, et al
131

 demonstrated using PS-OCT that the 

abrupt change in cumulative phase retardation vs. depth due to discontinuity in 

fiber direction could be used to identify the boundary between the two most 

superficial lamellae (k = 1 and 2) in bovine annulus fibrosus.  Determination of 

boundaries and lamellar thickness (∆zk) using the trajectory of Sm(z) provides 

vastly improved contrast over I(x,z) in the low contrast annulus fibrosus 

specimen (Fig. 5.12).  Several additional features are apparent in the θ(x,z) and 

∆n(x,z) B-scan images.  First, a small region of reduced birefringence appears in 

the middle of the ∆n(x,z) image, corresponding to a region with slightly lower 

backscattering intensity in I(x,z).  We speculate 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 fibrosus cartilage.
132

  Third, fiber 

orientation is twisted approximately 15-20° counterclockwise in the right half of 

the θ(x,z) image relative to the left half.  Finally, increased ∆n in the lower left 

region reveals a different collagen fiber structure here. 

Decreasing polarimetric speckle noise (σspeckle) by ensemble averaging is 

critical for effectively detecting changes in θ(z).  Although 90° changes in 
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annulus fibrosus fiber orientation (θ) result in dramatic spikes in κ(z) (Fig. 3), 

other cartilage specimens may exhibit less-dramatic Sm(z) trajectory changes 

which are more difficult to detect without additional σspeckle reduction.  

Algorithms that automatically detect changes in Sm(z) trajectories will also be 

more robust with adequate σspeckle reduction.  Average σspeckle in the specimen 

studied here was 7° and did not show appreciable variation with depth (z). 

Alternate methods for characterization of collagen fiber direction have 

been reported.  These include x-ray diffraction
143

, electron microscopy
144,145

, a 

microwave-based method
146

, and second-harmonic-generation (SHG) 

techniques
147,148

.  For in vivo or in situ measurements, SHG polarimetry
149

 is the 

most promising of these techniques.  Yasui, et al
150

 assessed the sensitivity of 

SHG polarimetry and other polarimetric methods to collagen fiber orientation in 

tendon and concluded that SHG polarimetry can effectively detect the absolute 

collagen fiber orientation; although a quantitative value for the sensitivity of 

SHG polarimetry was not given.  We have shown that EPS-OCT provides high 

accuracy (~ 3°) tomographic images of collagen fiber direction deep (> 0.5 mm) 

within multiple layered (K > 10) anisotropic tissue such as annulus fibrosus 

cartilage.  Polarization-related properties such as fiber orientation [θ(x,z)] can be 

used not only to improve contrast but also quantify structural properties (e.g., 

thickness) in OCT images, regardless of poor contrast in the backscattered 
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intensity B-scan image.  EPS-OCT shows promise as a tool for high resolution, 

nondestructive, three-dimensional characterization of fibrous tissue 

ultrastructure. 
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CHAPTER 6 

 

Optical Anisotropy of the Healthy Primate Retina
†
 

 

6.1  ABSTRACT 

The purpose of this study was to measure the peripapillary retinal nerve 

fiber layer (RNFL) thickness (∆z), retardation (δ), birefringence (∆n), and 

biattenuance (∆χ) of the normal primate eye using enhanced polarization-

sensitive optical coherence tomography (EPS-OCT).  Both eyes of two rhesus 

monkeys were imaged with EPS-OCT.  A multiple incident polarization state 

nonlinear fitting algorithm was used to determine RNFL retardation (δ).  RNFL 

thickness (∆z) was determined from the corresponding EPS-OCT intensity image 

and retardation per unit depth (δ/∆z, proportional to ∆n) was calculated by 

dividing δ by ∆z.  Peripapillary area maps consisting of pixels uniformly 

distributed along a radius from 0.8 mm to 1.8 mm from the center of the optic 

nervehead were constructed for ∆z, δ, and δ/∆z. 

Average δ/∆z in the superior and inferior quadrants was 18°/100µm (∆n = 

4.2×10
-4

) and average δ/∆z in the nasal and temporal quadrants was 6.3°/100µm 

                                                 
†
 Portions of this chapter have been previously published in Experimental Eye 

Research [151]. 
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(∆n = 1.5×10
-4

).  Relative magnitude of δ radial gradient is similar to that of ∆z 

radial gradient and no radial gradient was observed for δ/∆z.  RNFL biattenuance 

was ∆χ = 0.18·10
-4

 in thick RNFL regions. 

RNFL birefringence was higher in the arcuate bundles compared to nasal 

and temporal fibers (P = 0.001).  Birefringence was nearly equal in nasal and 

temporal quadrants.  No statistically significant (P = 0.01) radial gradient of 

birefringence was observed in any quadrant.  RNFL birefringence is believed to 

originate from anisotropic structures within the cytoskeleton of the parallel 

axons.  Birefringence differences presented in this study cannot be explained by 

the known axon diameter distribution around the optic nervehead and suggest 

other sources of RNFL birefringence including neurotubules and neurofilaments. 

 

6.2  INTRODUCTION 

Glaucoma is an optic neuropathy characterized by a loss of retinal 

ganglion cells (RGCs) and thinning of the retinal nerve fiber layer (RNFL).
35

  

Cell loss precedes functional vision loss and can be objectively measured.
30

  Red-

free fundus photography can qualitatively assess the presence or absence of the 

RNFL but cannot quantify RNFL thickness.  Technologies to directly assess the 

RNFL in situ include scanning laser polarimetry, confocal scanning laser 

ophthalmoscopy, the retinal thickness analyzer, and optical coherence 
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tomography (OCT).  To determine RNFL birefringence, measurement of both 

thickness (∆z) and phase retardation (δ) at a common site is required. 

Huang, et al
152,153

 reported in vivo measurements of RNFL birefringence 

in normal human subjects by dividing δ measured with scanning laser 

polarimetry by RNFL thickness (∆z) measured with OCT.  Higher birefringence 

was noted in the superior/inferior quadrants compared with the nasal/temporal 

quadrants and birefringence was constant radially.  Cense, et al
154,155

 also 

reported in vivo measurements of human RNFL birefringence using polarization-

sensitive optical coherence tomography (PS-OCT).  PS-OCT combines the high 

resolution cross-sectional imaging capability of OCT with the polarimetric 

sensitivity of scanning laser polarimetry in a single instrument. 
61

 

This chapter presents spatially resolved peripapillary RNFL birefringence 

maps constructed with Enhanced Polarization-Sensitive Optical Coherence 

Tomography (EPS-OCT).  EPS-OCT consists of a PS-OCT instrument enhanced 

by a novel polarization processing algorithm capable of accurately quantifying δ 

in weakly birefringent or thin tissue layers such as the nasal and temporal regions 

of the primate RNFL.
87

  Using EPS-OCT, ∆z and δ are measured simultaneously 

and independently at each retinal site.  δ divided by ∆z (phase retardation per-

unit-depth, δ/∆z) is proportional to RNFL birefringence (∆n) according to the 
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relationship:  δ/∆z = 360∆n/λ0 where δ is given in degrees and λ0 is the free-

space wavelength of incident light. 

Both ∆z and δ have been shown to decrease in glaucoma
50,156

; however, 

whether the decrease in δ is attributed solely to a decrease in ∆z, or if RNFL 

birefringence also changes is unknown.  Form-birefringence in the RNFL 

originates from anisotropic light scattering by ordered cellular structures such as 

cell membranes and neurotubules
40

 and therefore may provide an indirect 

measure of early pathophysiologic changes in the RNFL.  Additional studies are 

needed both to determine the source of RNFL birefringence and also to 

characterize glaucomatous changes in RNFL birefringence.  EPS-OCT is the 

only noninvasive modality capable of directly and accurately quantifying RNFL 

thickness, phase retardation, and birefringence with a single instrument. 

 

6.3  METHODS 

EPS-OCT instrumentation is described in Chapter 2 and a multi-state 

nonlinear algorithm to detect RNFL birefringence and biattenuance are described 

in Chapters 3 and 4, respectively.  All experimental primate procedures 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.
151

  Both eyes of two healthy 6 kg, 4 year old, 

female rhesus monkeys were imaged.  Monkeys were anesthetized with a 
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combination of ketamine (10mg/Kg) and xylazine (0.25 mg/Kg) given 

intramuscularly.  Anesthesia depth was monitored and maintained by a certified 

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% methylcellulose 

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 

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 features. 

Data acquisition time to record a single peripapillary map was 

approximately 45 minutes.  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 µm.  Axial resolution was determined by the 5 

µm coherence length of the laser source in air. 
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An area map consisted of uniformly spaced radial scans (30 for the first 

data set and 24 for all other data sets) with each radial scan containing 8 clusters 

distributed uniformly between 0.8 mm and 1.8 mm from the center of the optic 

nervehead (ONH).  Each cluster consisted of an ensemble of NA = 36 A-scans.  

Depth-resolved horizontal and vertical amplitude and relative phase were 

converted to depth-resolved Stokes vectors
109

 and NA A-scans were averaged to 

reduce speckle noise by NA
1/2

.  Individual A-scans in each cluster were acquired 

uniformly over a 50 µm × 50 µm square grid to ensure that speckle noise was 

spatially uncorrelated and loss in lateral resolution was minimized. 

The anterior boundary of the RNFL (vitreous-RNFL interface) was 

determined automatically by thresholding and the posterior boundary determined 

by manual identification in the OCT intensity image.  RNFL thickness (∆z) was 

calculated for each cluster by dividing the optical path length difference between 

anterior and posterior RNFL boundaries by the RNFL refractive index (n = 1.38 

at λ0 = 820 nm)
157

 and is presented in RNFL thickness area maps [∆z(x,y)]. 

The variable polarization controller provided M = 6 incident polarization 

states uniformly distributed on a great circle of the Poincaré sphere.  Estimates of 

RNFL retardation (δ) and relative-attenuation (ε) were obtained using a nonlinear 

algorithm which minimizes the cumulative (over all 6 incident polarization 

states) residual error between noisy depth-resolved polarization data [Sm(z)] 
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acquired with EPS-OCT and noise-free model polarization arcs [Pm(z)] 

parameterized by δ, ε and eigen-axis ( β̂βββ ).  Although β̂βββ  can be used to determine 

the true RNFL anatomical fiber orientation if anterior segment birefringence is 

compensated (Chapter 5), this step is not reported here.  No anterior segment 

compensation is necessary for accurate estimates of δ or ∆n. 

δ/∆z was calculated for each cluster in the area map by dividing the 

estimated RNFL retardation (δ) by the measured RNFL thickness (∆z).  ∆z, δ, 

and δ/∆z are represented for each cluster in the maps by a pseudocolor.  The 

optic nervehead was identified from the EPS-OCT intensity image as the region 

including the optic nerve and peripapillary retina where the retinal pigment 

epithelium was absent.  These regions were disregarded and assigned a white 

color in the map.  Clusters containing blood vessels were identified manually and 

colored white with no further processing.  Loss of registration due to subject 

movement was infrequent; however, clusters which could not be registered were 

also discarded and colored white. 

 

6.4  RESULTS 

Prior to in vivo primate imaging, the EPS-OCT instrument and multi-state 

nonlinear algorithm were verified using a model eye.  A mica wave plate and a 

thin section of ex vivo rat tail tendon were layered to emulate the birefringence 
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of the transparent cornea and highly scattering RNFL.  Orientation of the mica 

wave plate axis was varied at random and the δ of the deep birefringent layer 

estimated with the multi-state nonlinear algorithm.  δ in the deep layer varied less 

than 1° from the mean value over 18 random mica wave plate orientations.  This 

result demonstrates the multi-state nonlinear algorithm’s invariance to unknown 

polarization transformations in the anterior segment. 

Figure 6.1 shows the normalized Stokes parameters (Q,U,V) as a function 

of depth through the peripapillary retina for a single cluster.  As expected, the 

normalized Stokes parameters change through the birefringent RNFL but remain 

relatively constant through the remaining non-birefringent retinal layers.  The 

normalized Stokes parameters at the deepest RNFL position are about the same 

as the value at the retinal pigment epithelium (RPE).  Figure 6.2 shows depth-

resolved polarization data [Sm(z)] and associated noise-free model polarization 

arcs [Pm(z)] on the Poincaré sphere for thick and thin RNFL regions. 
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Figure 6.1.  The normalized Stokes parameters (Q,U,V) are shown as a 

function of retinal depth to illustrate a change in polarization state through 

the birefringent RNFL and relatively constant polarization state through 

the deeper non-birefringent retinal layers. Signal intensity between the 

RNFL and the PE is lower and thus normalized Stokes parameters are 

noisier.  IPL=inner plexiform layer, INL=inner nuclear layer, OPL=outer 

plexiform layer, ONL=outer nuclear layer, PR=photoreceptors, 

PE=pigment epithelium, CH=choroid. 
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Figure 6.2.  Depth-resolved polarization data [Sm(z), gray] for M = 6 

incident polarization states in (a) thick (∆z = 170µm) RNFL 1mm inferior 

to the ONH and (b) thin (∆z = 50µm) RNFL 1mm nasal to the ONH.  

Noise-free model polarization arcs [Pm(z), black] and eigen-axis ( β̂βββ ) 

were extracted by the multi-state nonlinear algorithm.  (Note:  m = 3, 4, 

and 5 are on the far side of the Poincaré sphere.) 

 

Figures 6.3, 6.4, and 6.5 show maps of RNFL thickness [∆z(x,y)], single-

pass RNFL retardation [δ(x,y)], and RNFL retardation per unit depth [δ/∆z(x,y)] 

for each of the four eyes imaged.  Right eyes were imaged twice to verify 

repeatability of the measurements, resulting in six complete area maps. 
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Figure 6.3.  ∆z(x,y), δ(x,y), and δ/∆z(x,y) for the right eye of subject 

9135.  Maps for session 1 are on the left and session 2 on the right.  The 

scan radius extends from 0.8 mm to 1.8 mm from the center of the optic 

nervehead. N=nasal, T=temporal, S=superior, I=inferior.  The lower right 

side of maps for session 1 are skewed slightly nasal due to subject 

movement.  Lateral resolution in the maps for session 2 was decreased to 

save time and minimize subject movement. 
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Figure 6.4.  ∆z(x,y), δ(x,y), and δ/∆z(x,y) for the right eye of subject 

9134. Maps for session 1 are on the left and session 2 on the right.  The 

scan radius extends from 0.8 mm to 1.8 mm from the center of the optic 

nervehead. N=nasal, T=temporal, S=superior, I=inferior.  Due to subject 

movement, registration was lost in the lower right side of the maps on 

session 2 and this portion of the maps is skewed slightly nasal. 
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Figure 6.5. ∆z(x,y), δ(x,y), and δ/∆z(x,y) for the left eye of subject 9135 

(left column) and the left eye of subject 9134 (right column). The scan 

radius extends from 0.8 mm to 1.8 mm from the center of the optic 

nervehead. N=nasal, T=temporal, S=superior, I=inferior. 

 

R
N

F
L

 t
h

ic
k

n
es

s 
(∆

z,
 µ

m
) 

R
N

F
L

 t
h

ic
k

n
es

s 
(∆

z,
 µ

m
) 

R
N

F
L

 r
et

ar
d

at
io

n
 (

δ,
 °

) 

R
N

F
L

 r
et

ar
d

at
io

n
 (

δ,
 °

) 

 

δ/
∆

z 
(°

/1
0

0
µ

m
) 

δ/
∆

z 
(°

/1
0

0
µ

m
) 

 



 

132 

RNFL thickness (∆z) varies from 20 µm to 200 µm and has a strong 

radial gradient.  ∆z is highest in the superior and inferior bundles near the optic 

nervehead.  Values of ∆z are sensitive to optic nervehead registration as 

illustrated in repeat scans.  The radial gradient in ∆z was measured for all radial 

scans containing at least six valid clusters.  The mean least-squares regression 

slope in ∆z vs. radial position for all four quadrants was -51.5µm/mm radial 

position outward from the center of the ONH. 

Single-pass RNFL retardation (δ) varies from 2° to 35° and is highly 

correlated with ∆z.  δ is highest in the superior and inferior regions and lowest in 

the nasal and temporal regions.  The radial gradient in δ was measured for all 

radial scans containing at least six valid clusters.  The mean least-squares 

regression slope in δ vs. radial position varied less than 10% between quadrants 

and averaged -7.0º/mm radial distance for all four quadrants.  The relative 

magnitude radial gradients in δ and ∆z are similar. 

δ/∆z (proportional to RNFL birefringence, ∆n) varies from 2 °/100µm to 

23 °/100µm and is highest in the superior and inferior regions.  The mean least-

squares regression slope in δ/∆z vs. radial position was -0.4 (º/100µm)/mm radial 

distance for all four quadrants and no significant radial gradient in δ/∆z was 

measured in any quadrant. 
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The radial gradient in ∆z, δ, and δ/∆z can be qualitatively assessed by 

examination of the maps.  In those sectors where the gradient in ∆z is large there 

is a corresponding gradient in δ, but δ/∆z is relatively constant.  Figure 6.6 shows 

the quantitative variation of ∆z, δ, and δ/∆z vs. radius from the ONH for subject 

9135 OS sector 7 at 100º counterclockwise from temporal.  

 

Figure 6.6. Values for ∆z, δ, and δ/∆z for the radial scan 100º 

counterclockwise from temporal in subject 9135 OS.  Units of each 

parameter are given in the legend.  ∆z is shown divided by 10 in order to 

display it on the same y-axis.  ∆z and δ decrease radially, but δ/∆z and 

RNFL birefringence (∆n) are constant radially. 

 

Relative-attenuation (ε) was estimated in all maps.  In thick RNFL 

regions (∆z >160 µm) average RNFL biattenuance was ∆χ = 0.18·10
-4

 ± 0.09·10
-

4
.  In thin RNFL regions, ε is correspondingly lower and is thus below the 

sensitivity of the measurement approach reported here. 

∆z, δ, and δ/∆z vs. radial position from ONH 

  ∆z/10 (µm) 

  δ (°) 

  δ/∆z (°/100µm) 
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Table 6.1 summarizes δ/∆z in four quadrants around the optic nervehead 

for each of the six area maps.  δ/∆z is statistically higher in the superior and 

inferior quadrants compared with the nasal and temporal quadrants using the 

two-sided paired t-test of means (P<0.001).  Over all four eyes, the average δ/∆z 

in the superior and inferior quadrants was 18°/100µm (∆n = 4.2×10
-4

) and the 

average δ/∆z in the nasal and temporal quadrants was 6.3°/100µm (∆n = 1.5×10
-

4
).  Using the paired t-test of means, there is no statistical difference in δ/∆z 

between superior and inferior quadrants or between nasal and temporal 

quadrants. 

 

Table 6.1: Summary of mean and standard deviation in δ/∆z in units of 

º/100µm for the four primary quadrants of the six area maps.  There is a 

statistically significant difference in mean δ/∆z between S/I and N/T 

regions.  Higher standard deviation in the N/T quadrants is observed 

because relative uncertainty in δ estimates is higher in thin RNFL than in 

thick RNFL. 
 
subject (eye) 9135 (OD) 9134 (OD) 9135 (OD) 9134 (OD) 9135 (OS) 9134 (OS) 

region mean ± σ mean ± σ mean ± σ mean ± σ mean ± σ mean ± σ 

Superior(S) 17.83 3.23 17.31 2.57 18.22 1.59 20.06 1.44 14.81 0.80 15.95 0.62 

Inferior(I) 19.62 2.41 15.74 2.98 17.48 1.15 16.89 1.18 18.09 2.04 16.58 1.77 

Temporal(T) 6.27 3.19 5.22 3.04 6.06 3.29 5.61 5.25 3.94 1.75 9.72 3.23 

Nasal(N) 6.87 3.23 4.97 3.21 7.67 3.78 3.49 2.72 7.75 2.79 5.56 2.57 

 

6.5 DISCUSSION 

Error in RNFL thickness (∆z) comes from uncertainty in the RNFL 

refractive index (4%, n = 1.34-1.39)
158

 and uncertainty in the segmentation used 
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to define RNFL boundaries due to finite axial resolution (5µm).  Speckle noise 

limits the sensitivity of the multi-state nonlinear algorithm and is approximately 

±1º in the δ estimate after averaging NA = 36 A-scans in each cluster.  This 

uncertainty is fractionally greater in regions with low δ.  For example, a 

measured δ of 5° with 2° uncertainty has greater fractional uncertainty than a 

measured δ of 30° with a 2° uncertainty.  Uncertainty in δ/∆z is the combined 

error from ∆z and δ and therefore lower values of δ/∆z have greater uncertainty. 

Laser power incident on the cornea does not meet the ANSI or FDA 

guidelines for human clinical studies.  No adverse anatomical defects have been 

noted on numerous repeat imaging sessions over four years and the monkey’s 

subjective visual performance is unimpaired. 

Repeatability of the maps is limited by eye movement.  Eye position was 

monitored at the beginning and end of each measured map using a video camera 

attached to the surgical microscope.  During the extended time required to obtain 

the maps, the eye moved as much as 0.25 disc diameters (approximately 0.3 mm) 

despite use of the fixation ring.  All maps started at the 15º sector (right-hand 

side of map) and progressed counterclockwise to the 345º sector.  Discontinuity 

due to slight eye movement is noticeable between these sectors, however the 

trend of superior and inferior regions having higher birefringence (∆n = 4.2×10
-4

) 

than nasal and temporal regions (∆n = 1.5×10
-4

) is apparent in all maps.   
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Movement artifact can be minimized by decreasing the acquisition time.  

Use of spectral domain OCT will decrease acquisition time by at least two orders 

of magnitude.
101

  The multiple incident polarization state approach implemented 

in a spectral domain EPS-OCT system should require several seconds to record a 

complete area map similar to those presented in Figures 6.3 – 6.5.  

The estimated δ/∆z values in our study agree with the PS-OCT 

measurements reported by Cense, et al
155

 in normal human RNFL.  They 

obtained δ/∆z values in the range of 2º/100µm to 20º/100µm with higher values 

in the superior and inferior quadrants compared with the nasal and temporal 

quadrants.  Our δ/∆z measurements also agree with the values reported by 

Huang, et al
152,153

 in normal human RNFL.  They reported a mean birefringence 

of 0.32 nm/micron (14º/100µm) with maxima in superior and inferior bundles 

and minima nasally and temporally.  They also found that birefringence was 

nearly constant in the radial direction along nerve fiber bundles.  

Biattenuance in the RNFL is small and is consistent with the 

measurements of Huang and Knighton.
159

  Enhanced speckle noise reduction 

through increased number of averaged A-scans (NA) should allow more sensitive 

estimation of ε and ∆χ.  Although we report values of ∆χ in thick RNFL regions, 

the diagnostic value of this parameter remains unknown. 
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Blood flow in retinal vasculature Doppler-shifts the OCT interference 

fringe signal frequency and δ can not be reliably measured in clusters containing 

blood vessels without additional processing.  Attempts are being made to 

reconstruct δ from those clusters containing blood vessels, but currently the 

clusters containing blood vessels are simply discarded and colored white in the 

maps.  Presence of Doppler shift helps identify clusters with blood vessels.  The 

Doppler signal contains useful information about RNFL perfusion and blood 

velocity and can be post-processed without additional cost in the EPS-OCT 

instrumentation; however, Doppler analysis was not part of this study. 

EPS-OCT measures δ and ∆z independently, although they are highly 

correlated as demonstrated by visual inspection of the maps.  Scanning laser 

polarimetry (SLP) provides useful information about RNFL retardation (δ), but δ 

results should not be interpreted as RNFL thickness.  To determine ∆z from 

measured δ, the local birefringence (∆n) or δ/∆z must be known.  We have 

shown that ∆n is not constant across the peripapillary RNFL.  Measurement of δ 

by SLP is sensitive to both local ∆z and ∆n. 

Birefringence differences among the quadrants imply that birefringence 

originates from anisotropic cellular structures other than the axoplasmic 

membranes.  Ogden
160

 studied the morphology of the RNFL of the Cynomolgus 

monkey using electron microscopy.  He found that the maculopapillary bundle 
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contained proportionally more small-diameter axons than the arcuate bundles 

which contained proportionally more small-diameter axons than the nasal 

bundles.  The fiber spectra for the different bundles was similar for the rhesus 

monkey according to Cohen
161

.  Bundle size increased near the optic disc 

because of the lateral fusion of bundles rather than addition of large numbers of 

eccentric fibers.  Birefringence differences presented in this study cannot be 

explained solely on the basis of axon diameter distribution around the optic 

nervehead and hence the source of the birefringence signal must be coming from 

some other anisotropic structure, most likely neurotubules or neurofilaments. 

Form-birefringence is an inherent characteristic of regularly-oriented 

fibrous tissue.  Although RNFL birefringence is thought to originate primarily 

from neurotubules within the retinal ganglion cell (RGC) axons, the precise 

fractional contribution from cell membranes, neurotubules and neurofilaments is 

unknown.
40

  Neurotubules in RGC axons act as individual nano-retarders on 

incident polarized light, introducing small phase delays which accumulate as 

light propagates through the RNFL thickness.  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.  

Oldenbourg, et al
3,162

 gives a general expression for form-birefringence (∆n) of 
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an array of neurotubules [refractive index (n2)] distributed with arbitrary volume 

fraction (f) in a soluble matrix [refractive index (n1)],  
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when fractional volume of neurotubules is assumed to be small (f <~ 0.05).  

Neurotubule density (σRGC, measured in number of neurotubules per unit area) is 

related to birefringence by 
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where Ao is the cross-sectional area of one neurotubule.  Polarized light that 

propagates to the posterior RNFL surface, backscatters, and returns through the 

RNFL acquires an accumulated double-pass retardation (2δ) from the 

birefringent neurotubules.  As cytoskeletal contributions to RNFL birefringence 

become better characterized, noninvasive measurement of RNFL birefringence 

(∆n) by EPS-OCT may allow in vivo quantification of neurotubule density 

(σRGC) in the RNFL. 

If neurotubules are the primary source of birefringence, these results 

suggest that RNFL neurotubule density is lowest and about the same in the nasal 

and temporal quadrants and neurotubule density is highest and about the same in 

the superior and inferior quadrants.  Kirkpatrick, et al.
163

 measured the density of 



 

140 

neurotubules in the optic nerve axons of myelin-deficient shiverer and normal 

mice.  The density of neurotubules decreased in both groups from small to large 

axons.  If the same relationship exists for the un-myelinated intraocular RGC 

axon segments (neurotubule density decreases as axon size increases), then the 

low birefringence in the nasal sector can be explained.  However, the temporal 

maculopapillary fibers are among the smallest RGC fibers and should therefore 

have the largest birefringence.  Our observation of a low birefringence in the 

temporal quadrant suggests either a low packing density or a low neurotubule 

number for the RGC maculopapillary axons.  

At this stage, one cannot predict whether measured difference in 

birefringence results from a difference in neurotubule density within the axons 

themselves or from a difference in the packing density of the bundles.  An 

electron microscopy study to compare neurotubule density in the RNFL with 

birefringence measurements in all four quadrants would help to understand the 

origin of the RNFL birefringence.  Understanding the correlation between 

neurotubule density and the known susceptibility of the axons to glaucomatous 

damage may be important in understanding the pathophysiology of glaucoma. 

This data supports the hypothesis that in the radial direction the same 

subset of RGC neurons is being characterized and the density of neurotubules is 

not changing, although the absolute number of neurons and neurotubules is 

decreasing along the radial direction away from the optic nervehead.  
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Birefringence is not constant in a circular scan around the optic nervehead 

implying that different types of RGC neurons are being sampled with different 

densities of neurotubules in the nasal/temporal and superior/inferior quadrants. 

EPS-OCT may provide indirect understanding of intracellular structure and 

biochemical events that modify intracellular structure.   
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