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Significance: Collagen, the main load-bearing component in tissue, is present in all animals, and forms a variety of 28 
networks from the fibrils, fibers, bundles, and lamellae into which it self-assembles. The collagen microstructure is 29 
different between tissue types, and the different microstructures give rise to tissue-specific mechanical properties. 30 
Therefore, methods for visualizing collagen fibers and their orientation are essential for understanding the 31 
biomechanical properties of tissue. 32 
Aim: Our aim in this review is to provide the basis for understanding the methodology of polarized light imaging 33 
methods and how they can be used to characterize collagen microstructure. 34 
Approach: We begin with a description of collage microstructure and its relationship to tissue biomechanics, a 35 
basic formalism of polarized light, and how collagen interacts with polarized light. We then describe polarized light 36 
microscopy (PLM) and its various forms, particularly instant polarized light microscopy (IPOL), then polarization 37 
sensitive optical coherence tomography (PS-OCT), and lastly polarization-resolved second harmonic generation 38 
microscopy (pSHG). 39 
Results: We describe methods for imaging collagen microstructure with polarized light from in vivo methods to 40 
high-resolution volumetric imaging of tissue sections. 41 
Conclusions: This review is intended to help those interested in using polarized light to image and understand the 42 
relationship between collagen microstructure and biomechanics. 43 
 44 
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Introduction 47 

Collagen is the most abundant protein in mammals and is the main load-bearing component in soft 48 

tissue. Collagen can form a vast variety of networks from fibrils that are 10s-100s of nanometers 49 

in diameter and can spontaneously self-assemble to form fibers and other structures.[1-3] 50 

Characterizing the collagen microarchitecture in tissue requires a method with high spatial 51 

resolution that can distinguish collagen from other tissue components. Polarized light imaging can 52 

do this by capitalizing on the intrinsic optical properties of collagen, particularly its birefringence 53 

and being non-centrosymmetric. Hence, several imaging techniques have been adapted to use 54 

polarized light, from relatively basic brightfield imaging and polarized light microscopy (PLM),[4-55 

9] to more complex second harmonic generation (SHG) imaging,[10-14] and optical coherence 56 

tomography (OCT)[15-22]. The combined techniques have improved selectivity and resolution, 57 

revealing details of the shape and architecture of the collagen, such as fiber crimp and 58 

interweaving.[23, 24] In the more recent implementations, such as instant polarized light 59 

microscopy (IPOL), the imaging can be done at frame-rate speed. This is not just convenient, but 60 

it opens the door to visualizing dynamic processes, such as the microstructural changes associated 61 

with tissue distortion.[25] Polarization-resolved second harmonic generation microscopy (pSHG) 62 

and polarization-sensitive OCT (PS-OCT) can use optical sectioning to enable 3D reconstruction 63 

of collagen microarchitecture.  Altogether these techniques provide crucial information on tissue 64 

structure and mechanics previously out of reach.  65 

 Our goal with this review is to provide an introduction to the powerful techniques available 66 

for studying collagen microstructure and biomechanics with polarized light, including examples 67 

from more conventional tissue section microscopy, high-resolution volumetric imaging and in vivo 68 

imaging. We start with a description of various aspects of collagen microstructure architecture, 69 

categorizing the features into four aspects: density, anisotropy, interweaving, and crimp, and we 70 

will discuss their relevance to biomechanical properties. Next, we give a description of polarized 71 

light and material properties that can affect the polarization of light. We then describe multiple 72 

polarized light imaging methods, starting with PLM, including several of its variations (e.g. cPLM, 73 

IPOL, SPLM), followed by PS-OCT, and finally a brief description of pSHG. 74 

 It is important to acknowledge that the use of polarized light to characterize tissues has a 75 

long history. Many techniques have been reported by multiple laboratories, which has led to a 76 

confusing naming landscape. Reports have used different names to describe what seems like the 77 



same technique, or conversely, used the same name for techniques that are not identical. For our 78 

research labs, feedback steered us to name the techniques we use based on the applications in the 79 

context of soft tissue biomechanics. While this may have helped some readers, we acknowledge 80 

that other readers may know the techniques by other names. We encourage readers to carefully 81 

look at the references and remain alert that technique names are not final or definitive. 82 

Furthermore, there are many variations of techniques using polarized light, adapted and applied 83 

for many purposes. We aimed to provide a broad perspective including the most popular 84 

techniques applied to soft tissue biomechanical characterization, and therefore there will be 85 

techniques that we do not cover. Nevertheless, we anticipate that by covering the fundamentals of 86 

soft tissue microstructure and polarized light readers will be well-equipped to understand other 87 

techniques. 88 

 89 

 90 

Motivating tissue microstructure quantification 91 

Tissue microstructure determines the mechanical properties, such as hardness and elastic modulus, 92 

of the tissue. A major extracellular component and determinant of microstructure in tissue is 93 

collagen, which is especially present in tendons, ligaments, bones, skin, and eyes.[26] The 94 

arrangement of collagen and the general microstructure varies between tissue types, can be 95 

heterogenous within individual tissues, and can be affected by aging and disease. To fully 96 

understand aging and disease mechanisms, it is crucial to characterize and determine the role of 97 

tissue microstructure with the associated pathological changes. One function of collagen is that it 98 

bears tensile force during stretch, resulting in vast interest in the role of collagen microstructure 99 

on the stretching of tissue. The general impact of collagen microstructure on the mechanical 100 

behavior of soft tissues has been investigated for decades.[26-38]  101 

The major load bearing units of tissue are the fibrils, fibers, and fiber bundles into which 102 

collagen self-assembles. Arrangement or architecture of these fibers and bundles dictates the 103 

mechanical properties of soft tissues.[1, 39, 40] Over the course of the decades of studies into the 104 

relationship between collagen microstructure and soft tissue mechanical properties, four aspects 105 

of collagen fiber arrangement have emerged as determinants of mechanical behavior under stretch: 106 

density, anisotropy, interweaving, and fiber crimp. These four aspects are illustrated in Figure 1, 107 

and we will briefly discuss the contribution of these four properties to collagen mechanics. 108 



 109 
Figure 1. Four key properties of collagen microstructure and their effects on biomechanics. (A) Fiber density: IPOL 110 

images of sclera, in which brightness is proportional to local fiber density. [41] Modulus of elasticity increases with 111 

collagen density.[42] (B) Anisotropy:  IPOL images of scleral sections where color represents local fiber 112 

orientation.[41] The force-stretch curve of an isotropic structure falls in between those from the anisotropic 113 

structure.[43] (C) Interweaving: SEM images show collagen fibrils exhibit less interweaving in a cow sclera than in 114 

the human corneal stroma. The full effects of soft tissue fiber interweaving are complex and difficult to predict, but 115 

they are generally expected to reduce stiffness and increase strength.[24] (D) Crimp:  IPOL images of chicken 116 

tendon sections, where color bands indicate that the collagen fibers are crimped. As a beam stretches, the collagen 117 

fibers uncrimp, requiring relatively little force until the fiber has lost all crimp and is straight. The straightened 118 

collagen fibers can be stretched further only by making the fibers longer, which requires a larger and increasing 119 



force, thus the beam appears stiffer. Panel in row C, column 4 adapted from Ref. [23] with permission from 120 

Pergamon. Panels in row D, columns 2 and 4 adapted from Ref. [41]. 121 

  122 

The first property we consider is density. Intuitively, the more collagen there is per unit 123 

volume, the stiffer the tissue.[42] Simply put, it requires more force to deform the tissue when 124 

there is more structural material present, i.e. collagen. This principle is also true of fiber bundles; 125 

bundles with a larger diameter are stiffer and provide more support to adjacent tissue. The next 126 

property we consider is anisotropy, or the extent to which the fibers are aligned in the same 127 

direction. In the extreme isotropic case, where the fibers are oriented randomly, the linear modulus 128 

and failure strength increase linearly with increased density.[42] When the fiber orientation is 129 

anisotropic, known as structural anisotropy, the mechanical properties are also anisotropic. In 130 

general, anisotropic tissues are stiffer in the direction that the fibers are aligned (longitudinal) than 131 

in the transverse direction (Figure 1.B).[43] Anisotropy should be considered in three dimensions, 132 

as fiber networks are not just two-dimensional. Tissue may be isotropic in a plane but have 133 

different organization in 3D. The third property we consider is interweaving. Interweaving occurs, 134 

for example, in the cornea and the skin. In the cornea, 300-500 lamellae cross and interweave at 135 

various angles, with increasing interweaving in the anterior and peripheral cornea than the central 136 

and posterior cornea.[23, 44] Interwoven fibers must have undulations that reduce their load-137 

bearing ability compared with straight fibers, although this can be somewhat compensated by 138 

interlocking. Interweaving also transfers loads between fibers that increase tissue strength.[24, 45] 139 

Overall interweaving has strong effects on soft tissue mechanics that are not yet fully understood, 140 

in large part because of the paucity of suitable experimental techniques to study them.  141 

The last property we consider is crimp. As already mentioned, collagen is the main load-142 

bearing component of soft-tissue. When collagen fibers are unloaded, they can appear buckled or 143 

crimped (Figure 1.D). This crimp usually occurs at the level of aggregated fibers such as in 144 

tendon,[46] rabbit corneal stroma,[47] lamina cribrosa beams,[48] or sclera fibers.[49] The force 145 

required to progressively straighten and stretch a crimped collagen fiber, also called recruitment, 146 

is non-linear, and is also a primary reason soft tissues have a nonlinear elastic response. At first, 147 

very little force is required to elongate the fiber until all the crimp is gone. Then, once the fiber is 148 

uncrimped, more force is required to stretch the fiber.[50] The process of recruitment can vary 149 

within and between tissue, which also leads to variation in mechanical behavior. That is, after a 150 

certain amount of stretch is applied, certain fibers will be under greater loads than others, partially 151 



depending on the amount of crimp in the fibers. One example of this is in the lamina cribrosa, 152 

which is made of collagen fiber beams of various widths. It was predicted that the narrower beams 153 

would be weaker than the wider ones. However, this proved to not be the case. It was visualized 154 

with PLM that the wider beams had more crimp than the narrower ones, and thus more fibers in 155 

the narrower beams would be recruited at the same level of stretch.[48] This example illustrates 156 

the ability of PLM to characterize the fiber microarchitecture with high spatial resolution. 157 

Combination of PLM with mechanical testing can yield further insight into the relationship 158 

between microarchitecture and tissue mechanics. 159 

The properties of collagen architecture are not independent of each other. For example, 160 

interweaving is more likely for high density isotropic collagen networks than in either low density 161 

or anisotropic networks. In addition, we have only discussed four properties of collagen fiber 162 

architecture, but there are more properties that can be considered, such as the type of collagen or 163 

the number of fibrils forming a single fiber. This complexity of collagen fiber architecture and its 164 

relationship to mechanical behavior underline the need for methods that can visualize collagen 165 

fibers and their orientation.  166 

 167 

Theory 168 

Formalism of polarized light 169 

What makes polarized light microscopy different than standard brightfield microscopy is the use 170 

of polarized light. In this section, we will provide a brief description of polarized light, as well as 171 

a description of how matter can affect the polarization of light. Further description of polarized 172 

light and its properties can be found in the following references.[51, 52] 173 

 Electromagnetic radiation, or light, is composed of an oscillating electric and magnetic 174 

field that are perpendicular to each other and the propagation of the light. The polarization of light 175 

refers to the electric field vector as a function of time at a fixed point. The magnitude and direction 176 

of the electric field of unpolarized light is random. Light can be linearly polarized, which means 177 

the direction and magnitude of the electric field are constant; circularly polarized, which means 178 

the direction is periodic and the magnitude is constant; or elliptically polarized, which means the 179 

direction and magnitude are periodic. Linear and circularly polarized light can be seen as special 180 



cases of elliptically polarized light. Linear polarizations can be seen as the eigenvectors of 181 

polarized light, and all polarizations can be expressed as a linear combination of linear 182 

polarizations at the same frequency of oscillation. 183 

Two major methods for representing the polarization state of light exist, Jones vectors and 184 

Stokes vectors. In this section we describe Stokes vectors, as they are a rigorous method to 185 

represent polarized light. In our description of PS-OCT, we briefly describe Jones vectors. The 186 

Stokes vector, 𝑺, has four values: 187 

 188 

𝑺 =  (

𝐼
𝑄
𝑈
𝑉

) 

 
(1) 

 189 

where 𝐼  is the intensity, 𝑄  is the shape of the polarization ellipse, 𝑈  is the orientation of the 190 

polarization ellipse, and 𝑉 is the chirality of the polarization ellipse. The Stokes vectors for special 191 

cases are listed in Table 1. 192 

 Just as the polarization of light can be expressed with a Stokes vector, the effect of an 193 

optical component on the polarization can be expressed mathematically with a transformation 194 

matrix known as a Mueller matrix. The Mueller matrix is a 4 × 4 matrix in which all the elements 195 

are real and independent. The Mueller matrix of a component operates on the Stokes vector of the 196 

incoming light, resulting in the Stokes vector of the outgoing light: 197 

 198 
𝑺𝒐𝒖𝒕 = 𝑴𝑺𝒊𝒏 

 

(2) 

If the light passes through multiple polarizing elements, 𝑴𝟏, 𝑴𝟐, 𝑴𝟑, the total effect of all three 199 

can be written as: 200 

 201 
𝑴𝒆𝒇𝒇 = 𝑴𝟏 ∙ 𝑴𝟐 ∙ 𝑴𝟑 

 

(3) 

The operation of the matrices is not commutative. Mueller calculus allows the simulation of the 202 

polarization of light after interacting with various and multiple polarizing optics. 203 

  204 



 205 

Table 1. Stokes vectors for degenerate polarization states 206 

Polarization 

states 

Linearly 

polarized 

 

Linearly 

polarized

 

Linearly 

polarized

 

Linearly 

polarized

 

Circularly 

polarized

 

Circularly 

polarized

 
I 1 1 1 1 1 1 

Q 1 -1 0 0 0 0 

U 0 0 1 -1 0 0 

V 0 0 0 0 1 -1 

 207 

Effects of collagen on the polarization of light 208 

A Mueller matrix can also be used to approximate the effect of the sample on the 209 

polarization of light in a polarization measurement.[53] Therefore, it is possible to simulate the 210 

result of a polarized light experiment for a sample with known optical properties. For instance, 211 

biological tissue exhibits a feature called birefringence.[53-57] In this section, we will describe the 212 

birefringent optical property of collagen and its effect on polarized light. 213 

The refractive index is a complex value property of a material that governs its interaction 214 

with light. The real part of the refractive index is the ratio of the speed of light traveling through 215 

the given material to the speed of light in a vacuum and can be wavelength dependent. Just like 216 

materials can have structural anisotropy, they can also have optical anisotropy, where the refractive 217 

index is different depending on the orientation of the material relative to the polarization and 218 

propagation of the light. The property of a material having optical anisotropy with different 219 

refractive indices is called birefringence. Numerically, the birefringence of uniaxial material is 220 

defined as the difference between the two refractive indices, called the ordinary ( 𝑛𝑜 ) and 221 

extraordinary (𝑛𝑒) indices: 222 

 223 
∆𝑛 =  𝑛𝑒  − 𝑛𝑜. 

 

(4) 

Experimentally, the birefringence of many collagenous tissues such as tendon, sclera, 224 

cartilage, and skin is on the order of 10-3.[58-60] Both the molecular structure and microstructure 225 

of a material can contribute to its birefringence, called intrinsic and form birefringence.[7] Intrinsic 226 

birefringence occurs from the spatial arrangement of the atoms or molecules in the material such 227 



that there is an anisotropic distribution of electric charge.[61] Form birefringence results from the 228 

ordered spatial arrangement of micro-objects into a medium with a different refractive index.[62, 229 

63] Summing the intrinsic and form birefringence gives the total birefringence 230 

 231 
∆𝑛𝑐𝑜𝑚𝑝 = ∆𝑛𝑖𝑛𝑡𝑟 + ∆𝑛𝑓𝑜𝑟𝑚. 

 

(5) 

Collagen fibers have both intrinsic and form birefringence. The smallest structural unit of 232 

collagen is a triple helix made of three polypeptide chains. This single collagen molecule is non-233 

centrosymmetric and is intrinsically birefringent. These molecules self-assemble into fibrils, which 234 

then form cylindrical collagen fibers, with the long axis of the triple helix aligned. This cylindrical 235 

structure immersed in an isotropic ground substance leads to the form birefringence of collagen 236 

(Figure 2), with the extraordinary refractive index parallel to the cylindrical axis of the fibers and 237 

the ordinary refractive index perpendicular to the cylindrical axis.[64, 65] Light that is propagating 238 

parallel to the optic axis is only governed by the ordinary refractive index. Light with any other 239 

propagation direction is governed by both the ordinary and extraordinary refractive indices. The 240 

form birefringence can be described as[55] 241 

 242 

∆𝑛𝑓𝑜𝑟𝑚  =  𝑛𝑒 − 𝑛𝑜  =  
𝑓1𝑓2(𝑛1 − 𝑛2)2

𝑓1𝑛1 + 𝑓2𝑛2
, 

 

(6) 

where 𝑓1 and 𝑓2 are the volume fractions of the cylinders and the ground substance, respectively, 243 

and 𝑛1 and 𝑛2 are the corresponding refractive indices. Equation (6) assumes that the wavelength 244 

of light is much larger than the diameter of the cylinder, called the Rayleigh limit. At the other 245 

extreme, when the diameter of the cylinder is large compared to the wavelength of light, the 246 

birefringence approaches zero. 247 

 The orthogonal polarization components parallel to the ordinary or extraordinary axes pass 248 

through uniaxial birefringent materials at different speeds resulting in phase retardance (or phase 249 

shift) between the two components. The phase retardance, , is proportional to the birefringence 250 

and the distance of material the light passes through, d. The phase retardance for a given 251 

wavelength of light, 𝜆, can be expressed as[66] 252 

 253 

𝛿 =  
2𝜋∆𝑛𝑑

𝜆
=

2𝜋(𝑛𝑒 − 𝑛𝑜)

𝜆
𝑑. 

 

(7) 



We note that the phase retardance is dependent on the wavelength of light, a point which will be 254 

utilized in instant polarized light microscopy (IPOL). 255 

 The extent of phase retardance is dependent on the orientation of the birefringent material 256 

relative to the direction of propagation of the light. If the direction of propagation of the light is 257 

not perpendicular to the optic axis, the effective birefringence decreases, such that[67] 258 

 259 

∆𝑛𝑒𝑓𝑓  =  
𝑛𝑜𝑛𝑒

√𝑛𝑜
2𝑠𝑖𝑛2𝜃 + 𝑛𝑒

2𝑐𝑜𝑠2𝜃
− 𝑛𝑜, 

 

(8) 

and for a small refractive index, the effective refractive index can be approximated as[68] 260 

  261 
∆𝑛𝑒𝑓𝑓 ≈ (𝑛𝑒 − 𝑛𝑜)𝑠𝑖𝑛2𝜃 = (𝑛𝑒 − 𝑛𝑜)𝑐𝑜𝑠2𝜓 

 

(9) 

where 𝜃 is the angle between the optic axis and the direction of the light propagation, and 𝜓is the 262 

out-of-plane angle. The out-of-plane angle is the angle between the optic axis and the imaging 263 

plane. For a given effective refractive index, the effective retardance can be written as[69] 264 

 265 

𝛿𝑒𝑓𝑓(𝜓) =  
2𝜋∆𝑛𝑒𝑓𝑓𝑑

𝜆
=

2𝜋(𝑛𝑒 − 𝑛𝑜)𝑑

𝜆
𝑐𝑜𝑠2𝜓. 

 

(10) 

The premise of polarization microscopy for imaging biological tissue is to capitalize on the 266 

birefringence of collagen and the orientational dependence of the phase retardance to determine 267 

the orientation of collagen fibers. 268 

 269 

 270 

 271 



 272 
Figure 2. Collagen hierarchical structure and optic axes orientations. A) Triple helix structure of single collagen 273 

molecule, which form fibrils, which self-assemble into fibers and fiber bundles. The ordinary refractive index is 274 

perpendicular to the long fiber axis, and the extraordinary refractive index is parallel to the long axis of the fiber. B) 275 

The birefringence, Δn, is dependent on the difference between the extraordinary and ordinary axis and the angle 276 

between the propagation of the light and the optic axis of the collagen fibers. After passing through the material, the 277 

phase retardance between the light along the extraordinary and ordinary axes is proportional to the birefringence and 278 

the thickness of the material. 279 

Methods of Polarization Microscopy 280 

Polarization microscopy is a method that has been used in biological imaging for almost 100 281 

years.[70, 71] Polarization microscopy can visualize optically anisotropic materials, like collagen, 282 

that might otherwise not be observable via traditional brightfield imaging because the material is 283 

optically transparent or has a similar absorptive profile to the surrounding material. Developments 284 



in the past 100 years, and particularly within the past decade, have enabled qualitative and 285 

quantitative polarization methods to visualize the orientation of collagen fibers in tissue. In this 286 

section we describe the experimental methods for polarization microscopy methods and the 287 

benefits associated with each. First, we describe methods derived from brightfield imaging: cross-288 

polarized light microscopy (cPLM), quantitative polarized light microscopy (PLM), instant 289 

polarized light microscopy (IPOL), a variation IPOL called IPOLπ, and structured polarized light 290 

microscopy (SPLM). Then we describe polarization sensitive optical coherence tomography (PS-291 

OCT), which has applications for in vivo imaging of collagen architecture. Lastly, we provide a 292 

brief description of polarization-resolved second harmonic generation microscopy (pSHG). Some 293 

basic features and limitations of these methods are listed in Table 2. 294 

Table 2 Polarization microscopy techniques for collagen tissue assessment 295 

 Features Assessment methods Limitations 

cPLM simplest setup  specimen rotation limited quantitative information 

PLM accurate quantification 
arithmetic calculation of  

polarization images  

slow imaging speed;  

sensitive to noise 

IPOL 
real-time and 

single-image quantification 
interpolation via color in images 

indistinguishable color for 

 orthogonal fibers 

IPOLπ 
same as IPOL and can 

distinguish orthogonal fibers  
interpolation via color in images limited to thin tissue sections 

SPLM thick tissue imaging 
arithmetic calculation of  

fringe-pattern polarization images 
slow imaging speed 

PS-

OCT 
in vivo volumetric imaging 

arithmetic reconstruction of depth-

resolved polarization images 
speckle noise; slow imaging speed 

pSHG 
high resolution volumetric 

imaging 

arithmetic reconstruction of depth-

resolved polarization images 
slow imaging speed; expensive 

 296 

 297 

Cross-polarized light microscopy (cPLM) 298 

cPLM is the oldest and most basic form of polarized light microscopy.[7, 64] The experimental 299 

setup for cPLM (Figure 3a) utilizes a standard brightfield microscope and adds two optical 300 

components: a linear polarizer between the light source and the sample, and a second linear 301 

polarizer, or analyzer, somewhere after the sample and before the camera, typically after the 302 

objective. The two polarizers are oriented so that their transmission axes are perpendicular, called 303 

“cross-polarized.” In the absence of any other optical component or sample that will affect the 304 

polarization of light between the cross-polarized polarizers, any light that passes through the first 305 



polarizer will be polarized perpendicular to the transmission axis of the analyzer and will not be 306 

able to pass through to the camera. Therefore, no light will reach the camera in the absence of any 307 

birefringent material. If there is birefringent material present in the sample, and the optic axis of 308 

the sample is not parallel or perpendicular to the polarization of the incoming light, the polarization 309 

of the light will be rotated, and a portion of the light will then be able to pass through the analyzer 310 

and reach the camera. Since light only reaches the camera in the case of a birefringent sample, the 311 

background for cPLM is black in the absence of any birefringent material. In addition, to ensure 312 

that all birefringent material is captured in an image, the cPLM image is typically repeated twice, 313 

once at an initial position of the two polarizers and sample, and once with both the polarizers[72] 314 

or the sample rotated 45º from their initial position. This second image is measured with the 315 

polarizers rotated 45º so that any birefringent material that was parallel/perpendicular to the 316 

polarizers in the initial image and therefore not visible, will be captured in the second image, as 317 

shown in Figure 3c and d. 318 

 319 

 320 

 321 
Figure 3. Cross-polarization schematic and example. A) Optical scheme of cross-polarized light microscopy.  B-322 

D) Collagen visualized with cross-polarization. A coronal cross-section of sheep optic nerve head, show in 323 

brightfield illumination (B), and in two cross-polarized light setups (C and D). The cross-polarized light setups are 324 

rotated 45° with respect to each other. Under regular light of a brightfield microscope with no polarizers, it is 325 



difficult to distinguish collagen from other components of the tissue. Contrast is primarily from pigment absorption 326 

and scattering. Under crossed-polarized illumination the collagen tissues appear brighter than the other tissue 327 

components due to their retardance. The maximum brightness of the collagen fibers at the same location (red 328 

arrows) varies when the relative orientation of the fibers and polarizer-analyzer setup (P, blue line and A, green 329 

line). For clarity the two PLM images are shown in the same orientation and it is the P-A setup that was rotated. It is 330 

these variations in brightness that are leveraged to quantify collagen orientation. 331 

 The amount of light that can pass through the analyzer and reach the camera, or the 332 

brightness, is dependent on the in-plane orientation of the material and the phase retardance. For a 333 

given retardance, the in-plane orientation of maximum brightness is at 45º relative to the polarizers, 334 

which for collagen fibers is when the fiber axis is oriented 45º relative to the polarizers. 335 

Additionally, if the fibers are oriented so that the fiber axis is at all out of the sample plane, this 336 

will also decrease the brightness. Fibers oriented at a small out-of-plane angle will appear brighter 337 

than those with a larger out-of-plane angle because as the out-of-plane angle increases a smaller 338 

component of the light is projected along the long fiber axis (extraordinary axis). Therefore, the 339 

same fiber appears darker when cut transversely. 340 

 cPLM is a great tool for visualizing if and where there is birefringent material, such as 341 

collagen fibers, present in a sample. It has even been used to obtain quantitative information on 342 

collagen fiber crimp.[73] However, the method described here as cPLM is not great for quantifying 343 

the orientation of birefringent materials or quantifying the phase retardance. Next, we describe a 344 

very similar method for quantifying these two properties with PLM. 345 

 346 

Quantitative Polarized Light Microscopy (PLM) 347 

Quantitative polarized light microscopy (PLM) extends the methods of cPLM to quantify local 348 

retardance and orientation of birefringent materials.[8, 74, 75] PLM follows the same general 349 

process as cPLM: two polarizers are used, one before and one after the sample, to measure how 350 

much the polarization of light is rotated at each pixel. The major difference for PLM is that an 351 

optical filter and a circular polarizer replace the first linear polarizer from the cPLM scheme. The 352 

optical filter is necessary to narrow the bandwidth of light used in the experiment because the 353 

circular polarizer is sensitive to the wavelength of light. One PLM optical scheme utilizing this 354 

method is shown in Figure 4a. With a circular polarizer, light will be able to pass through the 355 

analyzer even in the absence of birefringent material, which leads to a gray background. 356 



Birefringent material alters the polarization of the light, leading to either an increase or decrease 357 

in the amount of light passing through the analyzer. The amount of light that passes through the 358 

analyzer depends on the orientation of the extraordinary axis of the material, the long fiber axis 359 

for collagen, relative to the orientation of the analyzer. Multiple images are measured with the 360 

analyzer at various orientations. After the images are registered, polarization algorithms are used 361 

to calculate the local phase retardance and fiber orientation at each pixel in the image.[76] 362 

 363 
Figure 4. Quantitative polarized light microscopy schematic and example. a) Optical scheme of quantitative 364 

polarized light microscopy. An optical filter is necessary since the circular polarizer is sensitive to the wavelength. 365 

b-d) Images of coronal sections of sheep optic nerve head images with quantitative polarized light microscopy. 366 

Shown are (b) retardance magnitude, (c) orientation, and (d) a combination where the colors indicate the orientation 367 

and the brightness is weighted by retardance (adapted from Ref.[76]). 368 

 369 

 One common algorithm utilizes four frames, with the analyzer set at 0º, 45º, 90º, and 135º 370 

to capture the intensities 𝐼0, 𝐼45, 𝐼90, and 𝐼135 respectively. The in-plane orientation can then be 371 

calculated as[77] 372 

 373 

𝜙 =  
1

2
𝑡𝑎𝑛−1

𝐼90 − 𝐼0

𝐼135 − 𝐼45
 

 

(11) 

and the phase retardance can be calculated as 374 



 375 

𝛿 = 𝑠𝑖𝑛−1 (
2√(𝐼90 − 𝐼0)2 + (𝐼135 − 𝐼45)2

𝐼0 + 𝐼45 + 𝐼90 + 𝐼135
). 

 

(12) 

In practice for visualization, the retardance is often represented by a separate quantity referred to 376 

as “energy.” The energy can be calculated as[8] 377 

 378 
𝑒𝑛𝑒𝑟𝑔𝑦2 = (𝐼90 − 𝐼0)2 + (𝐼135 − 𝐼45)2. 

 

(13) 

 In Figure 5, we demonstrate the accuracy of this four-frame method and algorithm. Chicken 379 

tendon was sectioned and imaged with PLM. The collagen fiber microstructure is very anisotropic 380 

in tendon, with almost all the fibers completely aligned, and therefore the calculated orientation 381 

should be the same for the whole sample. The tendon was then rotated in steps of 10º through 180º 382 

and the PLM image collected at each orientation of the tendon. The actual orientation versus the 383 

orientation calculated from the PLM images is shown in Figure 5. The relationship between the 384 

two is linear with only a small amount of error.  385 

 386 
 387 
Figure 5. The PLM images of chicken tendon at various set angles (actual orientation), are then used to calculate the 388 

orientation of collagen fibers (PLM orientation). The actual orientation and PLM orientation match extremely well, 389 

demonstrating the accuracy of PLM for determining fiber orientation. 390 

 391 

 Not only is PLM accurate in its orientation determination, but it is also repeatable, and has 392 

micrometer-scale resolution over a broad field of view. Some of PLMs applications have been to 393 



characterize the collagen microarchitecture in the basal cochlear turn[4] and optic nerve head 394 

(Figure 4b-d),[76] microstructural remodeling of articular cartilage,[6, 78] bone mechanical 395 

function,[79] collagen deposition in burn healing,[80] wall structural integrity of brain arteries,[81] 396 

and paths of white matter tracts in the brain.[5] 397 

 As mentioned for cPLM, the brightness decreases for greater out-of-plane angles. For 398 

PLM, this corresponds to a smaller measured retardance when the extraordinary (long fiber axis) 399 

is directed out of the plane. However, the out-of-plane orientation can be estimated if it is assumed 400 

that there is little variation in the retardance across the birefringent material (Figure 6). This 401 

estimation can be done using Equation (10) from the above theory section.[69] The reference 402 

retardance is determined by the maximum retardance (brightness) in the image. The assumption 403 

of near constant retardance is an assumption that the birefringence and thickness have little 404 

variation across the sample. Another assumption made in this estimation is that the fiber dispersion 405 

is low, as the variation in effective retardance also increases with fiber dispersion. Therefore, out-406 

of-plane orientation estimations are best made for thin tissue sections imaged with microscale 407 

resolution but must be cautiously considered in areas of high fiber dispersion. The out-of-plane 408 

orientation can also be determined by changing the angle of incidence of the light with the 409 

sample.[82] 410 

 The optical scheme in Figure 4a shows just one way of measuring PLM images. This 411 

scheme requires physical and typically manual rotation of the analyzer to collect the necessary 412 

polarization states for quantitative assessment of the retardance and orientation. Over the years, 413 

additional PLM schemes have been developed that fully automate the acquisition of the various 414 

polarization states necessary for PLM. Some schemes simply use computer control to switch/rotate 415 

the analyzer directly.[74] Other schemes add in a compensator to generate the desired polarization 416 

state without need of changing the analyzer. Traditional compensators have a variable optic path 417 

length that is controlled by rotation or electro-optic modulation via Pockels cells[83] and Faraday 418 

rotators.[84] A universal compensator can also be used, which is made of two liquid crystal 419 

variable retarders and a linear polarizer.[85-87] Any arbitrary polarization state can be set with a 420 

universal compensator by changing the voltage applied to each liquid crystal retarder. This scheme 421 

is demonstrated in Figure 7a. Another method for automated PLM imaging removes the need for 422 

a separate analyzer altogether; either the imaging beam is split[88, 89] or the camera itself is 423 

polarization sensitive,[90, 91] shown in Figure 7b. Via nanofabrication techniques, a polarization-424 



sensitive coating can be applied to the photosensitive elements (e.g., CMOS image sensor). One 425 

example would be to monolithically integrate aluminum nanowires on the photosensitive element 426 

at four orientations (0º, 45º, 90º, and 135º) arranged in a 2-by-2 grid. Each orientation of aluminum 427 

nanowires acts as a polarization filter. Identically to how the retardance and orientation can be 428 

determined for the intensity of the images for the analyzer at the four different angles, the signal 429 

from each of the four pixels in the 2-by-2 grid can be used to determine the retardance and 430 

orientation from the same equations. The polarization-sensitive detector eliminates the need for 431 

multiple images to calculate the orientation and retardance, which allows for real-time image 432 

acquisition.[92] In addition, cameras with nanowire filters are now commercially available (e.g., 433 

DZK 33UX250, The Imaging Source, NC, USA), whereas customization is required for other 434 

forms of implementing PLM. 435 

 436 
Figure 6. Quantitative polarized light microscopy for three-dimensional mapping of collagen fiber architecture in 437 

the posterior pole of a sheep eye. (A) Bight-field image with red and orange arrowheads pointing to long in-plane 438 

fiber bundles and out-of-plane fiber bundle fascicles, respectively. (B) In-plane fiber orientation map weighted by 439 

energy showing both in-plane fiber morphology and orientation. (C) Out-of-plane fiber orientation map highlighting 440 

fiber bundle fascicles. (D) Out-of-plane fiber orientation of small ROI shown in (C). (E) 3D visualization of 441 

collagen fibers. (reprinted from Ref. [69]) 442 



 443 
Figure 7. Two alternative schemes of quantitative PLM. (A) Optical scheme of LC-PolScope: two variable liquid 444 

crystal retarders are used to replace the rotating polarizer in traditional quantitative PLM. (B) An rotating analyzer is 445 

not necessary when a CMOS image sensor constructed with polarization sensitivity is used, where aluminum 446 

nanowires placed directly on top of photodiodes act as linear polarization filters with four polarization orientations 447 

at 0°, 45°, 90°, and 135°. 448 

 449 

Instant Polarized Light Microscopy (IPOL) 450 

A recent advancement in polarized light microscopy called IPOL utilizes white light, the 451 

wavelength dependence of the real part of the refractive index of quartz, and a color camera to 452 

determine the orientation and phase retardance with a single frame. IPOL is based on techniques 453 

first introduced in 2015 by Shribak,[93] and its experimental and quantitative methods were further 454 

detailed by Yang et. al. in 2021.[41] Via post-processing it is possible to quantitatively determine 455 

the orientation of collagen fibers and their retardance from IPOL images, and it is also possible to 456 

visualize in a single snapshot the fiber dispersion qualitatively without any post-processing. 457 



 458 
Figure 8. Optical scheme of instant polarized light microscopy (a) and IPOLπ (b). A condenser is necessary to 459 

collimate the light into a parallel beam since polarization rotators are sensitive to the optical path.  460 

 461 

 The optical scheme for IPOL requires three additional components compared to the 462 

simplest PLM experiments (Figure 8a). The optical scheme is composed of a condenser after the 463 

white light source, a polarization encoder before the sample and a polarization decoder after the 464 

sample. The light is then detected with a color camera. The polarization encoder and decoder are 465 

made of a linear polarizer and polarization rotator (z-cut quartz). The polarizers in the encoder and 466 

decoder are cross-polarized and the polarization rotators are opposite-handed. The polarization 467 

encoder first linearly polarizes the light independent of the wavelength, then the z-cut quartz in the 468 

encoder rotates the polarization of light, but the angle of rotation is dependent on the wavelength 469 

of light, 𝜃(𝜆), diverging within 90º. Since the z-cut quartz in the decoder is opposite handed to the 470 

quartz in the encoder, the light is rotated the same amount in the opposite direction. Which, by 471 

Mueller calculus, the effective polarizing element of the z-cut quartz pair and the sample, S, can 472 

be expressed as 473 

 474 

𝑀𝑅𝑂𝑇(−𝜃(𝜆)) ∙ 𝑆 ∙ 𝑀𝑅𝑂𝑇(𝜃(𝜆)) =  𝑆𝑅𝑂𝑇(𝜃(𝜆)) (14) 



 

where the sample can be viewed as a waveplate. Thus, if there is no birefringent sample to rotate 475 

the polarization at the sample, the light will return to the same linear polarization as the encoding 476 

linear polarizer and will not be able to pass through the cross-polarized decoder polarizer. This 477 

results in a dark background for IPOL images, making IPOL suitable for epi-illumination. In IPOL, 478 

each wavelength of the light source has its own polarization after the encoder, like measuring a 479 

cPLM image at many different orientations of cross-polarized linear polarizers. Therefore, the 480 

color of the light that can pass through the decoder indicates the orientation of the collagen fiber 481 

at a given pixel. The IPOL image is equivalent to a superimposition of many PLM images, where 482 

the superimposition is a spectrum, that can be measured with a color camera or a spectrometer. 483 

When detecting with a color camera so that only the RGB values are measured, the hue of the color 484 

image varies with the fiber orientation within 90º (Figure 9a), and the brightness is approximately 485 

linearly proportional to the retardance.  486 

Aside from the fiber orientation, there are three factors that affect the color observed in 487 

IPOL: the white light source, the microscope system, and the absorption profile of the tissue. First, 488 

the spectrum of the white light can vary greatly depending on the fluorescent lamp or LED being 489 

used. The bandwidth of the light source must be broad enough that after passing through the z-cut 490 

quartz, all angles 0-90º are accessed. Second, the microscope system can induce spectral aberration 491 

or attenuation due to the optics and the coatings used on the optics. There may be aspects of the 492 

system or tissue that decrease light transmission, such as pigment in the tissue absorbing light. 493 

Naturally if all the light is absorbed, an angle cannot be calculated at that pixel and will appear 494 

black in the IPOL image. To obtain rigorous quantitative information from IPOL images that are 495 

consistent across various imaging systems, an experimental calibration is needed for each IPOL 496 

imaging system (Figure 9b).[25, 41] The sample used for calibration should be highly uniform in 497 

its fiber orientation, such as tendon. The calibration process can control for the spectrum of the 498 

white light and any spectral aberration/attenuation from the imaging system, but not for any 499 

absorption from the tissue. The use of a microscope specific calibration means that IPOL imaging 500 

is not limited in any additional ways by the microscope system compared to traditional brightfield 501 

microscopy: IPOL can achieve the same spatial resolution and image quality. The ability to resolve 502 

different angles in IPOL is set by the light source and thickness of z-cut quartz.  503 

 504 



 505 
Figure 9. Example calibration of IPOL. (A) Raw IPOL images of chicken tendon sections at different orientations, 506 

where hue is correlated with the fiber orientation. (B) Circular interpolation of fiber orientation as a function of hue. 507 

There is a monotonic relationship between the hue and fiber orientation within 90 degrees. (adapted from Ref. [41]). 508 

(C) Raw IPOL image of a sheep optic nerve head coronal section. Close-up of optic nerve head revealed highly 509 

detailed collagen fiber features: crossing fiber bundles (red arrow) and collagen fiber undulations or crimp (white 510 

arrow). The color wheel indicates the correspondence between pixel color and fiber orientation. 511 

 512 

 Like PLM, IPOL encodes the local fiber orientation and retardance in each image pixel, 513 

but unlike PLM, these features can be obtained in a single snapshot and viewed qualitatively 514 

without any post-processing. Therefore, IPOL can preserve full spatial and temporal resolution of 515 

the imaging system. Also like PLM, IPOL is a great tool for visualizing collagen microarchitecture, 516 

like collagen crimp and interweaving, but the imaging speed of IPOL is limited only by the speed 517 

of the camera, which makes it ideal for imaging complex tissue deformation under load, like 518 



viscoelasticity.[25] Another aspect of IPOL that distinguishes it from PLM is that the hue detected 519 

is cyclic every 90º. Since the whole spectrum is cycled through in just 90º, this provides fine 520 

resolution for fiber orientation to observe features like fiber crimp. A major advantage of all 521 

polarization methods, demonstrated in Figure 10 with IPOL, is the ability to quantify various crimp 522 

parameters without having to physically trace fibers or visualize fiber boundaries.[25, 49, 50, 94]  523 

 524 
Figure 10. Traditional methods of calculating collagen fiber orientation and properties of crimp require the ability to 525 

trace fibers by visualizing the edges of fibers. This is possible in situations of isolated fibers (i), and high resolution 526 

images with a low enough density of fibers to still distinguish fiber edges [95]. In polarization methods, the 527 

orientation of the fibers corresponds to a particular color (color bar, -45º to 45º). In the situation of either low 528 

resolution and/or a high density of fibers (iii), fiber edges cannot be distinguished, but the color corresponding to 529 

fiber orientation is still known. Using the orientation (theta) at each pixel and the pixel size (end-to-end length), the 530 

path length, amplitude, and tortuosity of the collagen crimp can be calculated for each pixel and ROI. Previously, a 531 



single silk thread (B), was imaged with PLM. The fiber orientation was calculated based on manual tracking and Eq. 532 

11 (C), demonstrating the ability of polarized light methods to recreate the traditional fiber tracing methods.[8] An 533 

example from IPOL (D,E), shows the color bands of crimp along a sheep lamina cribrosa beam. The fiber 534 

orientation along the ROI is plotted as the beam is stretched, even though individual fibers cannot be traced.[25] 535 

 536 

An unfortunate side effect of the hue cycling every 90 º is that perpendicular fibers are 537 

indistinguishable by hue alone. One way to circumvent this ambiguity is to use texture-based 538 

Fourier analysis; another way is a further advancement in polarization microscopy called 539 

IPOLπ.[96] 540 

IPOLπ further simplifies the optical scheme of IPOL by replacing the polarization encoder 541 

with a circular polarizer (Figure 8b). Like when a circular polarizer is used for PLM imaging, the 542 

sample is simultaneously interrogated by a linear combination of all linear polarizations at once, 543 

however difference from PLM, in IPOLπ all the relative orientations of the analyzer are read-out 544 

simultaneously with the white light illumination source and the polarization decoder. The z-cut 545 

quartz in the decoder separates the colors into different elliptical polarizations, and then the linear 546 

polarizer permits a portion of the elliptically polarized light to pass through. In the absence of any 547 

birefringent material, all the colors can pass through the decoder polarizer equally, yielding a gray 548 

background (Figure 11a). If there is birefringent material present, certain colors of light will be 549 

able to pass through the polarizer more or less than the background, leading to a color image. The 550 

colors that can pass through are dependent on the orientation of the birefringent material. Like 551 

PLM and IPOL, the effect of the various polarization optics can be predicted via Mueller calculus. 552 

Two advantages of IPOLπ over are IPOL are one, because a circular polarizer is used instead of a 553 

linear polarizer before the sample, IPOLπ can displays the collagen fiber orientation in color that 554 

is cyclic every 180º, making it possible to distinguish perpendicular fibers, and two, the gray 555 

background allows simultaneous visualization of non-birefringent material. One added difficulty 556 

of IPOLπ versus IPOL is that in IPOLπ, there is not a direct proportionality between the hue and 557 

the phase retardance, instead a more sophisticated RGB colormap is necessary to determine the 558 

retardance from the hue.[96] 559 



 560 
Figure 11. Comparison of IPOL and IPOLπ of the same sample. (a) shows a raw IPOLπ image of sheep optic 561 

nerve head (i.e. as acquired). The collagen fibers of the sclera and lamina cribrosa are seen in color. Between the 562 

lamina cribrosa beams, the neural tissue can be seen and pigment can be visualized among the scleral collagen fibers 563 

due to the gray background in IPOLπ, in contrast to the IPOL image in (d). The IPOL image has a black 564 

background, and therefore only the collagen can be seen. The raw IPOLπ image can be used to quantitatively 565 

determine the orientation (b) and energy (c). (e) shows the orientation weighted by the brightness determined from 566 

IPOLπ. Comparing the IPOL image and the processed IPOLπ image in (e), the red arrows correspond to 567 

perpendicular collagen fibers. In the IPOL image, the fibers are the same color, but IPOLπ color can distinguish the 568 

two orientations. Image adapted from Ref. [96]. 569 

 570 

Structure polarized light microscopy (SPLM) 571 

All the previous methods described here have relied on the transmission of light through tissue, 572 

limiting the methods to thinly cut sections of tissue tens of micrometers thick, and preventing 573 

imaging in three dimensions. The reliance on transmitted light also prevents the previous methods 574 

from being used for imaging in vivo or in situ dynamics such as pressure-induced deformations. 575 

Although there have been many beautiful experiments done with PLM or IPOL and sectioned 576 

tissue, it is difficult to reconstruct the 3D architecture from sectioned tissue, and the sectioning 577 

itself is time-consuming and destructive to the tissue. SPLM, developed in 2018 by Yang et. al., 578 

combines structured light illumination and PLM and collects the reflected light for thick specimen 579 

imaging.[97]  580 



 The optical components for SPLM are very similar to PLM, except the light source is 581 

replaced with a structured light projector (Figure 12). As in PLM, a circular polarizer is placed 582 

after the light source and before the sample, and a rotating analyzer is placed between the sample 583 

and objective. One difficulty of using reflected light for imaging is the interference of diffuse light 584 

from out-of-focus planes with the in-focus imaging plane. This diffuse background makes it 585 

difficult to measure small changes in intensity. Structured light illumination eliminates the diffuse 586 

background through a combination of optical and computational methods.[98] For SPLM, a fringe 587 

pattern is projected onto the sample through a physical mask or with a spatial light modulator, such 588 

as a digital micro-mirror device (DMD). A set of images at the desired polarization states, such as 589 

the four used for PLM, is collected. A set of images at the four polarization states are also collected 590 

for two additional fringe patterns phase-shifted 120º and 240º. The intensity for each polarization 591 

state, such as 𝐼0, 𝐼45, 𝐼90, and 𝐼135, is computed from the intensities of the three fringe patterns: 𝐼1, 592 

𝐼2, and 𝐼3. The structured light illumination intensity for the polarization state, 𝐼𝑆𝐿𝐼 is then[99] 593 

 594 

𝐼𝑆𝐿𝐼 =
√2

3
√(𝐼1 − 𝐼2)2 + (𝐼2 − 𝐼3)2 + (𝐼3 − 𝐼1)2. 

 

 

(15) 

Once the intensity for each polarization state has been computed from the three fringe patterns, the 595 

orientation and retardance can be computed from the same equations used for PLM. The imaging 596 

depth of SPLM is determined by the frequency of the fringe pattern, and thus optical sectioning 597 

can be done by changing the frequency. 598 

 A demonstration of the benefits of SPLM versus PLM is shown in Figure 13. PLM images 599 

of thick tissues measured via reflected light show very little contrast between collagen fibers in 600 

the optic nerve head of sheep eye. SPLM eliminates the diffuse background to visualize more 601 

detail and creates fiber orientation maps that are more accurate. The development of SPLM enables 602 

polarization microscopy of thick tissue undergoing mechanical testing, which can help build a link 603 

between the microarchitecture and the macroscale mechanical properties of tissue. 604 



 605 
Figure 12. Schematic illustrating the steps involved in obtaining an optically-sectioned quantitative image using 606 

SPLM. 12 images are required to create an SPLM image: 4 polarization conditions (B) and 3 phase-shifted images at 607 

each polarization. Note that off-axis illumination helps avoid strong reflected light. 608 



 609 
Figure 13. PLM and SPLM comparison of an in-situ sheep optic nerve head. The SPLM image shows greater 610 

contrast between the collagen fibers and the surrounding tissue. (adapted from Ref. [97]) 611 

 612 

Polarization Sensitive-Optical Coherence Tomography (PS-OCT)  613 

PS-OCT is another imaging modality that measures tissue birefringence and optic axis orientation. 614 

PS-OCT measures the polarization dependence of the OCT signal (i.e., spectral interferogram) 615 

through coherent detection. OCT is based on low-coherence light interferometry,[100] which uses 616 

a low-coherence light source and an interferometer, as depicted in Fig. 14a. The light from the 617 

source is split into a reference arm and a sample arm with a beam splitter. The light in the sample 618 

arm reflects off some scatterer in the sample and is then recombined with the light in the reference 619 



arm and sent to a detector. The light from the sample arm will interfere with the light in the 620 

reference arm destructively or constructively depending on the optical pathlength difference 621 

(OPLD) between the two. In OCT, the light reflected off the sample at different depths is 622 

recombined and interfered with the reference light, which encodes their OPLD information into a 623 

spectral interferogram. By either changing the length of reference arm (Time-Domain OCT) or 624 

detecting the spectral interferogram with a spectrometer (Spectral-Domain OCT; SD-OCT) or 625 

measuring it with a swept laser source that sweeps its instantaneous wavelength over a wide 626 

bandwidth (Swept-Source OCT; SS-OCT), OCT can retrieve the OPLD information of the sample 627 

at different depths and reconstruct the depth-resolved reflectance profile of the sample (the A-scan 628 

or axial scan) from the spectral interferogram. These A-scans are compiled to create a B scan, 629 

which are compiled into a volume image. Further theoretical and experimental details of traditional 630 

OCT can be found in various reviews.[101-103] An advantage of OCT imaging is its wider 631 

adoption for in vivo imaging in ophthalmology, dermatology, cardiology, oncology, 632 

dentistry,[103, 104] as it does not rely on transmitted light like PLM and IPOL. In addition, OCT 633 

uses coherent detection and thus is more sensitive to singly-scattered than to multiply-scattered 634 

light than SPLM and yields the degree of polarization (DOP) equal to 1 (i.e., 𝐼2 = 𝑄2 + 𝑈2 + 𝑉2). 635 

Depending on the wavelength of the light source and the scattering/absorption spectra of the tissue, 636 

OCT image depths can reach 8-10 mm. It has also been implemented in endoscopes for imaging 637 

inside the body.[105, 106]  638 

 PS-OCT methods range from simple, a single polarized input state,[107-109] to complex, 639 

multiple inputs to obtain all 16 elements of the tissue Müller matrix.[17, 110] Here we will describe 640 

only the simplest form of PS-OCT methods to understand the principle, and more detailed 641 

description can be found in various reviews.[15, 66, 111] Single input PS-OCT (Fig. 14) starts 642 

with a linear polarizer after the light source so that the light entering the reference and sample arm 643 

have the same linearly-polarized light. Using Jones formalism, we can define a vertically polarized 644 

light from the source as a normalized Jones vector: 𝑬in = [
0
1

] 𝑒−𝑖𝑘𝑧 , where 𝑒−𝑖𝑘𝑧  is a reduced 645 

exponential propagator used later for describing the coherent detection. In the sample arm, after 646 

the beam splitter is a quarter wave plate (QWP) oriented at 45º, which outputs circularly polarized 647 

light; 𝑬circ =
𝟏

√𝟐
𝑱QWP(45°) [

0
1

] 𝑒−𝑖𝑘𝑧 , where 𝑱QWP(45°) =
𝟏

√2
[
1 𝑖
𝑖 1

]. The circularly polarized light is used 648 

here for the same reason it is used in PLM. With circularly polarized light, it will capture almost 649 

all linear birefringence except the one whose optic axis is aligned parallel to the imaging beam. 650 



For brevity, here we assume the birefringent tissue is a single linear retarder, whose Jones matrix 651 

is 𝑱S(𝜙, 𝛿) = 𝑹(𝜙)𝚲(𝛿)𝑹(−𝜙), where 𝚲(𝛿) = [𝑒𝑖𝛿/2 0
0 𝑒−𝑖𝛿/2

] is an orthogonal phase retardation matrix 652 

with retardance 𝛿 and 𝑹(𝜙) = [
cos 𝜙 − sin 𝜙
sin 𝜙 cos 𝜙

] is a rotation matrix with the orientation 𝜙. After the 653 

light transmits the birefringent tissue and reflects off, it passes through the same birefringent tissue, 654 

QWP, and beam splitter again in a backward manner. Thus, the light returned from the sample arm 655 

can be described as,   656 

                                       

[
𝐻sample

𝑉sample
] =

𝟏 

𝟒
𝑱QWP45°

𝑻𝑱S
𝑻

√𝑅sample 𝑱S 𝑱QWP45° [
0
1

] 𝑒−𝑖𝑘𝑧

=
√𝑅sample 

𝟒
𝑱QWP45°

𝑻𝑱S(𝜙, 2𝛿) 𝑱QWP45° [
0
1

] 𝑒−𝑖𝑘𝑧

=
√𝑅sample

𝟒
[ cos 𝛿 ∙ 𝑒−𝛿𝑖

sin 𝛿 ∙ 𝑒𝑖(𝜋−𝛿−2𝜙)
] 𝑒−𝑘𝑧

,                              (16) 657 

where 𝑱S(𝜙, 2𝛿) = [𝑱S(𝜙, 𝛿)]𝑻𝑱S(𝜙, 𝛿) is the round-trip Jones matrix of the sample and 𝑅sample is the 658 

sample reflectance of the birefringent tissue and divided by four since the light passes the beam 659 

splitter twice, 𝐻sample   is the horizontal polarization component, and  𝑉sample  is the vertical 660 

polarization component. If there were no birefringent tissue (𝛿 = 0), the light returning from the 661 

sample arm to the beamsplitter would once again be linearly polarized and rotated by 90º, but if 662 

there is birefringent tissue the light would be elliptically polarized, whose axis ratio is determined 663 

by the retardance 𝛿 and phase difference by the optic axis orientation 𝜙. Note that the sample 664 

reflectance is hypothetically polarization independent and measured at the given depth after the 665 

light has passed through the birefringent tissue.  666 

In the reference arm, the light passes through another QWP but at 22.5º so that after double 667 

passing through the QWP the reference arm light is linearly polarized at 45º, namely, [
𝐻reference

𝑉reference
] =668 

√𝑅mirror

𝟐√2
[

1
−1

] 𝑒−𝑘𝑧0, where 𝑧0 is determined by the round-trip travel distance in the reference arm and 669 

becomes a constant in the case of SD/SS-OCT. After the light from the reference and sample arms 670 

are recombined, a polarizing beam splitter splits the light into 0º (horizontal) and 90º (vertical) 671 

polarization components which are detected by each detector, 672 

                                            
𝐼𝐻(𝑘) = |𝐻sample + 𝐻reference|

2

𝐼𝑉(𝑘) = |𝑉sample + 𝑉reference|
2 ,   (17) 673 

Fourier transforming both Eqs. 17 yields their respective cross-correlation terms that represent the 674 

depth profile of PS-OCT signal,  675 



                          

𝐴𝐻(𝑧′) ∝ √𝑅mirror ∙ 𝑅sample(𝑧′) cos 𝛿(𝑧′) ∙ 𝑒−𝛿(𝑧′)𝑖 ∙ 𝑒−𝑖𝑘𝑧′ ⊗ Γ(z′)

𝐴𝑉(𝑧′) ∝ √𝑅mirror ∙ 𝑅sample(𝑧′) s𝑖𝑛 𝛿(𝑧′) ∙ 𝑒−(𝜋−𝛿(𝑧′)−2𝜙(𝑧′))𝑖 ∙ 𝑒−𝑖𝑘𝑧′ ⊗ Γ(z′)

, (18) 676 

where 𝑧′ = (𝑧 − 𝑧0)/2 is the half of OPLD between the reference and sample arm (which accounts 677 

for the round-trip travel distance), Γ(𝑧′) is the modulus of complex degree of coherence determined 678 

by the light source, which yields the depth resolution of OCT, and ⊗ is a convolution operator.  679 

 680 
Figure 14. PS-OCT single input state diagram (a). LP: linear polarizer, BS: beam splitter, QWP: quarter wave plate, 681 

PBS: polarization beam splitter, D: detector. Pig optic nerve head imaged in vivo with triple-input PS-OCT (b) and 682 

ex vivo with PLM (c). Scale bar 1 mm. (b,c) adapted from ref. [17]. 683 

 684 

Using Eq. 18, the sample reflectance at a certain depth 𝑧′ is obtained from the intensity (the 685 

amplitude squared) of the two polarization components combined: 686 

                                                       𝑅sample(𝑧′)  ∝  𝐴𝐻(𝑧′)2 + 𝐴𝑉(𝑧′)2 .               (19) 687 

The retardance at the depth 𝑧′  can be obtained from the ratio of the vertical and horizontal 688 

amplitudes: 689 

                                                𝛿(𝑧′) = tan−1(
𝐴𝑉(𝑧′)

𝐴𝐻(𝑧′)
).         (20) 690 

Lastly, the optic axis orientation at the depth 𝑧′ can be determined from the phase difference 691 

between the vertical and horizontal components, ΔΦ = ∠[𝐴𝐻(𝑧′) ∙ 𝐴𝑉
∗(𝑧′)]: 692 

                                                 𝜙(𝑧′) =  
𝜋−ΔΦ(𝑧′)

2
 .         (21) 693 

 694 

The values in Eqs. 19-21 are all derived from Jones formalism, but the same conclusion 695 

can be obtained from Stokes-Mueller matrix formalism using the fact that DOP = 1 for coherent 696 

detection. Hence, PS-OCT, unlike PLM, provides depth-dependent information. As Eqs. 7 and 13 697 

show, the retardance depends on the amount of birefringent material the light passes through, so 698 

the measured PS-OCT retardance and optic axis are cumulative with the depth, regardless of 699 

methods. It is noteworthy that, however, these “cumulative” retardance and optic axis properties 700 



can change nonlinearly (increase, decrease, or no change) depending on the combination of 701 

birefringent materials the light passes through. Therefore, we do not expect the measured 702 

retardance linearly increases with the depth in thick tissue unless the sample is well-defined and is 703 

a well-aligned uniaxial birefringent thin-section tissue, which will be discussed later.   704 

 The greatest strengths of PS-OCT are its ability to image in vivo and collect 3D 705 

information. The in vivo aspect of PS-OCT makes it a potential tool for diagnosing various 706 

diseases.[18, 112-117] With the advantage of in vivo imaging also comes the challenges and 707 

constraints of working in vivo. One of the greatest challenges is obtaining high-resolution images, 708 

as high-resolution imaging requires objectives with large numerical aperture (NA) and short 709 

working distances. For example, one of the most common clinical uses of OCT is to image the 710 

back of the eye,[118] which limits the OCT device to a working distance of the diameter of the 711 

human eye (2.2-2.5 cm) and the pupil size available for imaging reduces with age, cataract, and 712 

other eye conditions. These constraints often limit the lateral resolution to 10s of µm, which can 713 

obscure much of the microarchitectural detail that can be obtained with PLM or IPOL. 714 

Implementation of adaptive optics (AO) can increase the lateral resolution of PS-OCT to 2.5 µm 715 

when imaging the retina and optic nerve head through a fully dilated pupil. [119]  716 

 However, the ability to extract 3D information of the microarchitecture is non-trivial due 717 

to the polarization state of the light interacting with the sample being depth dependent, which is 718 

because the tissue the light passes through is birefringent and its optic axis varies with the depth. 719 

Therefore, to compare the optic axis information at different depths quantitatively, the evaluation 720 

of the optic axis in each optical section must be done for each polarization element. Also, even if 721 

the birefringent tissue preserves the same optic axis orientation across the depth, other factors, 722 

such as the impact of linear diattenuation and multiply-scattered light, increase as the depth 723 

increases, causing measurement errors. Recently, heuristic iterative approaches have been 724 

proposed for resolving a single polarization element in the thick tissue and/or mitigating some 725 

systematic errors.[19, 120, 121] Further development along with histological validation is needed 726 

for accurately resolving a single polarization element in vivo.  727 

Indeed, such a “development and validation” attempt has already begun at the laboratory 728 

level (Drs. Sigal and Kurokawa labs). Figure 15 shows an initial result that PS-OCT can measure 729 

the same crimp patterns as measured by IPOL using a single tissue section from a sheep eye. We 730 

made a one-to-one comparison of the crimp waviness in sclera measured by IPOL and AO PS-731 



OCT (but with a long focal length f=75 mm (NA=0.05), emulating low resolution research/clinical 732 

instruments). Farther away from the canal (region of interest 1; ROI 1), IPOL and PS-OCT are 733 

already in good agreement. However, in the sclera closest to the canal (ROI 2), PSOCT does not 734 

capture the collagen crimp that is measured with IPOL. We have previously shown that, using 735 

PLM, the period of the crimp is shorter closer to the canal, as is true when comparing ROI 1 and 736 

ROI 2.[50] Thus, in its current state, PS-OCT is not capable of resolving crimp with periods of the 737 

length found in the peripapillary sclera closest to the canal and in the lamina cribrosa. This initial 738 

result underscores that further development and validation, especially under well-controlled 739 

perturbations, such as biaxial stretches and relaxations, will inform requirements for PS-OCT to 740 

determine the difference in disease, such as glaucoma. The current state of PS-OCT methods is 741 

powerful, as this comparison shows that PS-OCT is capable of accurate crimp measurements of 742 

moderate period length when compared to a gold standard IPOL measurement. Lastly, this 743 

comparison shows PS-OCT combined with AO has great potential to image fine microarchitectural 744 

detail, such as crimp, in vivo. 745 

  746 

 747 
Figure 15. Comparison of IPOL and PS-OCT of the same sample. A) Fixed sheep optic nerve head section 30 748 

μm thick, imaged in entirety with IPOL, and a sclera region of interest near the canal imaged with AO PS-OCT 749 

overlayed. The region in the red box is shown imaged with both IPOL (B) and PS-OCT (C). Undulations in the 750 

collagen are visible in both methods. The angles along two ROIs (white lines 1 and 2) are plotted for both methods. 751 



The tortuosity and waviness are calculated for both methods. The two methods match well for ROI 1 farther from 752 

the canal (D), but PS-OCT does not measure any crimp for ROI 2 next to the canal (E). The scale bars denote 500 753 

μm in A; 50 μm in B and C. 754 

 755 

With that said, the most challenging aspect of PS-OCT is its complexity in hardware and software 756 

implementation. Special care must be taken for system design, calibration, and data analysis. For 757 

example, the above-mentioned single-input PS-OCT has assumed perfect polarization optics with 758 

no wavelength dependency for theoretical formulation; in practice, it is impossible to make a 759 

perfect circularly or linearly polarized light across wavelengths using off-the-shelf components, 760 

which ultimately causes systematic measurement errors.[21, 122 ] Therefore, it is crucial to design 761 

and calibrate bulk optics, including their optical coating, such that both wavelength and 762 

polarization dependencies can be minimized. The same factors are relevant for fiber optics, even 763 

worse with mechanical and thermal disturbances, as these will impact the polarization state.[16, 764 

105, 123]. Several PS-OCT system designs (e.g., duel-, triple-, and multiple inputs or single-input 765 

quad-detection Jones matrix PS-OCT) and advanced signal processing methods have been 766 

proposed, though these mitigation methods come at the expense of imaging depth, resolution, 767 

sensitivity or speed. These extreme requirements make it harder to build a new PS-OCT system 768 

than a standard OCT system. Nonetheless, we anticipate more applications of PS-OCT in the 769 

coming decades, especially in vivo applications in the field of biomechanics. 770 

 771 

Polarization-resolved Second Harmonic Generation microscopy (pSHG) 772 

3D information about the collagen structure at micrometer scale can be obtained using 773 

polarization-resolved Second Harmonic Generation (pSHG) microscopy. SHG is a coherent 774 

nonlinear optical process that appears at half the excitation wavelength. This signal can be detected 775 

in parallel with two-photon excited fluorescence (2PEF) in a multiphoton microscope using 776 

appropriate spectral filters. 3D images are then obtained by recording stacks of 2D images thanks 777 

to laser scanning in the imaging plane and axial displacement of the objective. It allows 3D 778 

imaging of collagen in thick tissues with unprecedented sensitivity and specificity and without any 779 

labeling.[124, 125] pSHG consists of recording sequential SHG images with a series of linearly-780 

polarized excitations at different orientations (Fig. 16(A)). The SHG signal in each pixel then 781 



depends on 𝛼 − 𝜙 , that is the orientation 𝛼  of the excitation polarization with respect to the 782 

orientation 𝜙 of the collagen fibrils within the focal volume (Fig. 16(B)): 783 

                       𝐼𝑆𝐻𝐺(𝛼) = 𝐶 𝐼𝑒𝑥𝑐² [(𝜌 𝑐𝑜𝑠2(𝛼 − 𝜙) + 𝑠𝑖𝑛2(𝛼 − 𝜙))
2

+ (𝑠𝑖𝑛2(𝛼 − 𝜙))
2

]        (22) 784 

Where 𝐼𝑒𝑥𝑐 is the intensity of the excitation laser and C is a combination of geometrical and other 785 

parameters. Fitting or FFT analysis of equation (22) then provides the orientation 𝜙 of the collagen 786 

fibrils within the imaging plane, which corresponds to the main axis of the pSHG polar plot (blue 787 

double arrow in in Fig. 16(B)), and the so-called anisotropy parameter 𝜌, which corresponds to the 788 

square root of the ratio of the SHG signal for incident polarization parallel to the collagen fibrils 789 

to that for perpendicular polarization (blue and yellow dots at the two minima in Fig. 16(B)). This 790 

can be automated numerically to provide 3D maps of collagen orientation and 𝜌 values (Fig. 791 

16(C)). 792 

pSHG thus combines the orientation sensitivity of polarimetric techniques with the optical 793 

sectioning capability and the specificity for fibrillar collagen of SHG microscopy. It has been used 794 

by several groups to map the collagen structure in label-free tissues.[10-12, 14, 126-133] It is easily 795 

combined with 2PEF microscopy using appropriate spectral filters because 2PEF signals are red-796 

shifted compared to SHG. This is a key advantage because endogenous 2PEF signals show the 797 

tissue morphology. 798 

SHG imaging can be done in the forward or backward directions, i.e. using epi- or trans-799 

detection (Fig. 16(A)). Epi-detection is convenient for thick and opaque samples and exhibits a 800 

smaller coherent length (approximately 100 nm), which allows better resolution of intricate 801 

collagen structures.[133] Trans-detection allows analysis of the SHG signal along 2 orthogonal 802 

polarizations and thus provides more information on the collagen hierarchical structure than the 803 

basic implementation of pSHG with no analysis.[128, 129] More advanced pSHG implementation 804 

providing a generalized Mueller matrix has also been demonstrated in thin tissue sections.[134] 805 

 806 



 807 
Figure 16: pSHG imaging of a whole human cornea. (A) Simplified schematic of a pSHG microscope showing the 808 

rotating waveplates used for polarization control at the back pupil of the objective lens. (B) pSHG polar plot 809 

measured in each voxel of the 3D image showing the SHG signal as a function of the orientation of the excitation 810 

polarization α; the main axis (blue double arrow corresponds to the collagen orientation 𝜙 and the square root of the 811 

ratio of the 2 minima (blue and yellow dots) provides a measure of the anisotropy parameter 𝜌. (C) En face images 812 

of a human cornea showing (C1) the average of all SHG images obtained for the series of excitation polarization 813 

orientations and (C2) the collagen orientation obtained using equation (19). (D) pSHG map of collagen orientation 814 

along the full thickness of a human cornea (250  250  600 µm3) showing the superposition of collagen lamellae 815 

with different orientations. Orientations are coded according to the color wheels in the insets. Adapted from [133] 816 

(CC 4.0 license). 817 

 818 

pSHG advantageously provides a high-resolution image with typically 0.3 µm lateral 819 

resolution and 1.2 µm axial resolution (Full Width at Half Maximum) over a Field of View of 820 

typically 500  500 µm². As a result of this strong focusing regime with high NA objective, the 821 

polarization is distorted at the focus and comprises axial components. This effect affects the 822 

measurement of the anisotropy parameter 𝜌, but not the collagen orientation.[135] The collagen 823 

orientation measured by pSHG is the one in the focal volume and is not affected by the cumulative 824 

birefringence in depth, in contrast to PS-OCT. In practice, the tissue birefringence distorts the 825 

pSHG polar plot in depth without rotating its main axis, so that it affects the measurement of the 826 



anisotropy parameter 𝜌 , but not the collagen orientation.[14] pSHG 3D mapping of collagen 827 

orientation is thus very robust and efficient (Fig. 16(D)). 828 

pSHG also allows the measurement of the anisotropy parameter 𝜌 , which probes the 829 

distribution of fibrils within the focal volume. It is equal to 1.36 for an assembly of fibrils perfectly 830 

aligned together in the imaging plane, which is related to the helical pitch of the collagen triple 831 

helix, and it increases with the orientational disorder or the out of imaging plane orientation. [127, 832 

129, 136-138] This parameter can also be used to discriminate collagen from other protein 833 

assemblies that exhibit SHG signals, myosin and tubulin. 𝜌 is approximately 1.3-2 for collagen 834 

(depending on the assembly), close to 0.5 for myosin and larger than 2 for tubulin.[139, 140] 835 

pSHG has several limitations. First, as a laser scanning imaging technique, it is slow 836 

compared to PLM. This limitation can be partially addressed in several ways, in particular by 837 

implementing fast polarization switching using an Electro-Optical Modulator and by 838 

synchronizing the polarization switching with the line scan to achieve line acquisition times of a 839 

few tens of ms.[141-143] Second, it is an expensive technique compared to linear polarimetric 840 

techniques because it requires a femtosecond laser as the excitation source in the multiphoton 841 

microscope. However, collagen SHG is a non-resonant process that can be excited in a wide 842 

spectral range, so the advent of low-cost fixed-wavelength femtosecond lasers should reduce the 843 

cost of pSHG microscopy in the next decade.  844 

Third, pSHG is based on linearly-polarized excitation and probes the collagen orientation 845 

only in the imaging plane. But orientation 𝜓 out of the imaging plane can be accessed by reslicing 846 

3D stacks in a transverse plane when the collagen density is low enough to isolate fibrils or fibers. 847 

In dense tissues or in 2D sections, out-of-plane collagen fibrils can be distinguished by their 848 

smaller SHG signal as 𝐶 ∝  𝑐𝑜𝑠2𝜓 in equation (19) or by a larger anisotropy parameter 𝜌. These 849 

criteria are, however, ambiguous since SHG is a coherent process, which intensity is strongly 850 

dependent on the precise distribution of fibrils within the focal volume. A better method is to 851 

measure the normalized difference of SHG signals excited by left- and right-handed circular 852 

polarizations. This so-called Circular Dichroism-SHG (CD-SHG) vanishes for in-plane collagen 853 

fibrils and is non-zero only for out-of-plane fibrils.[144-147] However, the sign and amplitude of 854 

the CD-SHG signal is not simply related to the sign of  𝜓, but depends in a complex way on the 855 

polarity distribution of the out-of-plane fibrils.[147, 148] 856 



pSHG has been combined to mechanical assays by installing a traction or an inflation 857 

device under the objective.[137, 143, 149] It allows multiscale characterization of the tissue 858 

mechanical properties by simultaneously recording macroscopic mechanical data (pressure for 859 

cornea, stress for tendon and skin) and micrometer-scale deformation of the collagen structure. In 860 

the cornea for example, inflation assays mimic the increase of intra-ocular pressure during 861 

glaucoma (Figure 17). They show a reorientation of the collagen lamellae with increasing pressure, 862 

which is correlated with the surface deformation along the same directions.[149] 863 

 864 
Figure 17: Schematic of inflation assays in ex vivo human corneas combined with pSHG imaging of the collagen 865 

lamellae in the stroma. (top) Rotating waveplates that control polarization at the back pupil of the objective lens; 866 

(middle) Cornea mounted on a chamber that enables controlled deformation (injected fluid volume) and pressure 867 

measurement. The colored arrows indicate detection of pSHG images in the backward direction (purple) and SHG 868 

image in the forward direction (green); 2PEF images of fluorescent microbeads on the cornea surface are also 869 

recorded in the backward direction. (bottom left) A typical map of surface strain obtained by tracking fluorescent 870 

microbeads at different deformation steps using digital volume correlation. (bottom right) A typical forward-871 

detected SHG image of the corneal stroma. Adapted from [149]. 872 

 873 

Summary and comparison of polarization method major strengths 874 

PLM, IPOL(π), SPLM, PS-OCT, and pSHG are all methods capable of measuring collagen optic 875 

axis orientation and sample retardance. However, these methods each have different strengths. 876 



PLM is a transmitted light method, and therefore is best suited for thinner samples, such as 877 

tissue sections, cells, or other transparent tissue. The key advantage of PLM is its simplicity and 878 

low cost. PLM can be implemented in any bright field microscope with the addition of one circular 879 

polarizer and one rotating linear polarizer.[8, 74] Determining the fiber orientation from equation 880 

11 is an easy calculation and does not require microscope-specific calibrations.[77] Because PLM 881 

relies on transmitted light, it cannot be used for in vivo measurements in mammals and cannot 882 

provide volumetric information. However, the out-of-plane fiber orientation can be recovered from 883 

PLM images with the assumption of little variation in retardance across the sample or using light 884 

inclination.[69, 82] Another strength of PLM is that it is a widefield method that can be used in 885 

low or high magnifications (typically maxing out around 400 nm lateral resolution). In PLM’s 886 

simplest form, where all four polarization states are collected sequentially, the imaging speed is 887 

limited by how quickly the polarization states can be changed (often by a mechanically rotating 888 

element) and is often not suited for dynamic measurements. In versions of PLM where all four 889 

polarization states can be collected simultaneously or in quick succession, like with polarization 890 

sensitive detectors, EOMs, or motorized polarizers, dynamic measurements such as stretching of 891 

tissue sections are possible.[92] 892 

IPOL and IPOLπ are also transmitted light methods that are best suited for transparent 893 

tissue. IPOL and IPOLπ share many of the strengths of PLM, such as the simplicity and spatial 894 

resolution. The key advantage of IPOL over PLM is that the fiber orientation can be calculated 895 

from a single camera frame, without the need for advanced electronics or detectors.[25, 41, 96] An 896 

IPOL image can be collected in less than 10 ms, and an IPOLπ image in less than 1 ms. These fast 897 

acquisition times make IPOL and IPOLπ the ideal techniques for imaging dynamic processes. 898 

Although faster than PLM, IPOL and IPOLπ require more expensive optics and later an involved 899 

conversion of image color to fiber orientation. Both IPOL and IPOLπ require windows of z-cut 900 

quartz in addition to the two polarizers as well as a color camera. For converting the color images 901 

to fiber orientation, a microscope-specific calibration is necessary.  902 

When choosing between IPOL and IPOLπ, IPOL has a black background and the angle-903 

to-color calibration is cyclic every 90 degrees, whereas IPOLπ can simultaneously visualize non-904 

birefringent material and is cyclic every 180 degrees. However, an advantage of IPOL over IPOLπ 905 

is that the correlation between angle and hue is roughly linear for IPOL, making the conversion 906 

from color to angle relatively straight forward. The relationship between color and angle for IPOLπ 907 



is not linear and therefore the calculation of the angle from the color image is more involved. IPOL 908 

is also sensitive to light alignment between the two quartz filters, potentially causing artifacts in 909 

the periphery at low magnifications. 910 

SPLM employs the same experimental components as PLM, but with the addition of a 911 

structured light projector as the light source.[97] The collection of the PLM images at three 912 

different structured light phases enables PLM imaging in thick tissue, with the possibility of 913 

imaging in vivo. The need for three phase images at each of the four polarization states means that 914 

SPLM is a slower method than PLM, but the computation of the fiber orientation is still a simple 915 

computation from equations 11 and 15. The lateral resolution of SPLM is the same as that of PLM, 916 

but due to the slower acquisition time, measurements of dynamic processes cannot be done with a 917 

continuous measurement. An advantage of SPLM is that the in-plane fiber orientation can be 918 

measured at different depths by changing the frequency of the fringe pattern in the structured light. 919 

pSHG is a point-scanning method capable of high-resolution (typically <300 nm lateral 920 

and 1.2 µm axial resolutions (FWHM) of <1 μm) volumetric imaging. SHG can image at maximum 921 

depths of 100s of μm in thick tissues, in both reflection and transmission modes. Therefore, it is 922 

an efficient method well suited for collecting 3D orientation maps in thick tissue sections or ex 923 

vivo. pSHG provides in-plane orientation of every voxel in depth using a simple calculation based 924 

on FFT.[135] Out-of-plane oriented fibers can be highlighted using CD-SHG and out-of-plane 925 

orientation can be estimated in transverse reconstructions.[144, 147] A key advantage of pSHG is 926 

its ability to specifically detect a few proteins - collagen, myosin and tubulin - without the need 927 

for labeling, resulting in a high signal-to-noise ratio compared to other techniques. Furthermore, 928 

pSHG can distinguish between these 3 proteins, producing highly specific orientation maps. 929 

Another advantage is that pSHG can easily be combined with 2PEF, enabling the simultaneous 930 

imaging of the tissue morphology. Although SHG microscopy is a complex and expensive 931 

technique, multiphoton microscopes can be purchased commercially and pSHG can be done with 932 

the addition of a single polarization component. With the development of resonant scanning 933 

mirrors, the entire field of view for a single optical section can be measured at a single polarization 934 

state in a few milliseconds, however many optical sections are needed to create an image volume, 935 

and many polarization states are necessary to calculate the fiber orientation, making dynamic 936 

measurements with pSHG difficult. Nevertheless, using an electro-optical modulator to implement 937 

fast polarization switching and synchronize it with the line scan enables line acquisition times of 938 



a few tens of milliseconds.[143] While this makes dynamic measurements, such as stretching 939 

tissue sections, possible, it is still less optimal than IPOL and IPOLπ.  940 

PS-OCT, which is a functional extension of OCT, is best suited for in vivo, non-invasive 941 

and volumetric imaging applications. PS-OCT shares the major strengths of OCT. For example, 942 

OCT is capable of maximum imaging depths of hundreds of micrometers to many millimeters, 943 

with <5μm axial resolution. The NA for OCT is typically less than 0.1, yielding lateral resolution 944 

of 10s of μm. The NA is often limited by the physical constraints of in vivo measurement, such as 945 

working distance, pupil size and aberrations. Notably, the imaging speed of OCT has improved in 946 

past decades, which is extremely important for in vivo applications. Current commercially 947 

available OCTs can capture a single depth scan within a few microseconds, but research-grade 948 

OCT can acquire a single depth scan within a microsecond. PS-OCT is an ideal technique for 949 

longitudinal tracking of disease development and progression both in the clinic[113, 115] and in 950 

animal models.[112] 951 

Other techniques 952 

The methods summarized here cover approaches ideal for tissues sections (PLM and IPOL), 3D 953 

high-resolution imaging (pSHG), and in vivo measurement (PS-OCT) of collagen architecture. 954 

Another polarized light imaging method is Müller matrix polarimetric microscopy (MMP). MMP 955 

is most like PLM experimentally but uses additional polarization conditions to extract the full 956 

Müller matrix of the sample. There have been many recent reviews on MMP,[150-152] and so we 957 

do not describe it in detail here. In conclusion, polarized light imaging has proven to be a powerful 958 

tool for characterizing collagen architecture through different approaches and for understanding 959 

the biomechanics of soft tissue. 960 

The imaging methods described here will continue to improve as the electronics and optics 961 

in the microscopes improve, like increased frame rates and lower noise floors for cameras, or faster 962 

and more accurate stages. These advances will lead to faster image collection, particularly in the 963 

line- and point-scanning methods of PS-OCT and pSHG, creating greater opportunity for 964 

volumetric and in vivo imaging of dynamic processes, as shown in Fig. 17.[149] These volumetric 965 

and in vivo capabilities could measure the acute mechanical response of the optic nerve head,[153] 966 

arterial tissue,[154] cervical tissue,[155] vaginal tissue,[156] or tendons and ligaments.[157, 158] 967 

These polarized light methods are also capable of tracking mechanical properties and remodeling 968 



of these tissues longitudinally with disease development and progression. Decreases in the costs 969 

of cameras and other electronics will also further stimulate the development of multi-camera array 970 

microscopes,[159] enabling PLM and IPOL imaging of larger fields of view at multiple length 971 

scales simultaneously, which would extend their capability of dynamic measurements. The above 972 

are elementary speculations of how the field will advance. However, as with other advances in 973 

science and technology, the most exciting developments will likely be those that we cannot predict 974 

simply from the extrapolation of current efforts. If the next few decades turn out to be even half as 975 

exciting as the past ones, it will be a fantastic ride. 976 
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