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Abstract

Collagen fibers play a central role in normal eye mechanics and pathology. In ocular tissues, 

collagen fibers exhibit a complex three-dimensional (3D) fiber orientation, with both in-plane (IP) 

and out-of-plane (OP) orientations. Imaging techniques traditionally applied to the study of ocular 

tissues only quantify IP fiber orientation, providing little information on OP fiber orientation. 

Accurate description of the complex 3D fiber microstructures of the eye requires quantifying full 

3D fiber orientation. Herein, we present 3dPLM, a technique based on polarized light microscopy 

developed to quantify both IP and OP collagen fiber orientations of ocular tissues. The 

performance of 3dPLM was examined by simulation and experimental verification and validation. 

The experiments demonstrated an excellent agreement between extracted and true 3D fiber 

orientation. Both IP and OP fiber orientations can be extracted from the sclera and the cornea, 

providing previously unavailable quantitative 3D measures and insight into the tissue 

microarchitecture. Together, the results demonstrate that 3dPLM is a powerful imaging technique 

for the analysis of ocular tissues.

Graphical abstract

Ocular tissues have a complex collagen architecture, with fibers exhibiting three-dimensional (3D) 

orientation, with both and orientations. Imaging techniques traditionally applied to the study of 

ocular tissues only quantify in-plane (IP) fiber orientation, providing little information on out-of-

plane (OP) fiber orientation. 3dPLM, a technique based on polarized light microscopy, was 

developed to quantify both IP and OP fiber orientations of ocular tissues.
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1. Introduction

The collagen fibers of the eye have a complex three-dimensional (3D) organization that is 

central to the normal functioning of the eye. For example, a distinct organization is 

necessary for cornea shape and transparency1–3, and for structural support of the posterior 

sclera 4, 5. Fiber organization is also believed to play an important role in several ocular 

pathologies, such as myopia, glaucoma and keratoconus6–9. Studying the eye’s collagen 

fiber microstructure is therefore fundamental to understanding its roles in both health and 

disease.

Several imaging techniques have been developed and used to quantify fiber orientations in 

ocular tissues, including small angle light scattering (SALS)10, wide-angle X-ray scattering 

(WAXS) 7, 11, and polarized light microscopy (PLM)12–14. These imaging techniques, while 

very helpful, have an important limitation: they provide very limited information, if any, of 

the full 3D orientation of the collagen fibers. Multiphoton microscopy, including second 

harmonic generation (SHG) imaging, can reveal tissue microstructures with high resolution 

and specificity15, 16. Although many studies using SHG for fiber orientation focus 2D 

measures, there are 3D models17. The fibers are oriented in 3D, with both in-plane (IP) and 

out-of-plane (OP) fiber orientation components. The IP fiber orientation is the projected 

fiber orientation in the observation plane, while the OP fiber orientation measures the angle 

between the fiber and observation plane. The techniques described above, typically only 

quantify IP fiber orientation and the equally important OP fiber orientation is not quantified.

In this work, we demonstrate that studying 3D fiber structures with 2D information is not 

only insufficient but can also potentially lead to inaccurate interpretations and incorrect 

conclusions. We present 3dPLM as an imaging technique that allows quantifying collagen 

fiber orientation in 3D in ocular tissues. 3dPLM is an extension of PLM, which we recently 

demonstrated as a robust and effective approach for mapping IP fiber orientation in ocular 

tissues12.
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2. Materials and Methods

We will first describe the theoretical background of 3D fiber orientation quantification with 

3dPLM. Next, we will examine its robustness and performance using both simulation and 

experimental analysis of tissue samples with known fiber orientations. Finally, we will apply 

3dPLM to quantify and visualize 3D fiber orientation in various regions of ocular tissues.

2.1 Theoretical background

The birefringent property of collagen fibers has been well studied. In collagen fibers, the 

slow axis is along fibers and the fast axis is perpendicular to fibers. The light propagation in 

collagen fibers can be studied using the theory previously described by Born and Wolf 18, 

which is briefly described below. The light propagating velocity ν with unit wave vector S⃗ in 

collagen fibers can be described using the Fresnel equation:

sx
2

υ2 − υx
2 +

sy
2

υ2 − υy
2 +

sz
2

υ2 − υz
2 = 0. (1)

The unit wave vector can be decomposed in the spherical coordinates system as:

s =

sx

sy

sz

=
sin θ cos ϕ
sin θ sin ϕ

cos θ
. (2)

The νx, νy and νz are the principal velocities along the orthogonal x-, y- and z-axis, 

respectively. The velocity can be expressed as a function of the dielectric constant ε:

υ = c ε . (3)

In collagen fibers, dielectric constant εx=εy=no
2 and εz= ne

2, where no and ne are the 

refractive index of ordinary wave and extraordinary wave, respectively. The ne is the 

refractive index along the fibers while no is the refractive index perpendicular to the fibers. 

With this relationship and Eq. 2 and 3, the Eq. 1 can be simplified as:

(n2 − n0
2)[n0

2(sx
2 + sy

2)(n2 − ne
2) + sz

2ne
2(n2 − n0

2)] = 0. (4)

By solving Eq. 4, we obtained:

n1 = no (5)

Yang et al. Page 3

J Biophotonics. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and n2 =
none

n0
2 sin2 θ + ne

2 cos2 θ
. (6)

Thus, the effective birefringence along the light propagation direction in collagenous tissues 

can be expressed as:

Δn = n2 − n1 =
none

n0
2 sin2 θ + ne

2 cos2 θ
− no . (7)

For a small refractive index n, Eq. 7 can be approximated as 19:

Δn ≈ (ne − no) sin2 θ or Δn ≈ (ne − no) cos2 φ, (8)

where φ is the OP angle and thus the phase retardance introduced by collagenous tissue with 

a thickness of d is:

δ(φ) =
2π(ne − no)d

λ · cos2 φ . (9)

Eq. 9 shows that effective retardance is dependent on the OP angle of fibers. Given the 

thickness, the light accumulates maximal retardance when all fibers are in-plane and zero 

retardance when they are out-of-plane by 90°. Eq. 9 can be further simplified as δ(φ) = δ0 · 

cos2 φ, where δ0 =
2π(ne − no)d

λ . The δ0 represents the retardance from fibers that are 

perfectly in-plane and δ0 can be experimentally obtained from apparent in-plane fibers of the 

sample.

Various PLM techniques have been developed to quantify tissue retardance experimentally. 

Here, we used the same approach as in our previous IP fiber orientation mapping study 12. 

Four intensity measurements I0, I45, I90 and I135, are taken with linear polarizer set to 0°, 

45°, 90° and 135°, respectively. Then the retardance can be calculated as:

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

I0 + I45 + I90 + I135
. (10)

The OP fiber orientation φ can be calculated by combining Eq. 9 and 10. The IP fiber 

orientation is calculated as previously reported12. Briefly, local fiber orientation is computed 

at each pixel. For visualization, the collagen fiber orientation map is weighted by an 

“energy” map, where energy is calculated as:
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energy2 = (I90 − I0)2 − (I135 − I45)2 (11)

With this definition, the energy value is high when there is a substantial change in signal 

with angle, and low with small changes.

2.2 Simulation of the effects of birefringence and retardance approximation

We used the approximate form of birefringence shown in Eq. 8 to describe collagen fiber 

birefringent properties. To examine how this approximation affects the OP angle 

quantification, we calculated and compared Δn over OP angles between 0° and 90° using 

both exact and approximate forms. The parameters used in the calculation were chosen to 

reflect conditions of the later experiments. The no at 535nm of collagen fibers was 

calculated as 1.480 using the refractive index dispersion formula of collagen fibers 

previously described 20. The ne was calculated as 1.483 based on birefringence Δn =0.003, 

which has been well studied and documented 21.

If the retardance of IP fibers is not known, it must be estimated, which may introduce 

approximation error in the quantification of IP fiber orientation. We performed a numerical 

simulation to study how robust our method is if such error is present. In the simulation, we 

first calculated true retardance δ0 based on representative tissue parameters. Then, we 

randomly generated 200 retardance values, δ0′, uniformly distributed within +/-10% of the 

true retardance δ0 to represent approximation error. We selected 10% as large enough to 

account for approximation errors in ocular tissues based on preliminary work not shown 

here. OP angle dependent retardance δ was then calculated with OP angle varying from 0° to 

90° every 15°. The OP angle was then computed using Eq. 11 by replacing δ0 with one of 

200 δ0′ values and this quantification process was repeated 200 times. The mean and 

standard deviation of calculated OP angle values were computed. During the analysis, if the 

measured retardance is larger than estimated retardance δ0′, the calculated OP angle was 

then set to zero.

2.3 3dPLM imaging system

A commercial microscope system (Olympus, IX83) was customized to achieve automated 

polarized light imaging. A circular polarizer with a wavelength range of 400–700nm 

(Edmund Optics, #88-099) and an interference bandpass filter centered at 535nm with a 

pass-band of 64.4nm (Olympus, IF550) were placed in the illumination path to achieve 

circularly polarized light illumination. In the image acquisition path, four linear polarizers 

(Chroma, 21003b) were placed into a motorized filter wheel (Prior Scientific Inc., 

HF108SIX3) to perform serial image acquisition at 4 polarization angles. The images were 

acquired with a 16bit CMOS camera (Hamamatsu, Flash 4.0 LT).

2.4 Verification with chicken tendons

We verified the performance of this method by quantifying OP angles of cryo-sectioned 

chicken tendons. Chicken leg tendon was chosen for its simple and highly ordered collagen 

fiber organization 22, which is ideal for verification purposes. Chicken tendons were excised 
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from fresh chicken legs purchased from a local grocery store. Collagen fibers run along the 

longitudinal direction of the tendon and they are naturally wavy. Such wavy features are 

recognized as collagen fiber crimp. To increase collagen fiber alignment and minimize fiber, 

the tendons were stretched with a uniaxial stretcher (S.T. JAPAN, STJ-0116mini). We made 

sure that tendons were well stretched by applying maximum stretch without breaking. While 

maintaining this stretch, the tendon was submerged in 10% formalin for fixation for about 12 

hours. We have shown that formalin fixation causes only minimal changes in the overall 

shape or size of tissues 23, and in fiber retardance and orientation 12. After fixation, the 

chicken tendons were cut into small rectangle pieces. Tendon pieces were later placed at 

seven set OP angles and submerged in optimum cutting temperature (OCT) compound 

(Tissue-Plus, Fisher HealthCare) to be cryosectioned. The chicken tendon pieces were then 

sectioned at a thickness of 25μm for 3dPLM imaging. A region within the sectioned tendon 

tissue was manually selected and the mean and standard deviation of the estimated OP 

angles were calculated.

2.5 3dPLM imaging of ocular tissues

To demonstrate applicability of 3dPLM over the corneoscleral shell and multiple species, we 

acquired images from human and sheep eyes spanning the anterior pole and posterior pole. 

The anatomy of the eye is shown in Fig. 1 with major components and eye orientation 

illustrated. The sheep eye (<2 years old) was obtained from a local slaughterhouse and 

underwent the same fixation and cryosectioning procedures described in Section 2.4 within 

24 hours of death. The sheep eye was sectioned sagittally at 25μm thickness, and sections 

were stored at 4°C until imaging. A section through the optic nerve head was selected. The 

tissue sections were re-hydrated, cover slipped and kept hydrated while they were imaged 

with a 4x strain free objective. In preliminary tests (results not shown) we confirmed that 

measurements obtained immediately after sectioning and months later are indistinguishable. 

The blue box in Fig. 1 indicates the location of the imaged region. Sagittal sections of 

normal human eyes were prepared by the Department of Pathology at the University of 

Pittsburgh School of Medicine. Tissue preparation is critical for optical measurements, as 

has been thoroughly documented in studies of cornea24–27. The study was conducted in 

accordance with the tenets of the Declaration of Helsinki and the Health Insurance 

Portability and Accountability Act. Prior to obtaining the tissue, an independent party 

trained in HIPAA regulation verified that the samples had been appropriately deidentified. A 

5 μm section of an ostensibly normal 27-year-old female was selected and two regions, 

cornea and anterior sclera, were imaged at 40x. The locations of imaged cornea and anterior 

sclera are indicated with red and green boxes, respectively. Both IP and OP fiber orientation 

maps, as well as a 3D fiber representation, were generated for all regions.

3. Results

3.1 Simulation of the effects of birefringence and retardance approximation

Approximating birefringence and retardance had only a minimal impact on OP angle 

quantification. The birefringence calculated using exact and approximate forms are shown in 

Fig. 2a. As the OP angle increased from 0° to 90°, the birefringence decreased from 0.003 to 

0. The change was more gradual with OP angles near 0° and 90°. The OP-dependent 
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birefringence computed using both forms did not show a noticeable difference. In fact, they 

agreed with each other very well over the entire range of OOP angles.

Figure 2b shows the mean and standard deviation of calculated OP angles based on 200 

estimated δ0′ values at each OP angle. Overall, mean OP angles had a very good agreement 

with reference values, with discrepancy slightly larger at small OP angles. The largest mean 

difference of 6.1° was observed when all fibers were perfectly in-plane, an idealized 

condition unlikely to occur in actual tissues. The standard deviation shows that the 

quantification of small OP angles was more sensitive to the retardance approximation errors 

while such quantification had a better tolerance on retardance approximation for large OP 

angles. The standard deviation was less than 3.5° for OP angles larger than 25°.

3.2 Verification with chicken tendons

The chicken tendon imaging verified that OP fiber orientation can be accurately quantified 

with 3dPLM. Fig. 3 shows images of tendon at 7 OP angles, as well as the quantitative 

comparison between the measured and reference OP angles (the angles at which the tendon 

samples were set relative to the sectioning plane). The color images show the computed OP 

fiber orientations. A clear trend from cool colors to warm colors is observed as OP angles 

increase from 0° to 90°. Tendons have roughly “tubular” shape, so the longitudinal section at 

0°shows a larger sample of tissue with rectangular cross section, whereas the transverse 

section shows a shape closer to an ellipse, with oblique sections showing something in-

between. The plot demonstrates that mean OP angles had a very good agreement with the 

reference OP angles. The standard deviation exhibits similar characteristics as predicted in 

the analysis in Section 3.1. We observed smaller variations for large OP angles than that for 

small OP angles. It is important to consider that OP angle dispersion in tissues is not only 

due to the retardance approximation, but also due to actual intrinsic variations in the 

orientation of the fibers 22, as well as “noise” from non-collagenous tissues.

3.3 3dPLM imaging of ocular tissues

The results in this section demonstrate the performance of the technique in tissue samples 

with complex fiber organizations and the need of 3D fiber orientation quantification. The 

locations of imaged regions, peripapillary sclera, anterior sclera and cornea, are indicated 

with blue, green and red box, respectively, in Fig. 1.

Fig. 4a shows the bright field (BF) image of a 25um-thick sagittal sheep section at 4x 

magnification. The peripapillary sclera region exhibits complex fiber organization, with both 

long fiber bundles (red arrowhead) and ‘hole-like’ fiber bundle fascicles (green arrowhead) 

across the entire PPS region. The IP fiber orientation map (Fig. 4b) shows both the 

morphology and color-coded orientation of IP fibers. While the sclera is dense with collagen 

fibers, the IP orientation map indicates fiber bundles with small OP angles are a small 

fraction of all the bundles, matching visible long fiber bundles in the BF image. In the OP 

fiber orientation map (Fig. 4c), many fiber bundle fascicles with large OP angles can be 

recognized between fiber bundles with small OP angles. Fig. 4d shows a close-up of the 

region-of-interest (ROI) indicated with a black box in Fig. 4c. Two OP fiber bundle fascicles 
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can be easily identified with IP fiber bundles between them. The fiber organization is 

perhaps better visualized by rendering the fibers in 3D as cylinders, as shown in Fig. 4e.

The bright field image of the anterior sclera (Fig. 5a) shows fiber organizations. Across the 

section, long fiber bundles can be identified, which may suggest these fiber bundles have 

small OP angles. In the inner sclera region, however, fiber bundles are shorter and wider 

than that in outer sclera region. In the IP fiber orientation map, the outer sclera shows a 

consistent fiber orientation of roughly 60° and the inner sclera shows a less uniform fiber 

orientation (Fig. 5b). In a close-up of a small ROI indicated by a white box, two collagen 

fiber populations can be identified with IP fiber orientation approximately perpendicular to 

each other. The fibers color-coded in purple appear somewhat dim because of their low 

energy values, computed as described in the methods. Without additional information, IP 

fiber orientation could lead to an erroneous conclusion that these two fiber bundles run into 

each other. The OP fiber orientation map (Fig. 5c), however, resolves this conflict, by 

revealing that the collagen fibers in the outer sclera are more in-plane (small OP angles) 

whereas those of the inner sclera have large OP and are therefore mainly perpendicular to 

the section. By synthesizing both IP (Fig. 5b) and OP (Fig. 5c) fiber orientation information, 

it is clear that collagen fibers in the outer sclera are mainly organized in-plane with an IP 

orientation of roughly 60°, and fibers in the inner sclera are running out-of-plane at 

approximately 75° while its projected IP fiber orientation is around 135°. Such fiber 

organization can’t be adequately described by neither fiber orientation maps alone. In a 

small ROI indicated with a dashed line black box, a 3D fiber orientation map was generated 

to better visualize 3D fiber organizations (Fig. 5d). Fig. 5e shows the cylinder-based 3D 

fiber rendering of a small ROI indicated with a white box in Fig. 5d.

The cornea is known for its orthogonally-organized lamellae structures 2. This organization 

is essential to its optical transparency, refractive power and mechanical strength. The bright 

field image (Fig. 6a) shows clear fiber lamellae, with holes in-between that result from the 

tissue processing. The IP fiber orientation map shown in Fig. 6b suggests that all fibers are 

oriented around 135° without revealing any information about the 3D perpendicular lamellae 

organization. In the OP maps (Fig. 6c), such structures are unambiguously visible with 

alternating low/high OP fiber orientation. Note that, in this study, OP fiber orientation angles 

were measured between 0° and 90°, without distinguishing an OP angle from its 

complementary one. Thus, the relative orientations of adjacent lamellae in Fig. 6 are either 

30° or 90°, consistent with observations of 90° obtained using transmission electron 

microscopy (Fig. 6f, adapted from 28).

The 3D fiber orientation map of Fig. 6d shows a small ROI in Fig. 6c. A line profile was 

analyzed for IP and OP angles, shown in Fig. 6e. By tracking a few successive peaks and 

valleys of OP angles, average peaks were centered approximately at 60° while valleys were 

at 30°, which suggests that successive lamellae layers are orientated 90° to one another. The 

3D cylinder-based fiber visualization of a ROI indicated with a white box in Fig. 6d is 

shown in Fig. 6g. This is an important confirmation of the ability to use quantitative 3dPLM 

orientation information to infer the 3D structure of ocular tissues.

Yang et al. Page 8

J Biophotonics. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Discussion

Understanding the complex 3D organization of collagen fibers in the eye requires a 

technique that can quantify the collagen fiber orientation in 3D. In this manuscript, we have 

described 3dPLM, a method that allows quantification of both IP and OP fiber orientation in 

ocular tissues. We demonstrated that this information can help avoid potential errors and 

misunderstandings arising from interpreting fiber organization solely from 2D data. The 

performance of our imaging technique was validated on tendons, with results demonstrating 

good agreement between measured and known orientation. We imaged and quantified 3D 

fiber orientation on multiple regions of the eye, demonstrating the technique as a powerful 

tool to study the microstructure and architecture of ocular tissues.

Ocular shape is one of the primary determinants of ocular function. The 3D collagen 

microstructure and architecture are essential for maintaining this shape when acted upon by 

both intraocular and extraocular forces. For example, sharp vision relies on the refractive 

power of the cornea in the anterior pole of the eye, which, in turn, is highly sensitive to the 

radii of curvature of both the exterior and interior surfaces of the cornea. Even small changes 

in the cornea microstructure can have substantial effects on vision.1 The ability to quantify 

the 3D microstructure of the cornea is therefore essential to understanding corneal 

physiology and pathophysiology, and to improving refractive surgical techniques. In the 

posterior pole, the 3D microstructure of the sclera is also critical in determining how force is 

transferred from the extraocular muscles and the optic nerve sheath to the corneoscleral 

shell29. The ability to quantitatively characterize the integration of these extraocular fibers 

into the scleral shell, in 3D, will be essential for understanding the biomechanical effects on 

the eye of changes in intracranial fluid pressure and gaze30, 31.

In addition to enabling direct quantification of both IP and OP fiber orientations, 3dPLM has 

several key advantages over techniques typically used to characterize collagen fiber 

orientation in the eye, such as small angle light scattering (SALS)10, wide-angle X-ray 

scattering (WAXS) 7, 11 and multiphoton microscopy 15, 16. 3dPLM is relatively simple, 

without requiring the complex and expensive systems needed for MPM or, especially, 

WAXS. 3dPLM is full-field (i.e. non-scanning) and it is therefore fast, providing 

simultaneously high resolution and wide field of view. In addition, the conventional imaging 

techniques suffer multiple limitations when imaging ocular tissues. SALS and WAXS are 

suitable for thick tissue imaging. In thick tissues, however, the restriction to IP orientation is 

even more limiting. The scanning beam width, typically 100–300μm in diameter, makes the 

resolution too low to resolve individual fiber bundles. The optical sectioning of multiphoton 

microscopy allows for the visualization of 3D collagen microstructures. Deriving 3D fiber 

orientation from 3D microstructures is not trivial and can be quite time-consuming.15. In 

dense tissues, such as the sclera, it is difficult to achieve good penetration with a sufficient 

depth resolution for good 3D reconstructions. Thus, studies of ocular tissue typically 

quantify only IP fiber orientation applying gradient-based techniques, such as local Fourier 

transform. 7 By requiring excellent fiber visibility, these analysis methods both increase the 

resolution and contrast demands, and increase the susceptibility to artifacts due to variations 

in signal. These variations can be, for example, due to the presence of pigment, which is 

common in the posterior pole of the eye. Compared to these traditional techniques, 3dPLM 
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has a lower computational cost; when paired with an advanced camera 32 or multichannel 

imaging system 33, 3dPLM is well suited for time sensitive applications with the potential 

for real-time 3D fiber quantification.

As we have demonstrated, full 3D information is necessary for accurate characterization of 

the fiber organization. Conventionally, it is only possible to quantify IP fiber orientation in a 

specific plane, and the eye is, accordingly, sectioned longitudinally or coronally. Stacking 

data from 2D sections can be used to produce pseudo-3D information, occasionally 

enhanced by repeating the process in another sample analyzed in a perpendicular direction. 

The results, however, are susceptible to artifacts, for example due to sample variability, and 

are much more complex and time consuming to obtain. Most importantly, they will have low 

sensitivity to characterize small or uncommon features. 3dPLM, in contrast, can extract both 

IP and OP fiber orientation from the same section. IP and OP fiber orientation maps can then 

be used to infer 3D fiber microstructure, with the stacking used to extend these to a volume. 

Since traditional techniques produce 2D data, biomechanical modeling of the eye has also 

traditionally employed fiber distributions in the plane (transversely isotropic or anisotropic). 

These may be sufficient only for gross modeling of the ocular shell30, 34, but when precise or 

microstructure aware models are needed, the assumptions from 2D data are likely not 

enough5, 35. In the past decade, the morphometry and analysis of the eye have moved from 

2D to 3D which led to huge gains in the understanding of the eye. 36–38. In this same vein, 

the 3dPLM imaging technique we propose here will also enable a leap in understanding of 

the eye with the availability of 3D microstructure data.

Several assumptions were made to quantify OP fiber orientation. We assumed maximal 

tissue retardance did not vary much and the retardance from one region was extended across 

the entire imaged area. This method poses fewer restrictions on sample preparation and 

simplifies the analysis when compared with methods that require laborious calibration 19 or 

other data on tissue properties 39. Calibration based methods are particularly difficult for 

cryosectioned soft tissues as section thickness could vary slightly from one section to the 

next. Such issues had minimal effects on the OP angle quantification by 3dPLM as the 

maximal retardance was estimated from and later applied to the same sample. Moreover, the 

retardance incorporates the combined effects of tissue thickness and birefringence, and 

therefore the method can be applied to tissue sections without explicit knowledge of the 

thickness and birefringence, which are essential for other techniques. Nevertheless, actual 

retardance could vary over a section, for example, if section thickness is not uniform. Future 

work could improve the accuracy of our technique by using, for example, fluorescent 

labeling for the collagen. This would require, however, a highly consistent label, which is 

not-trivial, and would make the process slower and more complex. 3dPLM takes advantage 

of the strong effects of OP angle on the retardance. However, in addition to OP angle, 

retardance may also be affected by fiber dispersion. Our calculations of IP and OP angles 

were based on the assumption of low fiber dispersion. While this assumption seems 

reasonable for thin sections imaged with micron-scale resolution, it is important to be 

cautious when interpreting results in regions with high fiber dispersion to avoid 

misinterpreting findings. Also, some applications might require distinguishing between 

complementary OP angles. Future techniques could do this, by optical methods, or perhaps 

by integrating information from neighboring sections.
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During tissue processing an OCT compound was used as part of the cryosectioning 

procedure. This is necessary to protect the tissues from potential damaging effects of 

freezing by reducing ice crystal formation40. Although some chemical compounds may 

change optical properties41, 42, we are confident that OCT did not affect the results presented 

for the following reasons: First, before imaging, the sections were rehydrated with PBS. 

OCT is water soluble, and it is therefore “washed” away. We have compared sections before 

and after through “washing” the OCT, and detected no changes. Second, OCT from Fisher 

HealthCare is not the only cryoprotecting compound available. In preliminary tests we 

compared OCT with compounds from other brands, and detected no differences. Finally, the 

results in this work were derived from a ration computation (Eq.9). Hence, even if the signal 

was slightly affected by the presence of OCT, the effects would likely cancel out.

The goal of this work was to study 3D fiber orientation in thin sections. Thin sections are 

used routinely in a large number of studies, in part because they are suitable for 

immunohistochemistry. Thus, the techniques we present can be readily added to ongoing 

studies. Future work would benefit from developing techniques that enable 3D fiber 

orientation in bulk tissues or thick sections. Thick tissues present important challenges, such 

as strong tissue scattering and imaging depth-of-field. Techniques for addressing these 

challenges are in development. For example, elsewhere we have demonstrated that using 

polarized light microscopy with structured light illumination allows quantifying IP fiber 

orientation of thick tissues43.

5. Conclusion

We have demonstrated that 3dPLM is a robust and effective approach to quantify and 

visualize 3D fiber orientation in ocular tissues. The 3D fiber orientation, in turn, enables us 

to better study complex collagen fiber microstructures and improves our understanding of 

the role of ocular biomechanics in both health and disease. The 3dPLM technique is system 

independent and can potentially be added to existing microscopy systems to perform a 

comprehensive assessment of collagen fiber orientation and architecture on ocular tissues as 

well as other collagenous tissues.
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Figure 1. 
The anatomy of the eye with major components and orientation illustrated. The red, green 

and blue boxes indicate the locations of three regions selected for imaging.
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Figure 2. 
(a) Birefringence computed using both exact and approximate forms. (b) Calculated mean 

and dispersion (standard deviation) of OP angles with the presence of retardance 

approximation error. The plot demonstrates that mean calculated OP angles agree very well 

with reference OP angles. The dispersion of the calculated values was slightly larger for 

small OP angles than for larger ones. The error bar represents standard deviation.
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Figure 3. 
OP fiber orientation mapping on 7 chicken tendon sections cryo-sectioned at known 

orientations from longitudinal (0°) to transverse (90°). The inset shows photos of tendons as 

set at various orientations (top) as well as images colored by the local OP. The line plot 

shows a quantitative comparison. Calculated mean OP fiber orientation matched reference 

fiber orientations. The error bar represents the standard deviation.
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Figure 4. 
Application of 3dPLM to posterior pole of a sheep eye. (a) Bright field image with red and 

orange arrowheads pointing to long IP fiber bundles and OP fiber bundle fascicles, 

respectively; (b) IP fiber orientation map showing both IP fiber morphology and orientation; 

(c) OP fiber orientation map highlighting fiber bundle fascicles; (d) OP fiber orientation of 

small ROI shown in (c); (e) 3D visualization of collagen fibers
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Figure 5. 
IP and OP fiber orientation map of the anterior sclera. (a) bright field image of the sclera. 

The red box indicates the approximate location of the imaged region. (b) IP fiber orientation 

map of the sclera. The insert indicates two perpendicular IP fiber orientation. (c) OP fiber 

orientation map of the sclera. (d) 3D fiber reconstruction on a small ROI indicated with a 

black box in (c). The orientation of the black lines represents the projected IP fiber 

orientation whereas the length of the line represents how out-of-plane the fiber is (large OP 

angles are shown by short lines and small OP angles by long lines). (e) 3D visualization of 

collagen fibers of a ROI indicated with a white box in (d).

Yang et al. Page 18

J Biophotonics. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
IP and OP fiber orientation map of the cornea. (a) bright field image of the cornea. The red 

box indicates the approximate location of the imaged region. (b) IP fiber orientation map of 

the cornea. (c) OP fiber orientation map of the cornea. (d) 3D fiber orientation on a small 

ROI indicated with a white box in (c). The direction of the line indicates the fiber 

orientation, and the length of the line indicates inclination. (e) The IP and OP fiber 

orientation along a line ROI. (f) electronic micrograph showing collagen fiber organization 

in cornea adapted from 28. (g) 3D visualization of collagen fibers of a ROI indicated with a 

white box in (d).
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