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Purpose: The purpose of this paper was to determine the architecture of the collagen
fibers of the peripapillary sclera, the retinal nerve fiber layer (RNFL), and Henle’s fiber
layer in vivo in 3D using polarization-sensitive optical coherence tomography (PS-OCT).

Methods: Seven healthy volunteers were imaged with our in-house built PS-OCT
system. PS-OCT imaging included intensity, local phase retardation, relative optic axis,
and optic axis uniformity (OAxU). Differential Mueller matrix calculus was used for the
first time in ocular tissues to visualize local orientations that varied with depth, incorpo-
rating a correction method for the fiber orientation in preceding layers.

Results: Scleral collagen fiber orientation images clearly showed an inner layer with an
orientation parallel to the RNFL orientation, and a deeper layer where the collagen was
circularly oriented. RNFL orientation images visualized the nerve fibers leaving the optic
nerve head (ONH) in a radial pattern. The phase retardation and orientation of Henle’s
fiber layer were visualized locally for the first time.

Conclusions: PS-OCT successfully showed the orientation of the retinal nerve fibers,
sclera, and Henle’s fiber layer, and is to the extent of our knowledge the only technique
able to do so in 3D in vivo.

Translational Relevance: In vivo 3D imaging of scleral collagen architecture and the
retinal neural fibrous structures can improve our understanding of retinal biomechanics
and structural alterations in different disease stages of myopia and glaucoma.

Introduction

Glaucoma is a disease with a complex pathophys-
iology with an elevated intraocular pressure as the
main risk factor, leading to thinning of the retinal
nerve fiber layer (RNFL), and permanent loss of
visual function. A changed collagen organization and
composition of the sclera has also been associated
with the disease.1–3 This has been shown in studies
using small angle light scattering (SALS), second
harmonic generation microscopy (SHG), and wide-
angle X-ray scattering (WAXS). WAXS has also
been used to report changes in scleral composition in

degenerative high myopia, characterized by an abnor-
mally enlarged eye and posterior staphyloma’s.4
Gogola et al.5 used polarized light microscopy (PLM)
to show that in normal eyes of humans and animals
three regions of collagen fiber organization could be
identified: a radial region in the most anterior sclera,
a region of aligned circumferential fibers adjacent to
the canal, and a region of interweaving fibers without
a primary alignment orientation. Other techniques,
such as scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and atomic force
microscopy (AFM) were also used to increase our
understanding of scleral architecture on the nanoscale
level.6
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Table. Demographics and Results of the Volunteers Scanned

Volunteer Gender Age, y Sclera Visible Mydriasis Macular Scan Shown in Figure

1 Male 39 Yes Yes Yes 1, 2
2 Male 55 Yes No Yes 3A, 3E, 3I, 3M, 4
3 Male 64 Yes Yes Yes 3B, 3F, 3J, 3N
4 Male 24 Yes No No 3C, 3G, 3K, 3O
5 Female 26 Yes Yes Yes 3D, 3H, 3L, 3P
6 Male 36 Partially No No –
7 Female 21 Partially No No –

However, none of the aforementioned techniques
can be used in vivo. Thus, they cannot be used to
scan a large population of patients or monitor the
progression of diseases. An exception to this might
be magnetic resonance imaging (MRI). Ho et al.7
used this to visualize the scleral architecture. However,
the MRI signal intensity from the sclera is very low,
resulting in long measurement times. The resolution
was in the order of millimeters in the depth dimen-
sion, and submillimeter in the lateral dimension, which
cannot deliver sufficient information about fine details
of the retina. Additionally, MRIs are comparably large
and expensive devices, which limits their applicabil-
ity for screening purposes. There is a clear need for
a micrometer-resolution technique, which can quickly
and quantitatively assess scleral collagen fiber organi-
zation in vivo that can contribute to a better under-
standing of glaucoma and high myopia pathophysiol-
ogy, and can aid in their diagnosis and management.6
This technique should provide a high depth resolu-
tion to assess how the observed structural differences
contribute to disease.1 WAXS, SALS, and PLM are
only available in 2D, and the only way to create 3D
images is by slicing the tissue. An imaging technique
able to visualize scleral architecture in vivo in 3D could
greatly increase our understanding of glaucoma and
high myopia development and provide us with a tool
to monitor the changes in scleral composition during
the progression of disease.

Polarization-sensitive optical coherence tomogra-
phy (PS-OCT) is a functional extension of optical
coherence tomography (OCT), where the polarization
state changes of the light are included in the analy-
sis to create additional contrast. The development of
this technique started shortly after the introduction
of OCT,8,9 and is now reaching maturity.10,11 The
additional contrast of PS-OCT is based on birefrin-
gence and optic axis orientation of fibrous struc-
tures. In the retina, these fibrous structures include
the RNFL12–14 and Henle’s fiber layer.15,16 Optic
axis imaging in PS-OCT was used to show a radial

orientation of the fibers in the RNFL around the
ONH.17,18 In the sclera, PS-OCT has been used to
assess the birefringence of ex vivo scleral samples of
cows, rabbits, and humans and to quantify stress-
induced changes when stretching.19 Baumann et al.20
used PS-OCT to show the peripapillary sclera birefrin-
gence and optic axis orientation in rat eyes in
vivo, revealing a ring-shaped orientation of fibers
directly around the optic nerve head (ONH). At
the time of that publication, no method existed yet
to visualize the orientation and birefringence locally.
If the sclera consists of multiple layers with differ-
ent orientations that vary in depth, Baumann et al.
could not have resolved these layers with different
orientations.

In this proof-of-concept study, PS-OCT is used to
visualize the peripapillary scleral collagen organization
and retinal fibrous layer architecture locally in 3D in
vivo in healthy volunteers.

Methods

Experimental Setup

Our experimental PS-OCT setup has been devel-
oped by Braaf et al.17 in 2014, and has since then been
updated to improve the phase stability by Gräfe et al.21
In short, light from a swept-source laser centered at
1060 nm was split into a reference arm and a sample
arm. The light from the reference arm was multi-
plexed into two orthogonal polarization states with a
polarization-delay unit22,23 and then sent into the eye.
After traveling through the sample and backscatter-
ing in the retina, the light was recollected by the same
fiber and recombined with the reference arm. Horizon-
tally and vertically polarized light were separated and
detected by two separate balanced detectors. The beam
was scanned over an area on the retina using two
galvanometric mirrors. This area covered 6.2 mm by
5.7mm, and consisted of 1536 samples per A-line, 2000
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A-lines per B-scan, and 300 B-scans per C-scan. With
a sweep repetition rate of 100 kHz, this resulted in an
imaging time per C-scan of 6.6 seconds. Total imaging
depth was 2.2 mm in air. Assuming a refractive index
of tissue of 1.3, this corresponds to a maximum image
height of 1.7 mm.

Participants

For this pilot study, seven healthy volunteers were
scanned with our PS-OCT setup. In total, 11 eyes were
scanned. Five eyes were dilated with tropicamide 0.5%
and phenylephrine 5% prior to imaging, as the use of
mydriatics was optional. The study followed the Tenets
of the Declaration of Helsinki and written informed
consent was obtained from all volunteers. The study
was approved by the Medical Ethics Committee of the
Amsterdam UMC, location VUMC in Amsterdam. A
3D scan centered around the ONH was obtained in all
(n = 11) eyes. Optional macular scans were obtained as
well in four eyes.

Data Processing

The algorithm to correct the data and create the
images has been described byWillemse et al.24 All post-
processing was performed in MatLab R2018a, and
took approximately 3 hours per dataset. Images used
in this study included intensity, local optic axis orien-
tation, optic axis uniformity (OAxU), and cumula-
tive phase retardation. Cumulative phase retardation
images were calculated to compare to previous work
on PS-OCT and are included in the Supplementary
Material. OAxU values vary between 0 and 1 and
measure the anisotropy of the optic axis in a small
region. Optic axes orientation images were obtained
using differential Mueller calculus as originally devel-
oped by Villiger et al.25 If there are any preceding
birefringent layers of tissue with a different optic axis,
the extracted optic axis for the layer underneath is
affected and needs to be corrected. Instead of using
Jones’ calculus26 or constructing SO(3) rotation matri-
ces27 to correct for this effect, we developed a method
using the same differential Mueller calculus. This
method is described in the Supplementary Material.
The algorithm for automatic segmentation of the
sclera and retinal pigment epithelium (RPE) can also
be found in the Supplementary Material. Automatic
segmentation of the RNFL was performed using the
algorithm described by Willemse et al.24 To visualize
the different imaging modalities, cross sectional inten-
sity images were overlaid with the optic axis orientation
whenever that pixel had an OAxU value > 0.5. Inten-
sity en face images were created using the logarithmic

values of the intensity and summing them along each
A-line. RNFL orientation en face images were created
by computing the mean of each vector element of
the optic axes within the segmented RNFL. Similarly,
scleral orientation en face images were created with the
mean of each vector element of the optic axes over the
first 30 pixels (approximately 150 μm) of the segmented
sclera that had an OAxU value > 0.5. Because no
automatic segmentation is available for Henle’s fiber
layer / the outer plexiform layer (OPL), orientation en
face images were created by taking the mean of each
vector element of all pixels with OAxU > 0.5 to visual-
ize the orientation of Henle’s fiber layer. Because the
RNFL is very thin in the macula region, and sclera
tissue is often too deep to be visualized in the macula
region, this method did not obscure the signal coming
from Henle’s fiber layer. Cumulative optic axis images
were also created to further visualize the orientation
of Henle’s fiber layer. In these images, the optic axis is
not calculated over one pixel in depth, but over the full
distance between the pixel and the surface. This was
calculated by using the concurrent decomposition of
the Jones matrices J as introduced by Li et al.27:

OAcum = imag

⎛
⎝
JR11 − JR22
JR12 + JR21
i (JR12 − JR21)

⎞
⎠ ,

with JR = J′ · exp (−i arg (J11))√
det (J′ · exp (−i arg (J11)))

.

Subsequently, cumulative optic axis en face images
were created by averaging the cumulative optic axis
of the pixels segmented as RPE pixels to create optic
axis en face images of the macular area with a higher
contrast.

Results

The details of the volunteers scanned with our
system are displayed in the Table. None of the volun-
teers had high myopia (< –6 D).

Figure 1 shows an example of intensity and optic
axis orientation en face images and combined cross
section images obtained in a healthy volunteer. Figure
1A shows the intensity en face image. Figure 1B shows
the orientation measured in the sclera, where the white
dotted lines correspond to the B-scans shown on the
right of the image. Two different fiber orientations
where measured in the sclera. The inner layer of sclera
is oriented parallel to the RNFL (i.e. radial from the
ONH). A deeper layer was found where the orientation
is circular around the ONH. This layer is positioned
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Figure 1. Intensity and orientation images of the retina of a healthy volunteer. (A) Intensity en face image; (B) orientation en face image
of the innermost part of sclera (approximately 150 μm thickness); and (C–E) cross section images, where the intensity image is overlaid with
color-coded orientation values for pixels with high optic axis uniformity. Red arrows in D point toward the region where the most anterior
sclera pixels have a circular orientation, causing a ring-like feature in the orientation en face image shown in B.White dotted lines in A and B
correspond from top to bottom to the cross sections shown in C to E. Images sizes: A and B 5.7 × 6.2 mm (depth × height), C to E 1.7 × 6.2
mm (depth × height). A video of all frames is provided in the Supplementary Material. S, superior; N, nasal; I, inferior; T, temporal region.

under the radial oriented layer, except in close proxim-
ity to theONH.Here, the radial layer vanisheswhile the
circular layer extends significantly closer to the ONH
and more proximal, as indicated by the red arrows
in Figure 1D. This results in a ring of circular orienta-
tion at the scleral innermost part, as can be seen in the
sclera orientation en face image (see Fig. 1B). Cumula-
tive phase retardation images of all B-scans shown here
are included in the Supplementary Material.

To interpret the colors of the orientation images
correctly, vector plots were created, which are plotted
on top of intensity en face images. Orientation en face
images and their corresponding vector plots of the
RNFL, first layer of sclera, and second layer of sclera
are shown in Figure 2. Here, the start of the second
layer of sclera (Figs. 2E, 2F) was segmented manually
based on orientation images. This orientation could not
be retrieved from every B-scan because it was either not
within the image range or because the intensity from
this layer was too low.

Eyes of five of seven volunteers showed these two
orientations for the sclera, with the second layer surfac-
ing in a ring around the ONH. One eye is shown
in Figure 1 and Figure 2, an overview of images of
the other four volunteers is shown in Figure 3. In two
volunteers, the signal-to-noise ratio was too low in the
scleral tissue to be evaluated, leaving too little birefrin-
gence signal to create a full en face image. Good quality

RNFL orientation en face images could be created in
all volunteers.

In the macula region, Henle’s fiber layer was found
to be birefringent, as shown in Figure 4. Figure 4B
shows a full optic axis en face image, where all orien-
tations from pixels with an OAxU value > 0.5 were
averaged. Near the optic nerve head, the signal from
the RNFL and sclera can be observed. At the macula
region, Henle’s fiber layer creates a radial pattern
around the fovea. This is shown locally in Figure 4D.
A band of high OAxU signal is found in the OPL,
spanning 3.9 mm in the presented B-scan. No birefrin-
gent signal of sclera was observed at the macula.
This is mostly because the retina was positioned at
the bottom of the image and the imaging range did
not reach the sclera. In Figure 4C an orientation
en face image is shown using the cumulative optic
axes.

Discussion

The observed patterns of the collagen fibers in the
sclera demonstrated in this in vivo study are consistent
with the previously mentioned ex vivo results reported
by Gogola et al.5 They reported that circumferential
fibers formed a ring adjacent to the scleral canal in
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Figure 2. Orientation color images and their corresponding vector images of RNFL (A, B), first 150 μm of sclera (C, D), and manually
segmented second layer of sclera orientation (E, F). Images sizes: 5.7 × 6.2 mm (depth × height).

Figure 3. Intensity and orientation images of the retina of four different volunteers. (A–D) Intensity en face images; (E–H) orientation
en face image of the retinal nerve fiber layer; (I–L) orientation en face image of the innermost part of the sclera (approximately 150 μm
thickness); and (M–P) cross section images, where the grayscale intensity image is overlaid with color-coded orientation values for pixels
with high optic axis uniformity.White dotted lines in A to L correspond to the cross sections shown inM to P in the same row. Images sizes:
A to L 5.7 × 6.2 mm (depth × height), andM to P 1.7 × 6.2 mm (depth × height). S, superior; N, nasal; I, inferior; T, temporal region.

all measured eyes, and that radially oriented regions
started near the canal and extended for at least several
mm. Figure 5 shows a 3Dmodel of peripapillary sclera
orientation as observed in our images. Gogola et al.5
also report regions of interweaving fibers throughout
the sclera depth. These interweaving regions were not
found with our method. A lack of birefringence signal

might indicate such an interweaving region, but a lack
of signal can have other causes as well.

The reflectivity of Henle’s fiber layer is dependent
on the angle under which it is imaged.28 This is also
the case for its birefringence, as fibers oriented parallel
to the propagation direction of the light do not exhibit
birefringence signal. In Figure 4B, at the white dotted



Scleral and Retinal Architecture Using PS-OCT TVST | October 2020 | Vol. 9 | No. 11 | Article 21 | 6

Figure 4. Intensity andorientation images of themacula region. (A) Intensity en face image; (B) local orientation en face image; (C) cumula-
tive orientation en face image of RPE; and (D) cross section image, where the intensity image is overlaid with color-coded orientation values
for pixels with high optic axis uniformity.White dotted lines in A to C correspond to the cross section shown in D. Images sizes: A to C 5.7 ×
6.2 mm (depth × height), and D 1.7 × 6.2 mm (depth × height).

Figure 5. Model of peripapillary scleral orientation. A radially
orientedfiber layer (red) precedes a circumferentially orientatedfiber
layer (blue). Close to the ONH, the circumferentially oriented layer
displaces the radially oriented fiber layer.

line, a small movement of the eye caused a shift in the
scan. After this movement, Henle’s fiber layer showed
a stronger OAxU signal. The cumulative en face image
in Figure 4C shows that Henle’s fiber layer did cause
a phase retardation in the light coming from the RPE
above and beneath the white line. The quality of the
local en face images of Henle’s fiber layer varied signif-
icantly between and within volunteers.

Before PS-OCT can be used widely in the clinic,
some limitations must be overcome. The foremost is its
limited penetration depth.Our systemhas awavelength
range centered at 1060 nm. The long wavelength range
enables us to reach the sclera in a large fraction of the
data, whereas the light from systems with a wavelength
centered around 870 nm is attenuated much more
before it reaches the sclera. However, even with our

system the sensitivity was not always high enough to
detect backscattered light from deep scleral layers. A
lack of intensity signal means no optic axes could be
calculated. An example of this is shown in Figure 3N,
where the left side of the B-scan does not show any
signal from sclera. This also shows as a black void in the
left of the en face image, as shown in Figure 3J. In two
of seven volunteers, only a circumferentially oriented
ring of scleral collagen was visible around the ONH,
where the attenuation of the RNFL and RPE is lower
than in other regions. In these scans, little to no signal
from the radially oriented layer could be obtained.
In the macula region, the RPE contains more highly
scattering and polarization scrambling melanin29 and,
therefore, even less light reaches the sclera.

Because of unknown birefringence in the setup and
the cornea, the incident polarization state on the retina
cannot be determined. Therefore, in this study, optic
axis orientation measurements are always relative. The
degrees reported in the figures for the optic axis are
calibrated on the radial orientation of the fibers in the
RNFL. The known orientation of the RNFL is then
used to interpret the orientations found in the sclera.

As our system is not equipped with a scanning
laser ophthalmoscope (SLO) or retinal tracking, it was
sometimes difficult to align the volunteers. The use of
mydriatics made this easier. However, the use of mydri-
atics is not deemed necessary for obtaining high-quality
PS-OCT scans in healthy volunteers.

The radially oriented scleral collagen layer is formed
on top of the circumferentially oriented layer except
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in a ring around, and very close to, the ONH. There-
fore, the circumferentially oriented deeper layer outside
this parapapillary ring is more difficult to observe with
the limited penetration depth. Two millimeters was the
furthest away from the ONH we could clearly observe
the second circumferentially oriented layer underneath
a radially oriented layer. Within this small region, our
observations do not confirm a tangentially oriented
fibermodel, as proposed byVoorhees et al.,30 but rather
show a varying orientation in depth. Voorhees et al.30
did not include the effect of a varying orientation in
depth in their model. It remains unknown how the
layered structure evolves when moving further away
from the ONH. We presented a method that allows
further study of glaucoma and myopia patients to
compare their scleral structures with those of healthy
volunteers.
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