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Purpose. To compare the collagen microstructural crimp characteristics between thin and
thick lamina cribrosa (LC) beams.

MEerHODS. Seven eyes from four sheep were fixed at 5 mm Hg IOP in 10% formalin. For each
eye, one to three coronal cryosections through the LC were imaged with polarized light
microscopy and analyzed to visualize the LC and determine collagen fiber microstructure. For
every beam, we measured its width and three characteristics of the crimp of its collagen
fibers: waviness, tortuosity, and amplitude. Linear mixed effects models were used to test
whether crimp characteristics were associated with the LC beam width.

Resurts. For each eye and over all the eyes, LC beam width was positively associated with
crimp waviness and tortuosity, and negatively associated with crimp amplitude (P’s <
0.0001). Thin beams, average width 13.11 pm, had average (SD) waviness, tortuosity, and
amplitude of 0.27 (0.17) radians, 1.017 (0.028) and 1.88 (1.41) um, respectively. For thick
beams, average width 26.10 pm, these characteristics were 0.33 (0.18) radians, 1.025 (0.037)
and 1.58 (1.36) um, respectively.

Concrusions. Our results suggest heterogeneity in LC beam mechanical properties. Thin
beams were less wavy than their thicker counterparts, suggesting that thin beams may
stiffen at lower IOP than thick beams. This difference may allow thin beams to support
similar amounts of IOP-induced force as thicker beams, thus providing a similar level of
structural support to the axons at physiologic IOP, despite the differences in width.
Measurements of beam-level mechanical properties are needed to confirm these
predictions.

Keywords: optic nerve head, collagen, crimp, lamina cribrosa, intraocular pressure,
microstructure, biomechanics

he lamina cribrosa (LC) is a trabecular structure consisting

of an intricate network of collagenous beams and blood
vessels that support the delicate retinal ganglion cell (RGC)
axons passing through the pores.' It is often considered that
mechanical insult within the LC contributes to glaucomatous
damage.l’6 This may involve several paths, such as compression
or shearing of the RGC axons potentially affecting axoplasmic
transport,®’ stretch-induced activation of astrocytes,®*** or
disruption of the vasculature and ischemia.”'"'%15 Overall, a

larger mechanical insult is thought to translate into a higher
16,17

likelihood of neural tissue damage.

The wide variation in width of the collagenous beams of the
LC has been proposed to be indicative of mechanical support
that the beams provide to the surrounding tissues, both when
interpreting images and in modeling.>'®**! In this view, thin
beams are structurally weaker than thick beams, stretching
more under a given IOP, a larger mechanical insult, potentially
endangering nearby axons. There are, however, some problems
with this view. First, it remains to be proven that RGC axon
damage in LC regions with thin beams is more pronounced or
occurs earlier in the disease than in regions with thick beams.

Copyright 2018 The Authors
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Second, the structural stiffness of a beam is not only
determined by its width, but also by its mechanical properties.
The mechanical properties of a beam are, in turn, determined
by its composition and organization at the microstructural
level. At this level, the collagen fibers exhibit natural
undulations called crimp (Fig. 1). As is well-known from other
collagenous soft—tissues,zz'25 this crimp is central to the
nonlinear stiffening behavior of the beams, and how much
they deform under the loads of IOP (Fig. 2).

If thin and thick LC beams have different collagen
microstructural crimp characteristics, it would indicate that
they also have different mechanical properties, and therefore
that beam width is not sufficient to infer the structural stiffness
of a beam or the support it provides to adjacent tissues. Our
goal in this project was to measure the collagen fiber crimp
characteristics of LC beams and determine whether beam
width is associated with three measures of collagen crimp:
waviness, tortuosity, and amplitude. For this, we used
techniques based on polarized light microscopy (PLM) that
we have recently demonstrated as suitable for direct measure-
ment of collagen crimp in ocular tissues. 20731
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Visualization of the LC of a sheep eye fixed at 5 mm Hg. Coronal sections through the LC were imaged with PLM, and processed as
to obtain an “energy” parameter (A), local fiber orientation (B), and visualize crimp (C, D). In the orientation map shown

in (B), colors indicate local collagen fiber orientations, whereas intensity is scaled based on the energy shown in (A). The orientations were further
processed to simplify visualizing collagen fiber undulations, or crimp, as described elsewhere.*”*® The regular patterns of crimp in the LC beams are

more clearly discernible as yellow/purple bands in LC close-ups (D).

METHODS

Sample Preparation

Seven eyes from four adult sheep, approximately 2 years old,
were acquired from a local abattoir and processed within 8
hours of death following the procedure described else-
where 26-28:30.31 Briefly, the eyes were carefully cleaned to
remove the muscles, fat, and episcleral tissues. Each eye was
then cannulated through the anterior chamber with a 23-gauge
needle to set IOP to 5 mm Hg using a saline column. The eyes
were then fixed with 10% formalin for 24 hours while
maintaining IOP. Following fixation, the optic nerve head
(ONH) within the posterior pole was excised using an 11.5-
mm-diameter trephine and cryosectioned coronally into 30-pum-
thick sections. One to three sections through the LC, per eye,
were selected for analysis. Note that the process required no
labels or stains, no embedding in paraffin or plastic, and no
dehydration.
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Imaging Acquisition

The sections were imaged using PLM following previously
reported protocols (Fig. 1).26’5 ! Briefly, two filters (Hoya, Tokyo,
Japan) were used, one as a polarizer, and the other as an
analyzer. Four images were acquired using white light illumina-
tion, with filter orientations rotated 45° between images. The
relative changes in signal intensities at each pixel were used to
compute local collagen fiber orientation using custom code in
Fiji Is Just Image].>* To facilitate visualization, we also computed
an “energy” parameter.%'31 Briefly, this parameter measures the
variations in pixel intensity with rotations of the polarized filter.
If there is no birefringent material (e.g., zero collagen density),
the energy will be zero. Presence of in-plane collagen fibers
would result in higher energy.>®> An Olympus BX60 microscope
(Olympus, Tokyo, Japan) was used with a SPOT camera (SPOT
Imaging Solutions, Sterling Heights, MI, USA) and a X10
objective (numerical aperture 0.3). The acquired images were
12-bit grayscale with a pixel size of 0.73 pm.
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FIGURE 2.

Schematic illustration of how the microstructural crimp determines the nonlinear stiffening behavior of a single LC beam. This diagram

does not consider bending stiffness, and focuses solely on the longitudinal stretch of a collagen beam. As a beam stretches, its collagen uncrimps,
requiring relatively little force until the collagen loses all crimp and is straight. The beam with straightened collagen can be stretched further only by
making the fibers longer, which requires a larger, and increasing, force, and so the beam appears stiff.

LC Beam Width and Crimp Quantification

For every LC beam, we manually placed a straight-line segment
across the middle of the beam to measure the beam width (red
line, Fig. 3A). When marking, we were careful to make sure all
LC beams in an image with an energy value greater than 2% of
the energy range were marked and that the straight-line
segment covered the entire width of the beam at the mid-point.
We were also careful to not mark vessel walls or the thick tree-
like stalk through the LC, sometimes called the ventral groove.
From the manually placed width lines, a straight line through
the center of the width line, perpendicular to it (longitudinal to
the beam) was automatically generated, (green line, Fig. 3A).
This line was then used to measure the waviness, tortuosity,
and amplitude of the beam collagen. We verified that all
longitudinal lines were fully within the beam and not on beam
splits, divisions, overlaps, or other areas that could artifactually
affect measurements (e.g., areas with very dense pigment).
Note that the crimp of the collagen fibers in a beam may not be
uniform. The crimp measurements in this work should be
taken to represent the average crimp in the middle of a beam.
In a preliminary study, we compared the crimp measures
obtained with various longitudinal line lengths and found no
significant differences in the calculated crimp parameters.
Results with longitudinal lines 10 times as long as the beam
width had less noise, and are therefore the ones shown in this
article.

The crimp waviness, tortuosity, and amplitude were
calculated using custom code as previously described (Fig.
3),26:28:29.31 Briefly, crimp waviness was computed as the
circular standard deviation of the orientation values (0) of the
pixels underlying the longitudinal line, in absolute values.
Crimp tortuosity was computed as the ratio of the sum of the
pixels’ path length components to the sum of the end-to-end
length components. Crimp amplitude was computed as the
sum of the pixels’ amplitude components. A beam with
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perfectly straight fibers would have waviness and amplitude of
zero, and tortuosity of 1. The parameters increase for beams
with crimped fibers. It is important to note that the calculation
of the crimp parameters was based on local fiber orientation
values, which does not require direct visualization of the
collagen fibers or discerning their edges. This is an important
strength of PLM compared with other imaging techniques,
which require clear visualization of fibers to determine
orientation. We have discussed this in detail elsewhere.?*!

Statistical Analyses

Repeatability and Reproducibility of LC Beam Width
and Crimp Measurements. Three markers manually placed
line segments to measure the LC beam widths and to sample
PLM-derived orientation information for crimp measurements.
To ensure that these manually placed line segments produced
repeatable and reproducible measurements, three markers
measured the beam width and crimp parameters in 25 LC
beams from different sections three times. For each of the 25
beams, the SDs of each marker’s three measurements of beam
width and crimp parameters were calculated. The largest SD
across all 25 beams is reported here as the worst-case measure
of repeatability. To calculate reproducibility, all measurements
made from the three trials of three markers were pooled, and
the SD was calculated for each beam. The largest SD of the
pooled measurements was reported as the worst-case measure
of reproducibility.

Crimp in Thin Versus Thick LC Beams. For simplicity,
we first did an analysis splitting LC beams into “thin” and
“thick” to test if thin beams have significantly different crimp
parameters than thick beams. For each eye, beams that were
less than or equal to the median beam width of that eye were
labeled “thin” and those greater than the median were labeled
“thick” (Supplementary Fig. S1). We calculated the medians,
averages, and SDs of each crimp parameter for thin and thick
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Ficure 3. (A) Example LC section and close-ups to illustrate regions with thin and thick beams. On the beams are superimposed lines used to
measure width (red lines) and crimp parameters (green lines). (B) Schematic of crimp parameter calculation. Trigonometric identities were used
pixel by pixel along the line longitudinal to the beam (green line) to calculate the pixel level contributions to the amplitude, path length, and end-
to-end length based on the local fiber orientation obtained from PLM. Pixel level contributions were integrated to compute total amplitude, path,
and end-to-end lengths and determine crimp amplitude and tortuosity.

beams. Using linear mixed effects (LME) models, we deter-
mined whether crimp parameters of thin beams were
significantly different from those of thick beams. LME models
are linear models that incorporate fixed and random vari-
ables.>* Fixed variables are our variables of interest, which in
this case are whether a beam is thin or thick and the crimp
parameters. Random variables are factors that may affect the
sampling population, such as the number of measurements in
different sections or in different eyes. LME models account for
autocorrelation of measurements from the same section and
eye.

Association of Crimp Parameters With LC Beam
Width. We also used LME models to determine the relation-
ship between each crimp parameter and LC beam width as a
continuous variable. Specifically, we determined if each crimp
parameter was associated with LC beam width within each
individual eye, and whether they were associated with
measurements pooled over all the seven eyes.

Plotting the measurements suggested that the relationship
between the LC beam width and crimp parameters was not
linear. Several models were therefore fit with crimp parameter
transformations from the Box-Cox family (no transformation or
linear, logarithmic, square, and square root). We used the
Akaike information criterion (AIC) to select the optimal model
among various transformations. AIC balances goodness of fit
with the relative complexity of the model to avoid overfitting.

For all statistical tests, we used o = 0.01 to establish
significance. Note that significance is determined by the P
value of the model, which is different from the AIC value. For
example, it is possible that a model has a high AIC value but
still shows significance with a low P value. All statistical
analyses were done using R (\72.12.0).54’5 >
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RESULTS

The LC beam width and crimp measurements were highly
repeatable and reproducible. The LC beam width measure-
ments had a repeatability of 1.7 pm and reproducibility of 2.8
um. The repeatability of the measurements of crimp waviness,
tortuosity, and amplitude were 0.036 radians, 0.0057 and 0.26
nm, respectively. The reproducibility of the measurements of
crimp parameters were 0.069 radians, 0.0097 and 0.47 pm,
respectively.

When splitting measurements by width into thin versus
thick beams, we found that thin LC beams had significantly
larger crimp waviness and tortuosity and smaller crimp
amplitude than thick LC beams (P’s < 0.001), across all eyes
as well as within each eye. Crimp distributions in thin and
thick LC beams are shown in Figure 4. Average (SD) beam
widths were 13.11 (4.71) um for thin beams and 26.10 (10.28)
pnm for thick beams.

When treating LC beam width as a continuous variable, we
found similar results. LC beam width was positively associated
with the crimp waviness and tortuosity, and negatively
associated with the crimp amplitude (P’s < 0.0001). We found
this to be true for each eye (Supplementary Figs. S2-S4), as
well as across all eyes (Fig. 5). After testing four model
transformations (linear, logarithmic, square, and square root of
the crimp parameter), we found that the optimal models
(lowest AIC values) had beam width increasing with the square
of the waviness and the square root of the tortuosity, and
decreasing with the square root of the amplitude (Table;
Supplementary Tables S1-S3).
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Ficure 4. Boxplots of crimp distributions in thin and thick LC beams. Average (SD) beam widths were 13.11 (4.71) pum for thin beams and 26.10
(10.28) um for thick beams. Average (SD) crimp waviness, tortuosity, and amplitude for thin and thick beams were labeled above the whisker’s tip.

Thick beams had significantly larger crimp waviness and tortuosity, and smaller crimp amplitude (P’s < 0.001).

DIscussIoN

We found that LC beam collagen fiber crimp was significantly
different between thin and thick beams. Specifically, waviness
and tortuosity were positively associated with LC beam width,
whereas crimp amplitude was negatively associated with LC
beam width. Microstructural crimp is a major determinant of
how collagenous tissues stiffen under stretch or tensile
load,?>2%3%37 and therefore our results imply that thin and
thick beams require different amounts of stretch or force for
their collagen fibers to straighten, and thus to stiffen. Thus,
thin and thick LC beams should not be assumed to have the
same mechanical properties. This is important, as it is evidence
against the traditional assumption that LC beams have the same
mechanical properties. Within this traditional assumption, the
structural stiffness of an LC beam has been taken to be
dependent only on its width. This perspective seemed
reasonable, as it is essentially valid for trabecular bone, which
looks similar to the LC.>37 Nevertheless, our results show that
this is not the case in the LC, and therefore that it is likely not
appropriate to estimate LC beam structural stiffness based only
on its width.

To illustrate the potential implications of our findings, it is
useful to consider two cases with different combinations of LC
beam width and tortuosity: the traditional one and the one
revised according to the findings presented herein (Fig. 6). The
comparison is most clear when both thin and thick beams are
considered under the same stretch conditions, and therefore

this is the situation we illustrate. Nevertheless, it is possible
that LC thin and thick beams in vivo are subjected to different
stretch or loading conditions. However, we posit that ours is a
useful comparison to understand the potential implications of
our findings. Also, the same argument about differences in load
or stretch could be made when attributing LC beam
mechanical support based only on their width.

Interestingly, we found that the optimal model associated
LC beam width with the square root of tortuosity. Rearranging
the terms, this means that the optimal model was for a
relationship between the square of the LC beam width and
tortuosity. This suggests a mechanistic relationship between
the cross-sectional LC beam area (proportional to the square of
its diameter) and tortuosity. Such a relationship will help
compensate the increase in stress due to the smaller cross-
sectional area in thin beams, resulting in a more homogeneous
force on the loaded collagen fibers. In this regard, it seems
reasonable to hypothesize that the heterogeneity in collagen
crimp may compensate for the heterogeneity in beam width,
and vice versa.

The heterogeneity in beam crimp and width suggests that
the LC may have a more gradual stiffening response to stretch
than if it had a single beam crimp and width. This may help
avoid sharp increases and reduce spatial inhomogeneities in LC
deformation that could have advantages for the cells resident in
the LC and the axons within.

It is important to acknowledge that, although crimp plays a
central role on soft tissue mechanics, it is not the only factor
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Scatterplots of crimp parameters as a function of the beam width when pooling measurements over all the seven eyes. The LC beam

width was positively associated with the crimp waviness and tortuosity, and negatively associated with the crimp amplitude (P’s < 0.0001).
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TaBLe. Summary of Results From Statistical Tests (Pooling Measurements Over All the Seven Eyes)

‘Waviness Tortuosity Amplitude
Model Type Slope AIC P Slope AIC P Slope AIC P
Linear 0.004 —831 <0.0001 0.0005 —4889 <0.0001 —-0.018 4248 <0.0001
Logarithmic 0.018 2293 <0.0001 0.0005 —5057 <0.0001 —0.014 3861 0.0001
Square 0.003 —1426 <0.0001 0.0011 —3026 <0.0001 —0.072 7921 0.0002
Square root 0.004 —1092 <0.0001 0.0002 —6660 <0.0001 —0.007 2057 <0.0001

The crimp morphology parameters (waviness, tortuosity, and amplitude) were transformed according to the model type. The sign of the slope
indicated whether the crimp parameter increased () or decreased (—) with the LC beam width. The AIC and P values were calculated to determine
the optimal model. For each crimp parameter, the optimal model was marked in bold, with the lowest AIC and a significant P value.

affecting mechanical properties. Several other factors also
affect tissue stiffness and response to load, including, but not
limited to, fiber type, composition, thickness, alignment and
slip conditions, fibril-to-fibril interactions, proteoglycan and
elastin content and distribution, and the amount and type of
cross-linking between the fibers, and the presence and
characteristics of blood vessels within.?*?>374%41 Fyrther
research is needed to quantify additional microstructural

characteristics of LC beams to be able to fully characterize
the LC response to the loads of IOP and all the factors that
contribute to determine its mechanics, and to confirm the
predictions made above.

We also found that thick LC beams had smaller crimp
amplitude than thin beams. The implications of this finding are
not clear, although the effect size was substantially smaller than
for tortuosity and waviness. We hypothesize that a small crimp
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Ficure 6. Schematic illustration of potential implications of our findings on the relationship between LC beam width and crimp characteristics. We
present two cases with different combinations of LC beam width and tortuosity. The first case (fop) represents the traditional thought that all LC
beams have the same mechanical properties, that is, thin and thick beams have the same tortuosity. The second case (boftom) represents our
experimental findings, in which the thin beam has a lower tortuosity than the thick beam. In the first case, thin and thick beams stiffen at the same
level of stretch, with the thick beam consistently carrying more force than the thin beam. Conversely, in the second case, the thin beam stiffens at a
lower level of stretch. Hence, for this beam, there is a range of stretches within which the thin beam carries more force than the thick beam. This
also results in the existence of a crossover point at which both beams carry the same force. At a higher level of stretch, the thick beam carries more
force than the thin beam. For clarity, we do not consider the uncrimping stiffness of collagen fibers in this figure. We refer readers to Supplementary
Figure S5, where the force-stretch curve considers the uncrimping stiffness of collagen fibers.
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amplitude may facilitate tight collagen fibril packaging and
perhaps increased fibril-to-fibril interactions. 2

Elsewhere, arguments have been made about the connec-
tive tissues of the eye remodeling in response to IOP load
c:hzlnges,43 with ag629’44 and disease.®> How the collagen of LC
beams changes in these conditions remains unknown and
should be investigated. Herein we have demonstrated that this
can be done using PLM. We are not aware of other studies
characterizing LC beam microstructural properties and their
relationship with the LC beam width. Several studies, for
example in vivo imaging using optical coherence tomogra-

h ,18’19’4(”49 and ex vivo studies using serial block face
imaging,”® second harmonic generated (SHG) imaging, >*>17>4
have quantified LC trabecular beam and pore morphology,
including the diameters, but have reported no information on
collagen microstructural characteristics, such as the crimp.
Accurate measurement of collagen crimp requires high angular
and spatial resolutions, otherwise the orientation information
will encode both anisotropy and crimp.>®> SHG does have
excellent specificity and can image the fibers with micrometer-
scale resolution, suitable for crimp studies in some tissues.>®

In this work, we studied three crimp parameters: waviness,
tortuosity, and amplitude. Although these parameters may be
related to one another, and not completely independent, our
work here and elsewhere?®?*23! shows that each parameter
provides a unique perspective on the crimp, and thus they are
not redundant. Other parameters can also be used to describe
the crimp, such as the period26’28’51’42 and the maximum
deviation angle.’”® Future work should look into a better
understanding of the relationship between crimp characteris-
tics, perhaps using even higher-resolution imaging techniques
that can better identify individual fibers and their orientations,
such as polarization-sensitive second harmonic generation
microscopy.”® Future studies should also evaluate the distribu-
tion of waviness and tortuosities within the fibers of a beam.

It is important to consider the limitations of our study
together with its strengths. The tissues used in this study were
ex vivo, fixed in formalin, and cryosectioned, which could
introduce artifacts. However, when we looked for effects from
tissue fixation and processing, we detected no substantial
changes in the architecture of the collagen fibers, including the
fiber crimp at the small scale,27 or tissue distortions at the large
scale.® The study was conducted on sheep eyes. Sheep eyes,
although similar to human eyes because they have a
collagenous LC, and because they suffer from IOP-induced
glaucomatous-like neuropathy,él’é2 have distinct structural
differences from human eyes, such as the ventral groove in
the ONH. Also, it remains to be established whether the LC
beams are comparable between sheep and humans. It is,
therefore, possible that the microstructural crimp characteris-
tics we found in sheep are different from those in humans. Still,
it is important to understand sheep as an animal model 0102
Future work should include additional animal models, as well
as human eyes.

Our measurements of LC beam width were done in
coronal sections of the ONH. It is possible that beams were
cut partially, resulting a measured beam width smaller than
the actual beam diameter. To minimize this risk, we used
relatively thick (30-um) sections of the ONH. Our PLM images
mostly show continuous beams, suggesting that we mostly
captured whole beams. A similar issue exists in the crimp
measures. The fiber orientation information we used to
calculate crimp was based on two-dimensional measurements
on the plane of the section. We have discussed this issue in
detail elsewhere, including potential implications on the
measurements.””>' Because the beams of the sheep LC are
mostly organized in the coronal plane, we posit that this is the
most relevant plane for measurement. Future studies,
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nevertheless, should quantify crimp parameters in the other
planes, potentially using more advanced PLM techniques to
obtain three-dimensional (3D) data on crimp.(’3 Also, we did
not analyze LC beams with energy values under 2% of the
energy range. Although our previous studies suggest that this
still allowed us to consider the vast majority of beams, even
those with pigment or little collagen, it is possible that we
may have missed some beams.

A small, non-zero, IOP was necessary to ensure maintaining
the shape of the globe, without potential artifactual beam
distortions. Hence, the eyes for this study were fixed at 5 mm
Hg. Although 5 mm Hg may be high to serve as an ideal
undeformed reference state, and below physiologic levels, it
can serve as a reference. Elsewhere we compared some
collagen crimp characteristics over the whole LC and
peripapillary sclera, and found no significant differences
between eyes fixed at 0 and 5 mm Hg.26 Those studies,
however, focused on crimp period, not waviness and
tortuosity. It seems reasonable to expect that some waviness
and tortuosity will vary with the IOP level. Future studies could
use the techniques in this work to quantify the dependence of
crimp on the IOP level.

It should be noted that the LC beams are not isolated, and
instead form part of a complex 3D network, and therefore the
biomechanical behavior of a beam is not independent. The
trabecular structure of the LC likely plays an important role in
its biomechanics.**°°

In conclusion, we have presented novel measurements of
the microstructural crimp characteristics of the collagen fibers
of LC beams. Our measurements show that crimp properties
are associated with LC beam width. Because fiber crimp is a
main determinant of the biomechanical properties of the
beams, our results suggest that thin and thick LC beams have
different mechanical properties. This, in turn, suggests that it
may not be appropriate to assume that thin LC beams provide
less mechanical support to neighboring tissues than thick LC
beams. Similarly, our results suggest that it may not be
appropriate to infer that LC regions with thin LC beams are
necessarily more sensitive to IOP than regions with thick LC
beams. Instead, our results support the idea that the collagen
fibers of the LC beams vary over the LC and may even remodel
or adapt to produce a more uniform structural support than
may be inferred solely based on LC beam widths. This study
emphasizes the critical need to consider the potential role of
microstructure in eye mechanics and physiology, in aging, and
in biomechanics-related ocular diseases, such as glaucoma.
Nevertheless, further work is needed to obtain direct
experimental data on the mechanical properties of the LC
tissues and their association with collagen microstructure,
including crimp.
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