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a b s t r a c t 

Collagen is the main load-bearing component of the peripapillary sclera (PPS) and lamina cribrosa (LC) in 

the eye. Whilst it has been shown that uncrimping and recruitment of the PPS and LC collagen fibers un- 

derlies the macro-scale nonlinear stiffening of both tissues with increased intraocular pressure (IOP), the 

uncrimping and recruitment as a function of local stretch have not been directly measured. This knowl- 

edge is crucial to understanding their functions in bearing loads and maintaining tissue integrity. In this 

project we measured local stretch-induced collagen fiber bundle uncrimping and recruitment curves of 

the PPS and LC. Thin coronal samples of PPS and LC of sheep eyes were mounted and stretched biaxially 

quasi-statically using a custom system. At each step, we imaged the PPS and LC with instant polarized 

light microscopy and quantified pixel-level (1.5 μm/pixel) collagen fiber orientations. We used digital 

image correlation to measure the local stretch and quantified collagen crimp by the circular standard de- 

viation of fiber orientations, or waviness . Local stretch-recruitment curves of PPS and LC approximated 

sigmoid functions. PPS recruited more fibers than the LC at the low levels of stretch. At 10% stretch the 

curves crossed with 75% bundles recruited. The PPS had higher uncrimping rate and waviness remaining 

after recruitment than the LC: 0.9º vs. 0.6º and 3.1º vs. 2.7º. Altogether our findings support describing 

fiber recruitment of both PPS and LC with sigmoid curves, with the PPS recruiting faster and at lower 

stretch than the LC, consistent with a stiffer tissue. 

Statement of significance 

Peripapillary sclera (PPS) and lamina cribrosa (LC) collagen recruitment behaviors are central to the non- 

linear mechanical behavior of the posterior pole of the eye. How PPS and LC collagen fibers recruit under 

stretch is crucial to develop constitutive models of the tissues but remains unclear. We used image-based 

stretch testing to characterize PPS and LC collagen fiber bundle recruitment under local stretch. We found 

that fiber-level stretch-recruitment curves of PPS and LC approximated sigmoid functions. PPS recruited 

more fibers at a low stretch, but at 10% bundle stretch the two curves crossed with 75% bundles re- 

cruited. We also found that PPS and LC fibers had different uncrim ping rates and non-zero waviness’s 

when recruited. 

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Collagen is the main load-bearing component of the sclera and 

amina cribrosa (LC) in the posterior pole of the eye ( Fig. 1 ) [1–

] . Collagen thus plays a critical role in how these tissues protect 

he delicate neural tissues of the retina and optic nerve and main- 

ain the globe shape necessary for vision [ 6 , 7 ]. The collagen fibers
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Fig. 1. The anatomy of the eye and optic nerve head (ONH). (Left) A sagittal view of an eye is shown. Adapted from a diagram by the National Eye Institute. (Right) A coronal 

view of ONH acquired by instant polarized light microscopy. The image encodes pixel-level collagen fiber orientation and density as hue and brightness, respectively. The 

lamina cribrosa (LC) is a mesh-like connective tissue spanning the scleral canal. Through the pores of the LC pass the retinal ganglion cell axons that carry visual information 

from the eye to the brain and blood vessels that perfuse the posterior pole. 
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f both sclera and LC exhibit the process known as fiber recruit- 

ent [ 8 , 9 ], giving rise to their well-known macro-scale nonlinear 

ehavior ( Fig. 2 ) [10–14] . While fiber recruitment as a function of

ntraocular pressure (IOP) has been measured [14] , no studies have 

irectly measured the uncrimping and recruitment of the collagen 

bers of the LC and adjacent peripapillary sclera (PPS) as a func- 

ion of stretch. This knowledge is crucial to developing constitu- 

ive models of the tissues associating the micro and macro scales, 

hich must be constructed based on the tissue stretch and not IOP 

 15 , 16 ]. The knowledge is also necessary to understand the role of

ollagen fiber characteristics in the physiology and pathophysiol- 

gy of the region. Because of the complex architecture and me- 

hanical interactions between the PPS and LC, it is not trivial to 

nfer recruitment as a function of stretch from recruitment as a 

unction of IOP. 

Our goal in this study was to characterize the stretch-induced 

ollagen fiber uncrimping and recruitment of the LC and adjacent 

PS at the fiber level. We hypothesized that collagen recruitment 

n the PPS occurs at lower levels of stretch than in the LC. This sus-
ig. 2. Schematic illustration of how the collagen crimp determines the nonlinear mecha

hat is straightened is recruited. (A) In a simple recruitment model, a collagen fiber bun

ecruited, the fiber bundle has a low stretch-force slope, i.e., low stiffness. Fibers become 

n abrupt, step, increase in stiffness (red curve). (B) When a fiber bundle consists of man

ecruited as stretch increases (green curve). Gradual recruitment leads to a nonlinear incre

.e., stretch-force slope, becomes a constant. Actual tissues exhibit an even more comple

ross-links, are interlocked and can slide. Nevertheless, several tissues have been shown t

136
icion is based on three elements: First, previous studies have con- 

istently found, or argued rationally, that the LC is more compliant 

han the sclera, with estimates suggesting a difference of about an 

rder of magnitude [ 10 , 16,19–23 ]. One potential mechanism under- 

ying the differences in compliance could be if the fibers in the LC 

ecruit at higher levels of stretch than the fibers in the PPS. Sec- 

nd, experimental evidence has demonstrated that the PPS surface 

uffers only low single digits of stretch (maximum principal strain) 

ven for a large IOP increase from 5 to 45 mm Hg. [ 2 , 24 ]. To pro-

ide context, normal IOP ranges from 11 to 21mmHg [ 25 ], such 

hat the expected PPS deformations within the normal and near- 

ormal IOP range are likely even smaller. For the PPS deformations 

o be this small strongly suggests that PPS fibers also recruit at low 

ingle digits of stretch. If this was not the case, it seems reason- 

ble to expect that the tissues would remain highly compliant and 

hus exhibit larger deformations. Third, in our measurements of LC 

nd PPS uncrimping as a function of IOP, we found that the fibers 

f the sclera recruited at lower levels of IOP than those of the LC 

14] . Those measurements were obtained using inflation testing of 
nical behavior of a fiber bundle. A wavy fiber is not recruited. Conversely, a fiber 

dle consists of several fibers with variable crimp (blue curves). When no fiber is 

recruited one by one as stretch increases (green curve). Step recruitment results in 

y fibers with variable crimp. A progressively increasing fraction of fibers becomes 

ase in stiffness (red curve). When all fibers are recruited (black dash), the stiffness, 

x process, with fibers rotating, interacting with one another, for instance through 

o follow closely the recruitment process described here [ 17 , 18 ]. 
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Fig. 3. Schematic of biaxial stretch testing. Clamps (grey rectangles) mounted and stretched an ONH section (blue donut) equally along two orthogonal axes. Global stretch 

was defined as the change in clamp-to-clamp distance (green arrow) as the sample was stretched. Each global stretch step was 0.5 mm. Local stretch was calculated by 

the percent length change in the region of interest (red arrow) on the PPS or LC fiber bundles tracking by digital image correlation. Note that the amount of stretch is 

exaggerated for clarity. 

Fig. 4. Collagen crimp visualization in the ONH. IPOL image mosaics of a coronal section from the ONH of an unfixed sheep eye under a quasi-static biaxial stretch. On the 

left hand as mounted before stretch (Stretch step 0). On the right hand after stretch (Stretch step #20). The color disc on the top right-hand side of the image represents 

local fiber orientation, and the brightness of each pixel in the images represents local fiber density. The bottom row shows close-ups of PPS (left) and LC (right) in each 

condition. The dark shadows on the corners of the top left panel indicate the locations of the clamps. Using the IPOL technique allowed identifying the difference in collagen 

microstructure such as crimp before and after stretch. At the initial state, PPS and LC collagen fibers had clear waviness, discernible by the color bands. In contrast, at the 

stretched state, there were far fewer undulations in color on the PPS and LC collagen fibers, indicative of straightened, recruited fibers. A perfectly straight fiber has a single 

orientation and therefore a single color. Note the large changes in the canal shape, starting as elliptical and finishing close to circular. 
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hole globes, maintaining tissue integrity and preserving the in- 

eractions between the PPS and LC. This means that the behav- 

or of one tissue can affect that of the other. Many studies have 

hown that the mechanical properties of the sclera play a much 

arger role in the mechanical response of the ONH to changes in 

OP than the properties of the LC [ 26 , 27 ]. Moreover, the studies

how that variations on sclera properties have very large and di- 

ect effects on the response of the LC to IOP, whereas variations 

f LC properties have trivial effects on the response of the PPS to 

OP. This has generally been attributed to the fact that the LC is 

uch smaller than the sclera surrounding it. For context, a nor- 
137 
al human LC has a volume of 0.49 to 1.15 μl with a thickness 

anging between 142 and 272 μm. The PPS with a thickness that 

an reach 1200 μm can have a volume 50 times larger than that 

f the LC within a few mm of the scleral canal [ 28 ]. We should

ote that the actual effects of a stiffer/com pliant sclera on the LC 

re actually quite complicated due to the interactions of multiple 

actors [ 29 , 30 ]. While inflation testing has the advantage of being

hysiologically realistic, IOP is not a suitable parameter to deter- 

ine how the tissues behave independently, which is also of in- 

erest. Based on these, we suspected that the LC and PPS recruit- 

ent curves may be more similar when plotted as a function of 
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OP, when the tissues interact, than as a function of strain, when 

he tissues are independent. Testing this prediction is one of the 

otivations for this work. By evaluating the recruitment as a func- 

ion of local stretch instead of IOP, in this study, we were able to 

easure directly stretch-induced fiber responses of PPS and LC and 

emove any potential effects from interactions with other tissues. 

o achieve our goals, we used a recently demonstrated technique, 

nstant polarized light microscopy (IPOL), which allows measuring 

irectly and with high accuracy the stretch-induced uncrimping at 

he fiber-scale without the need for labels or stains. 

. Methods 

.1. A note on terminology 

Ocular collagen has a complex hierarchical organization [ 31–

6 ]. In some regions, such as the cornea, the hierarchy is relatively 

ell characterized, with collagen organized into evenly-spaced 

icro-fibrils approximately 35nm in diameter that join to form fib- 

ils, then fibers, then lamellae [ 35 , 37–39 ]. Collagen in the PPS and

C is more complex and not nearly as well understood. The analy- 

is in this work is based on biaxial stretch testing ( Fig. 3 ) as well

s visualizing and measuring collagen features at the micro-scale 

evealed by IPOL ( Figs. 4 and 5 ). It is at this scale that the undu-

ations and crimp we refer to have been reported and measured. 

t is at this scale that the undulations and crimp we refer to have

een reported and measured [ 14 , 33 ]. While the images show what

ooks like fibers, like those in the cornea, we expect these to have 

 sub-structure. To acknowledge this important fact, we decided to 

efer to them as “fiber bundles”. In the hierarchical structure, it is 

ikely that these fiber bundles group into larger bundles. 

.2. Sample preparation 

Three eyes from one-year-old sheep were obtained from a local 

battoir and processed within four hours after death as described 
ig. 5. IPOL images of PPS collagen and their corresponding orientation distribu- 

ions within a region of interest (dashed rectangle) at different stretch states. Wavi- 

ess was calculated using the circular standard deviation of the collagen fiber ori- 

ntations. In wavy crimped fiber bundles, the orientation distribution is more vari- 

ble, resulting in larger waviness values (left) whereas in recruited fibers, the dis- 

ribution is less variable, resulting in smaller waviness values (right). Local stretch 

as the percent change in the long axis between two regions of interest (red dash 

ectangle to green dash rectangle) on the fiber bundles, where the displacements of 

he long axis were measured by digital image correlation [ 40 ]. 
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138 
lsewhere [ 41 ]. Briefly, the muscles, fat, and episcleral tissues were 

arefully removed. The optic nerve head (ONH) region was iso- 

ated using an 11-mm-diameter trephine and embedded in opti- 

um cutting temperature compound (Tissue-Plus; Fisher Health- 

are, TX, USA). Samples were then snap frozen in liquid nitrogen- 

ooled isopentane and sectioned coronally at a thickness of 16 μm. 

he samples were then washed with PBS to remove the cutting 

ompound. The tissues were never fixed or labeled. To ensure ro- 

ust analysis we made sure to have three good sections for each 

ye (no breaks, folds, or other artifacts), i.e. , 9 sections from 3 

heep eyes were used and analyzed in total. 

.3. Biaxial stretch testing 

Each tissue section was mounted on a custom biaxial micro- 

tretcher system following the previously reported methodology 

 41 ]. Briefly, two pieces of silicone sheeting (Medical Grade, 0.005”; 

ioPlexus, AZ, USA) were used to sandwich the tissue section to 

revent curling or tears at the clamp points and to keep the tis- 

ue section fully hydrated. Only at the clamps was the silicone in 

ight contact with the tissue. The section was stretched equally 

long two orthogonal axes, quasi-statically followed by long (20s 

r more) pauses to allow dissipating viscoelastic effects in 0.5 mm 

tretch steps. We refer to the clamp-to-clamp stretch as global 

tretch ( Fig. 3 ). 

.4. Imaging 

Each section was imaged using IPOL following previously re- 

orted methodology to visualize the collagen [ 42 ]. IPOL is based on 

n original idea by Shribak [ 43 ]. IPOL allows label-free visualization 

nd quantification of collagen structure and orientation via color 

nformation for each pixel. Briefly, a set of polarization encoder 

nd decoder were retrofitted into a brightfield microscope, where 

ne consisted of a polarizer and a clockwise polarization rotator 

nd the other consisted of an analyzer and a counter-clockwise po- 

arization rotator. A region with low or no birefringence appeared 

ark since the polarizations of the white light had no change 

nd thus was blocked. A birefringent sample, such as collagen, 

ppeared colorful since IPOL differentiated the polarizations with 

avelengths and thus changed the spectrum of the white light. The 

olorful light was acquired by a color camera to produce true-color 

mages indicating collagen fiber orientation [ 44 ]. 

IPOL was implemented with a commercial inverted microscope 

IX83; Olympus, Tokyo, Japan), a color camera (DP74, Olympus, 

okyo), and a 4x strain-free objective (numerical aperture 0.13, 1.5 

m/pixel). At each stretch step, multiple images were captured to 

over the entire ONH region in a mosaic. Images with 20% overlap 

ere acquired using a translational stage and stitched into mosaics 

sing Fiji [ 45 ]. We have shown that the visualization of collagen 

bers is not affected by mosaics or stitching [ 33 , 46 ]. Autofocus was

pplied to avoid out-of-focus images during the stretch. 

.5. Collagen crimp quantification 

IPOL is based on the optical properties of the collagen 

olecules, and therefore it allows accurate quantification of colla- 

en orientation without the need to resolve and distinguish fibrils, 

bers, or bundles. Pixel-scale collagen fiber orientations were de- 

ermined by matching hue values over a pre-calibrated color-angle 

onversion map for corresponding angles [ 41 ]. In IPOL images, the 

ue values indicate the local orientation. Hence, straight fibers can 

e recognized because they have a constant color. Conversely, un- 

ulating fibers vary in orientation and thus in color. Regular color 

tripes are convenient to discern crimp from a visual, qualitative, 

erspective ( Fig. 4 left). As the tissue is stretched, the color stripes 
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Fig. 6. Local waviness-stretch curve. Local stretch represents the elongation in the 

local region. This is different from the clamp-to-clamp biaxial stretch of the entire 

ONH. As the local stretch increased, the waviness of collagen fibers of the posterior 

pole decreased. Fiber recruitment was defined as when the waviness of collagen 

fibers remains constant despite further increases in local stretch. The values at that 

point are the “waviness when recruited” and “% stretch to recruit”. The waviness- 

stretch curve until recruited was fitted using linear regression. The absolute magni- 

tude of the slope k of the fitted line was defined as the “uncrimping rate”. 
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Fig. 7. Collagen fiber recruitment curves of PPS and LC under local stretch. (A) A 

total of 75 PPS collagen bundles and 37 LC beams were recruited under stretch 

testing. Local stretch-recruitment curves are plotted based on the measurements 

“% stretch to recruit” of PPS and LC. Both curves approximated a sigmoid func- 

tion. About 75% of PPS and LC fibers were recruited at a 10% local stretch. The 

PPS recruited more fibers than the LC when the local stretch was less than 10%. 

(B) Boxplot of uncrimping rates in the PPS and LC beams. Average (standard devi- 

ation) uncrimping rates for PPS and LC beams are labeled above the whisker’s tip. 

PPS beams had a significantly higher uncrimping rate ( P ’s < 0.001). (C) Boxplot of 

waviness when recruited in the PPS and LC beams. Average (standard deviation) 

waviness when recruited for PPS and LC beams are labeled above the whisker’s tip. 

The waviness when recruited of the collagen fiber in the PPS was larger and more 

variable than that of the LC ( P ’s < 0.05). 
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isappear and are replaced by more uniform coloring, this indi- 

ates fewer undulating fibers with decreased crimp ( Fig. 4 right). 

he objective analysis of crimp and stretch-induced changes in 

rimp required careful quantification, as described in the following 

aragraph. 

A custom MATLAB program was developed for manually placing 

otatable rectangular regions on PPS and LC along crimp directions. 

s a measure of crimp, we computed “waviness” defined as the cir- 

ular standard deviation of the pixel-level fiber angles within the 

ectangular region. The circular standard deviation (S) is defined as 

 =
√ 

−2 ln (R ) 

here R is the mean resultant length of the data, defined as 

 =
∣∣∣∣∣

1 

N 

N ∑ 

j=1 

ei ·θ j 

∣∣∣∣∣

here N is the number of angle values and θ is the angle value. 

For wavy crimped fiber bundles, the orientation distribution 

as bimodal and wide, indicated by higher waviness values ( Fig. 5 

eft). For straight, or recruited, fiber bundles, the distribution was 

nimodal and narrow, indicated by smaller waviness values ( Fig. 5 

ight). We tracked the long axis of the rectangular region using 

igital image correlation and then updated the region based on the 

longation and displacement of the long axis from the tracking re- 

ult at each step [ 40 ]. An evaluation of the accuracy of tracking

esults is shown in Supplementary Fig. 1. We then measured the 

aviness in the updated rectangular region at each global stretch 

tep until tissue failure. Local stretch was calculated by the length 

hange in the long axis of the rectangular region ( Fig. 3 ). From

he waviness-stretch data, we determined if a fiber bundle was 

ecruited when the waviness no longer decreased with stretch, 

nd then measured “% stretch to recruit” and “waviness when re- 

ruited” of recruited fiber bundles. We then used linear regres- 

ion on the waviness-stretch data before recruitment to obtain 

he “uncrimping rate” as the absolute magnitude of the slope k 

 Fig. 6 ). The rationale and implications of the definition of fiber re-

ruitment and the waviness when recruited measurement are ad- 

ressed in the Discussion. Note that we observed that some PPS 

nd LC fiber bundles did not recruit with the stretch. We sus- 

ect that this was in cases where tissue processing had broken the 
139 
bers, disconnecting them from one another and/or the matrix. In 

he local stretch analysis, we focused on the collagen fiber bundles 

hat did recruit. 

.6. Statistical analysis 

Linear mixed effect models accounting for correlations between 

easurements from the same sections and eyes were used to an- 

lyze the differences in waviness between the PPS and LC at each 

tretch step, and the differences in waviness when recruited and 

ncrimping rate between the PPS and LC. Descriptive statistical cal- 

ulations such as angular mean and standard deviation were made 

sing circular statistics [ 4 , 47 ]. All statistical analyses were done us- 

ng R [ 48 ]. 

. Results 

We obtained the percentages of fiber bundles recruited at given 

ocal stretch in the LC and PPS ( Fig. 7a ). In the recruited fiber

undles, we found that the uncrimping rate in the PPS (0.9 ±0.5) 

as significantly higher than that in the LC (0.6 ±0.3) ( P ’s < 0.001)

 Fig. 7b ). We found that the PPS recruited waviness when recruited 

3.1 °±0.9 °) was significantly higher than the LC waviness when re- 

ruited (2.7 °±0.7 °) ( P ’s < 0.05) ( Fig. 7c ). 

Waviness of both PPS and LC decreased with global stretch 

 Fig. 8 ). At the initial state, the waviness was significantly higher 

n the PPS (10.4 °±2.7 °) than in the LC (8.3 °±2.6 °) ( P ’s < 0.001).

he difference was no longer significant between PPS (3.5 °±1.2 °) 
nd LC (3.3 °±1.2 °) after the tissues were stretched ( P ’s < 0.001). 
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Fig. 8. Collagen waviness of the PPS and LC decreased with global stretch. Each 

stretch step was 0.5 mm for an ONH section isolated using an 11-mm-diameter 

trephine. At each stretch step, we measured the distributions of the collagen crimp 

waviness in the PPS (blue) and LC (orange), represented here as thin box plots. The 

median of the waviness at each stretch step was connected to highlight the differ- 

ences between PPS and LC. A total of 154 measurements of waviness were collected, 

of which 100 were of PPS collagen bundles and 54 of LC beams across all sections. 

At the initial state, the average (SD) waviness measurements were 10.4 ° (2.7 °) for 

PPS beams and 8.3 ° (2.6 °) for LC beams, showing that the waviness in the PPS was 

significantly higher than the waviness in the LC ( P ’s < 0.001). At the fully stretched 

state, the average (SD) waviness measurements were 3.5 ° (1.2 °) for PPS beams and 

3.3 ° (1.2 °) for LC beams, showing that there was no significant difference between 

the waviness in the PPS and LC. 
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Fig. 9. Collagen fiber recruitment curves as a function of stretch for various collagenous 

in this work, (B) rat tail tendon and porcine aortic arteries [ 53 ], (C) porcine thoracic inta

lamina propria in the rat bladder [ 55 ]. The curves in Panel D were estimated based on th

140 
. Discussion 

We applied image-based stretch testing to measure local 

tretch-induced collagen fiber bundle uncrimping and recruitment 

f the PPS and LC. Three main results arise from this work. First, 

PS fiber bundles recruit at lower levels of local stretch than LC 

ber bundles but both tissue recruitment curves were similar. Sec- 

nd, PPS fiber bundles had a higher uncrimping rate than LC fiber 

undles. Third, waviness when recruited in the PPS and LC were 

on-zero. Below we discuss each of these in turn. 

PPS fiber bundles recruit at lower levels of the local stretch than 

C fiber bundles but both tissue recruitment curves were similar. 

nly recruited fibers bear substantial loads [ 14 , 17,33,49,50 ,], and 

herefore the local stretch-recruitment curves reveal key informa- 

ion on the relative fraction of potentially load-bearing fiber bun- 

les that are actually bearing the load. The results in this work 

eveal that a larger fraction of PPS fiber bundles bear the load 

hen the stretch is small ( < 10%), a difference in the rate of re-

ional stiffening under stretch. This is consistent with the general 

mpression in the literature that the LC is more compliant than the 

clera [ 10 , 16,19–23 ]. This supports the concept that PPS stiffening 

t a lower level of stretch could be a protective mechanism that 

llows the PPS to resist large deformations at low and moderate 

OPs, relieving the LC loads and protecting the fragile nerve fibers 

n the LC from vision-threatening insult. 

The phenomenon that recruitment implies that not all fibers are 

lways contributing to bear loads is well understood in other soft 

issues, like tendon and ligament [ 51 , 52 ]. A comparison of the col-
soft tissues. Shown are (A) the PPS and LC in the sheep optic nerve head obtained 

ct and glycosaminoglycan (GAG) depleted aorta [ 54 ], and (D) detrusor muscle and 

e parameters provided for a triangular probability density function. 
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agen fiber recruitment curves versus stretch for the PPS and LC 

ith other soft tissues is shown in Fig. 9 . Interestingly, whilst all 

urves roughly follow the sigmoid shape observed in this work, the 

urves vary widely in the starting points and steepness. The re- 

ruitment curves of the PPS and LC are situated within the region 

etween the curves of the rat tail tendon and rat bladder. While 

he findings support the hypothesis that collagen recruitment in 

he PPS occurs at lower levels of stretch than in the LC, in the con-

ext of many tissues, the differences we observed between PPS and 

C appear rather small. On this we venture to speculate that this 

ould occur if these two tissues have adapted to exhibit a simi- 

ar range of responses under load, ostensibly to better protect the 

eural tissues within the canal. Some studies have suggested that 

ery different responses between PPS and LC could cause concen- 

rations of stress or strain that could adversely affect the neural 

issues [5] . More work is required to determine if this speculation 

tands. 

While the findings support our hypothesis that collagen recruit- 

ent in the PPS occurs at lower levels of stretch than in the LC, we

ere surprised by the similarity between the recruitment curves 

or both tissues. Similar curves indicate similar rates of PPS and LC 

tiffening under stretch. We recently conducted a study in which 

e used computational modeling to estimate recruitment curves 

s a function of IOP in seven regions of the corneoscleral shell [ 56 ].

s expected, all regions exhibited sigmoid curves, but the recruit- 

ent rates varied substantially over the globe. We found that the 

bers of the posterior equator recruited the fastest at low IOPs, 

uch that at 15mmHg over 90% of the fibers were recruited. The 

bers of the PPS recruited much slower with IOP, such that only 

4% of the PPS fibers were recruited at a physiologic IOP of 15 

mHg. At an elevated IOP of 50mmHg, 70% of the PPS fibers had 

een recruited. Experimental studies of IOP-induced sclera defor- 

ation have shown that even at elevated IOPs, the PPS undergoes 

ingle-digit levels of stretch [ 11 , 57 , 58 ]. Together, those results are

onsistent with this work in that we measured 75% recruitment in 

PS at 10% local stretch. 

The recruitment curves for PPS and LC cross at 10% stretch, with 

oth tissues exhibiting 75% recruitment. It is interesting to com- 

are this finding with those in a recent study in which we ana- 

yzed crimp in the LC and PPS [14] . The study was similar to this

ne, but with two important differences: we measured crimp as a 

unction of IOP, not as a function of stretch as in this work. The 

tudy was cross-sectional, using samples fixed at specific IOPs. De- 

pite the differences, the results from both studies are remarkably 

onsistent with one another. In the previous study, the recruitment 

urves of the PPS and LC were similar, as in this work, with the 

PS exhibiting higher recruitment at IOPs under 15mmHg. Inter- 

stingly, both curves crossed at a physiologic IOP of 15mmHg, with 

5% of collagen fibers recruited in both PPS and LC. The recruit- 

ent curves are slightly different at higher IOPs or higher levels of 

tretch, although both studies coincide in that there was substan- 

ial collagen waviness in both the PPS and LC even at very high 

OPs. 

An important consideration when interpreting our findings is 

hat the recruitment curve is only related to the rate of stretch- 

nduced stiffening, which may be very different from the actual 

issue stiffness. The results above should not be interpreted as in- 

icative of which tissue is stiffer. In addition to the crimp angle, a 

omputational modeling approach [ 50 ] has shown that the elastic 

odulus of the filament E and the ratio of the amplitude of the 

elix to the radius of the filament cross-section R0 / r0 affect the 

tretch-dependent stiffening of collagen. Interestingly, Grytz and 

olleagues found that, everything else being equal, the initial crimp 

ngle has almost no influence on the overall shape of the stress 

nd stiffness function. In a later study, Grytz and colleagues used 

omputational modeling to infer micro-scale fiber crimp and me- 
141 
hanics from macro-scale experimental data on posterior pole in- 

ation [11] . They found that collagen fibril strain and recruitment 

ate were similar between the peripapillary and the mid-peripheral 

egions at the micro-scale, but the in-plane strains were signifi- 

antly higher in the peripapillary region than in the mid-periphery. 

In this study, we considered tissues as part of the LC or PPS, 

ithout further details of their location within the ONH. In an ear- 

ier cross-sectional study we analyzed the collagen crimp in eyes 

xed at 0, 5, or 10mmHg IOP [9] . Crimp was characterized by pe-

iod, not waviness as in this work. Elsewhere we have discussed 

he relationship between these two measures [ 14 , 33 ]. In a previ-

us study, we found that the crimp periods were smaller and less 

ariable in the LC than in the PPS. The crimp period in the PPS 

ncreased with distance from the canal [9] . We interpreted those 

ndings as indicative that the tissues of the ONH are adapted to 

revent very different deformations at the scleral canal edge re- 

ion that could insult the neural tissues. This is consistent with 

ur findings in this work that the waviness was smaller in the LC 

han in the PPS. We note that this did not have to be the case

ecause crimp period and waviness are distinct measures of crimp 

nd can vary independently. This has been discussed in detail else- 

here [ 14 , 33 ]. 

.1. PPS fiber bundles had a higher uncrimping rate than LC fiber 

undles 

Uncrimping rate is closely associated with the shape of the 

rimp [ 59 ]. Physically-based structural models have been devel- 

ped to describe how the configuration of collagen evolves under 

oad and predict the non-linear mechanical behavior of collagen 

ber microstructures that undergo large deformations [ 35 , 53,59–

2 ]. Collagen crimp can be viewed as an extensible helical spring, 

.e., a rod wound around the central axis of a cylinder with a ra- 

ius R0 [ 50 , 63 ]. In the structural model, a plane sinusoidal crimp

 R0 = 0] has a higher uncrimping rate than a helical crimp [ R0 > 0]

 59 ]. PPS fiber bundles having a higher uncrimping rate is consis- 

ent with the collagen configuration of PPS being closer to a plane 

inusoidal structure. In geometry, a plane sinusoidal structure al- 

ows for “packing” more collagen in a unit volume than a helical 

tructure. This is supported by IPOL images ( Fig. 4 ) that the den-

ity of collagen in the PPS regions is higher since PPS regions in 

POL images are brighter than LC regions. Again, this is consistent 

ith an LC that is more compliant than the PPS [ 10 , 16,19–23 ]. It is

orth noting that PPS fiber bundles had a higher uncrimping rate 

ut the “% stretch to recruit” of PPS was lower at higher stretch. 

t is because the waviness of the collagen fibers in the PPS was 

arger and more variable than that of the LC at the initial and early 

tretching states ( Fig. 8 ). The high uncrimping rate led to the wavi-

ess of collagen fibers in the PPS being close to that of the LC after

he tissues were stretched. However, even though the uncrimping 

ate was higher in the PPS, some PPS fiber bundles with high wavi- 

ess still required more local stretch to achieve recruitment. 

.2. Waviness when recruited in the PPS and LC were non-zero 

Waviness when recruited relates to the ability of a fiber bundle 

o bear the load and resist being fully uncrimped under stretch. 

deal fiber recruitment happens when a fiber is fully straightened 

 i.e. , zero waviness). However, interactions between fibers may pre- 

ent the fibers from being fully straightened. For example, stretch 

annot fully remove fiber twisting and bending and thus such 

bers always present residual crimp under large stretch ( Fig. 10 ). 

igh waviness when recruited thus could indicate a more com- 

lex fiber microstructure. Moreover, it is worth noting that an el- 

vated load could potentially increase the waviness of these mi- 

rostructures. The examples show only uniaxial loading, which is 
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Fig. 10. Illustrative examples of how the microstructure at the fiber scale can result in non-zero waviness even under full recruitment. (A) Ideal fiber recruitment indicates 

that fibers are well-aligned, with a narrow distribution of orientations and a near-zero waviness. When fibers are (B) crossed (i.e., a distribution with two peaks), (C) inter- 

twined (i.e., a wide distribution), or (D) kinked (i.e., a skewed distribution), fibers never lose their structural identity under stretching and thus still present residual waviness 

even when fully loaded and maximally recruited. In such cases, waviness when recruited is larger than zero. Therefore, waviness when recruited and its corresponding angle 

distribution may reflect how a fiber microstructure differs from a well-aligned one. Note that despite the excellent resolution of IPOL, it is still not sufficient to directly 

identify such sub-microstructures. 
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nown to lead to fiber alignment with the load, through rotation, 

f possible, bending if not. The tissues of the PPS, and to some ex- 

ent those of the LC, are subjected to biaxial loading. Studies using 

nflation have even suggested that at the macro-scale the sclera 

s sometimes close to an equi-biaxial stretch [ 64 ]. At the micro- 

cale, the situation is more complex. This could explain the find- 

ngs from our previous study, where the recruitment percentages 

f PPS and LC decreased for IOP increases between 20 mmHg and 

0 mmHg, as the recruitment was determined based on waviness 

hresholds in that study [14] . Such microstructure has been recog- 

ized in fibrillar-level tendon and ligament, which fulfill local fibril 

exibility and behave as biological hinges both absorbing tension 

nd guiding the recoil of collagen fibers [ 65 , 66 ] The interactions

etween fibers that result from the complex microstructure and 

nterweaving can also have major effects at the tissue macro-scale 

3] . 

It is important to note that the relationship between wavi- 

ess and local stretch measurements may be different from the 

elationship between waviness and global or macro-level stretch. 

lobal stretch often results in varying local stretch, leading to also 

arying different levels of recruitment and stiffening between re- 

ions. Local stretch measurements allow tracking the continuous 
142 
ncrimping process of an individual fiber bundle. These measure- 

ents exclude macro-level sample displacements and deforma- 

ions during testing, such as unfolding, rotations, and slip. 

In a previous study, we evaluated collagen fiber recruitment 

ased on analyzing crimp differences using different sam ples fixed 

t specific IOPs [14] . Our previous and current studies are similar 

ut with two important differences ( Fig. 11 ): previously we mea- 

ured crimp as a function of IOP, not as a function of stretch as 

n this work. The study was cross-sectional, using samples fixed 

t specific IOPs. The IOP caused stretch in the PPS and LC region, 

esulting in fiber uncrimping. However, for each individual eye, 

he same IOP might induce different stretch levels due to differ- 

nt mechanical properties. Directly measuring the relationship be- 

ween uncrimping and local stretch fills the gap between the IOP 

nd uncrimping. In addition, tissues, including neural tissue and 

ells, are sensitive to the stretch instead of IOP. The stretch re- 

ates to tissue response and remodeling. Measuring the uncrimp- 

ng and recruitment of collagen fibers as a function of local stretch 

elps develop accurate constitutive models that capture the me- 

hanical behavior of collagenous tissues. Collagen fibers play a vi- 

al role in providing mechanical strength and stiffness to collage- 

ous tissues [ 34 , 67 ]. By understanding how collagen fibers respond 
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o stretching, we can accurately represent the complex mechani- 

al properties of these tissues. The uncrimping and recruitment of 

ollagen fibers reveal important insights into the nonlinear stress- 

train relationship and anisotropic behavior of collagenous tissues 

 3 , 13 , 14 , 68 , 69 ]. These measurements help us understand how col-

agen fibers align and orient themselves under different levels of 

tretch, providing a foundation for capturing the anisotropic me- 

hanical response of tissues. Moreover, monitoring the uncrimping 

nd recruitment of collagen fibers allows us to study tissue re- 

odeling processes that occur in response to mechanical loading 

 19 , 70–72 ]. By incorporating this knowledge into constitutive mod- 

ls, we can improve our understanding of tissue behavior under 

hysiological and pathological conditions, enhancing clinical appli- 

ations and treatment strategies. 

It is important to note that our current study differs from our 

revious work [14] in terms of methodology and focus. In our pre- 

ious study, we analyzed crimp differences in fixed samples at spe- 

ific IOPs, providing statistical behavior of the entire sample set. 

onetheless, this approach did not report the recruitment behav- 

or at a specific beam or fiber bundle. In contrast, our current study 

vercomes these limitations by measuring the recruitment behav- 

or of each individual fiber at various stretch levels, enabling us 

o establish the relationship between uncrimping and local stretch, 

uch as the uncrimping rate and waviness when recruited of indi- 

idual fiber bundles. This relationship reveals important aspects of 

he microstructure change of collagen during uncrimping, and can 

e further used for accurately capturing the mechanical behavior 

f collagen fibers in the development of constitutive models. 

We should note that our goal in this work was not to intro- 

uce an innovative approach to test experimentally samples of PPS 

nd LC. Our goal was to provide information, previously unavail- 

ble, through the systematic direct measurement of collagen fiber 

ncrimping and recruitment of the PPS and LC. Previous methods 

o indirectly measure collagen PPS and LC uncrimping were cross- 

ectional and have important limitations, as discussed extensively 
ig. 11. Comparison of the collagen recruitment curves of the PPS (blue lines) and LC (red

rom a previous study (Right) [14] . Please see the main text for more details on the simil

f fibers recruited with increased IOP or stretch, as expected. In both cases, the tissues 

he LC. This direct side-by-side comparison allows an interesting observation: looking at

ossible to estimate the percent of fibers recruited for each tissue on the right-hand plot

o estimate the normal local stretch levels that would be required to produce the same fr

eads to an estimate that in normal IOPs PPS local stretch ranges about 4% (a slightly tig

f magnitude of single-digit stretch levels predicted by many computational models [ 19 ,

he range of stretch for a range of normal IOPs. Many computational models, instead, com

levated IOP [ 29 ]. Those levels of stretch are larger, in large part due to the larger relativ

ompliant. Whereas this process of early recruitment is clearly discernible for both PPS 

urve from the Jan et al. work. This is largely because in this study we were able to track

n addition, there may be pre-stress/strain at 0 mmHg, which, if ignored, may lead to und

143 
efore [14] . Similarly, inverse models [ 50 ], while powerful, are also 

ot direct measurements. In this study, the ability to measure un- 

rimping processes with high angular resolutions afforded by in- 

tant polarized light microscopy (IPOL) and in the fragile and thin 

issue region is a substantive step forward. Direct measurements 

llow identifying collagen crimp morphology when the individual 

ber bundles recruit and the relationship between collagen crimp 

orphology and stretch. Among other potential applications, dis- 

ussed later in this work, such information will help develop more 

ccurate constitutive models to describe ocular tissue mechanics 

 78–80 ]. Direct measurements of stretch-induced change in crimp 

elp understand the nonlinear mechanical behavior of the poste- 

ior pole and build the connection between tissue stiffness and 

ging/age-related diseases in the eye [ 81–83 ]. 

In this study, we used a polarized light imaging technique, in- 

roduced in 2021, IPOL, to visualize collagen fiber orientation and 

icrostructure via a color snapshot [ 42 ]. IPOL has high spatial and 

ngular resolutions, making it uniquely well-suited to discern chal- 

enging aspects of the ONH collagen microarchitecture, such as 

rimp ( Fig. 5 ). This is particularly important for LC and PPS that 

ave relatively small crimp, that cannot be measured well using 

racing techniques that are common in vascular tissues [ 17 ]. Cur- 

ent versions of polarization sensitive optical coherence tomogra- 

hy [ 84 ] or wide-angle X-ray scattering [ 85 ] do not have sufficient

patial or angular resolution. MRI can discern PPS crimp [ 86 ], but 

he complexity and cost of the system and the need to use a so- 

alled magic angle technique make it impractical at this moment. 

ome studies have used imaging techniques with higher magnifica- 

ions such as confocal and multiphoton imaging [ 87 , 88 ], but these

ave much smaller fields of view, complicating analysis. Further, 

hey often require substantial tissue processing. A crucial strength 

f IPOL for this work is that it does not require labels or stains, 

aking the process simpler and avoiding steps that could affect 

issue structure and/or mechanics. IPOL also has a high temporal 

esolution, limited only by the frame rate of the camera. Although 
 lines) as a function of stretch obtained in this work (Left) and as a function of IOP 

arities and differences between the studies. Both studies found increased fractions 

of the PPS recruited at slightly lower magnitudes of the input than the tissues of 

 the IOP levels that determine Normal IOP (between 11 and 21 mmHg [ 25 ]), it is 

. The same levels of recruitment can then be noted on the left-hand plot and used 

action of recruited fibers (green dashed lines and arrows). Following this approach 

hter range is estimated for the LC). These stretch levels are fairly within the order 

 29 , 73 ] and estimated from experiments [ 11 , 74 , 75 ]. Note that this comparison is of 

pute stretch from a state of no pressure (0 mmHg) and a given level of normal or 

e stretch levels at low IOPs, where the fibers are wavier and the tissues are more 

and LC in this study (region labeled “Initial recruitment”), it is not visible on the 

 more stretch levels than were possible when using population-based comparisons. 

erestimating the strain/stress in the PPS at higher IOPs [ 76 , 77 ]. 
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e had to use IPOL with mosaicking to capture a wide region, 

he frame rate of IPOL was still faster than polarized light imag- 

ng techniques that require multiple polarization acquisition [ 46 ] 

nd scanning-based imaging techniques such as second harmonic 

maging [ 89 ]. For this particular work faster imaging was helpful 

o prevent tissue dehydration during stretch testing. 

The definition of waviness is the same that we have used 

lsewhere [ 4 , 14 , 33 ]. This definition is convenient because it nat-

rally results in a waviness measure that is bound at zero, for 

erfectly straight fibers where all the angles are identical. Wavi- 

ess is only one possible measure of crimp. Elsewhere we, and 

thers, have characterized crimp using period, amplitude, tortuos- 

ty, crimp angle, maximum deviation angles, and other measures 

 4 , 17,33 , 50 , 59 , 90 ]. In many of these cases, it is possible to base on

implifying assumptions about the shape of the crimp, for exam- 

le, that it is well described by a perfect helix, and to convert from 

ne measure to another. An advantage of waviness as computed in 

his work is that it does not require assuming a particular shape 

or the collagen crimp, or to assume that it is regular. Given the 

omplexity and variability of the collagen fiber undulations in the 

issues studied, we saw this as an advantage, even though we ac- 

nowledge that it may not be trivial to compare with crimp data 

lsewhere reported with other measures. 

There are multiple reasons to study collagen fiber waviness, or 

rimp, and of the effects of stretch other than the development 

f constitutive models. One reason is that characterization of the 

aviness of the collagen fibers can provide insights into the mech- 

nistic origins of the mechanical behavior of the tissue [ 67 , 91 , 92 ].

hese insights include the origin of the tissue strength, elasticity, 

iscoelasticity, and other properties that constitutive models aim 

o capture but not necessarily explain or fully account for [ 93 , 94 ].

ollagen waviness itself is the result of specific biochemical and 

iomechanical conditions. Fiber waviness, for instance, can both in- 

icate and play a role in tissue growth and development, and/or 

f integration of transplanted or regenerated tissue [ 94–96 ]. Fiber 

aviness is affected by the type, distribution, activity, and other 

haracteristics of the cells within tissues. Conversely, waviness or 

hanges in waviness can affect the cells. As such, a good charac- 

erization of crimp may also help identify the roles of different 

omponents in tissue function, including but not limited to me- 

hanics. Abnormal crimp could provide insight into the conditions 

t smaller scales that can be easily discerned with a microscope 

 97 , 98 ]. Waviness can also be used as a way to sense or con-

rm the local effects of load. For example, a lack of collagen fiber 

aviness in an arterial wall could be indicative of increased blood 

ressure [ 98 ]. Some aspects of collagenous tissue remodeling have 

een shown to be less dependent, and even independent, of the 

esident cell activity [ 99 ]. This can potentially underlie why some 

issues or species regenerate better than others. 

The work presented here is subject to several limitations. First, 

e conducted research on sheep eyes, which share with human 

yes the crucial trait of having a collagenous LC [ 100 ]. Sheep eyes

ave been studied as a model of experimental ocular hypertension 

nd glaucoma [ 101 , 102 ]. Sheep eyes, however, also have some dif-

erences from human eyes, such as a ventral groove in the ONH 

 103 ]. How much this groove affects ONH biomechanics remains 

nclear, although it seems likely that ONH biomechanics of sheep 

yes are much more similar to those of human eyes than those of 

ice or rats and other common models [ 104 ]. Even if there are dif-

erences with the human ONH, understanding the eyes of sheep is 

mportant from a fundamental science perspective. 

Second, our study was based on a section. Stretching tissue sec- 

ions is a substantial simplification. It is crucial to acknowledge 

hat this is not a condition intended to represent the physiologi- 

al state. This setup is intended to help overcome the extremely 
144 
hallenging task of figuring out the mechanisms of collagen re- 

ruitment in the posterior pole tissues of a whole sample. We 

ontend that our setup is useful for micro-mechanical testing to 

nderstand tissue fundamental mechanics. By isolating the tissue 

ection, we were able to visualize and analyze quantitatively in- 

lane fiber bundles. The signals of collagen fibers decrease with 

ber inclination ( i.e. , out-of-plane orientation) [ 105 ]. Therefore, an- 

lyzing the bright regions allowed identifying the fibers primarily 

ligned in the section plane as well as the stretching plane. In this 

ense, we were able to visualize the fibers that are responding to 

he load. Measurement of collagen architecture and crimp in thick 

issues is possible, but current methods are complex and do not 

ave the spatial or angular resolution necessary [ 106 , 107 ]. 

Third, biaxial stretch testing is an approximation to simulate the 

ffects of IOP or other loads. The global stretch is different from 

hysiological loading. Although inflation experiments can be ap- 

lied to whole eye globes and are more physiologic, currently it 

s not possible to track the uncrimping processes due to the lim- 

ted imaging resolution and penetration [ 106 , 107 ]. An alternative 

pproach is to fix and section the tissues, but then the crimp can 

nly be studied at one IOP [14] . Overall, our methods should be 

hought of as providing measurements that are realistic for the lo- 

al micro-mechanical fiber behavior, such as local stretch-induced 

ncrimping, and not of the macro-scale or global behavior. There 

ave been several studies in which the ONH and posterior pole 

iomechanics have been studied using a two-dimensional approxi- 

ation [ 79 , 108 , 109 ]. We posit that the loading applied to LC beams

s likely more realistic than the loading applied to the PPS regions. 

hat is because the neural tissues adjacent to the beams are sub- 

tantially more compliant than the beam, allowing for bundle dis- 

lacement and rotation, and thus the stretch is in-plane and along 

he beam. 

Lastly, our setup did not provide any information on the forces 

hrough the tissue samples. It is essential to note that the focus of 

his investigation was the quantitative characterization of two im- 

ortant aspects of collagen fiber behavior: uncrimping and recruit- 

ent as a result of stretch. These two parameters are indicative 

f the microstructure and micromechanics of the tissue. We recog- 

ize that uncrimping and recruitment data can also be used to de- 

elop constitutive models of tissue biomechanics, and we believe 

hat this should be possible. We note that there have been sev- 

ral excellent studies relating to ocular tissue microstructure and 

echanics, often including the development of constitutive mod- 

ls [ 110–114 ]. This, however, would require a different experimen- 

al setup than what we used. In addition, based on our images 

nd the literature, we suspect that future constitutive models at 

he microscale level would benefit from incorporating other factors 

hat can impact the forces and stresses, such as fiber-fiber interac- 

ions, cross-linking and hydration [ 3 , 6 , 100 , 115–121 ]. Unfortunately, 

hese specific measurements were not available in the scope of our 

urrent study. 

In conclusion, we quantified the changes in collagen wavi- 

ess in the PPS and LC under local stretch. We derived tissue- 

pecific recruitment curves and reported several parameters in- 

luding waviness when recruited and uncrimping rate, which en- 

ode information on tissue microstructure and crimp types. We 

ound that while the PPS fibers recruit at lower levels of stretch 

han the LC, the two tissues have similar recruitment curves. Both 

urves cross at about 10% stretch with 75% collagen fiber recruit- 

ent. Interestingly, in a previous cross-sectional study of recruit- 

ent as a function of IOP, we had found that curves for PPS and LC

ross at normal IOP (15 mmHg) and 75% recruitment. Altogether, 

ur findings have demonstrated that image-based stretch testing 

llows for characterizing microstructural collagen crimp properties 

f the posterior pole. 
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