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Abstract 51 

Non-human primates (NHPs) are a crucial model for studying glaucoma because of their 52 

similarities to humans in anatomy, physiology and pathology. Our goal in this study was 53 

to quantify in vivo NHP lamina cribrosa (LC) shapes at low, normal, and elevated 54 

intraocular pressures (IOPs), and compare them with literature reported values for in vivo 55 

human LCs. We imaged the optic nerve heads (ONH) of seven eyes from six rhesus 56 

macaque monkeys using spectral-domain optical coherence tomography (SD-OCT) at 57 

several IOP levels while keeping intracranial pressure at baseline. LC shape was 58 

characterized by measuring shape index (SI) and curvedness from manually delineated 59 

marks of the anterior LC surface. We found that LC shape in NHPs was more similar 60 

across individuals at normal IOP than it is in humans. This was, in part, because the NHPs 61 

LCs did not exhibit the characteristic horizontal central ridge seen in human LCs and were 62 

instead less saddle-shaped and more trough-shaped. With increasing IOP, NHPs LCs 63 

curvedness increased, without significant changes in SI, differing from the human 64 

response where SI decreases. These findings emphasize the importance of 65 

characterizing species-specific differences in anatomy and biomechanics, and the need 66 

to determine how these differences may impact susceptibility to glaucomatous damage.  67 

  68 

  69 



The lamina cribrosa (LC) is a crucial structure within the optic nerve head (ONH) 70 

that provides structural support for retinal ganglion cell axons as they exit the eye and 71 

form the optic nerve.(Burgoyne, Downs et al. 2005, Furlanetto, Park et al. 2013) 72 

Numerous studies have documented a relationship between glaucoma and LC 73 

shape.(Kim, Jeoung et al. 2016, Tun, Thakku et al. 2016, Lee, Kim et al. 2017) For 74 

instance, glaucomatous damage to neural tissue is closely linked to a thinner LC and 75 

posterior bowing.(Quigley, Hohman et al. 1983) Although the exact mechanisms linking 76 

LC shape to glaucoma are not fully understood, the prevailing explanation is 77 

biomechanical: increased sensitivity to intraocular pressure (IOP) may heighten 78 

susceptibility to glaucoma, even at normal IOP levels.(Sigal and Ethier 2009, Stowell, 79 

Burgoyne et al. 2017) Thus, LC characteristics such as being thinner,(Quigley, Hohman 80 

et al. 1983, Jonas, Berenshtein et al. 2003, Jonas, Hayreh et al. 2011) increased 81 

bowing,(Quigley, Hohman et al. 1983) thinner beams,(Tezel, Trinkaus et al. 2004, Wang, 82 

Lucy et al. 2016) and a reduced density may contribute to mechanical fragility,(Albon, 83 

Purslow et al. 2000, Sigal, Flanagan et al. 2005, Yang, Downs et al. 2009) and 84 

consequently, a higher risk of glaucoma. LC shape has therefore emerged as an 85 

important biomechanical parameter, and most importantly as a potential biomarker for 86 

both glaucoma susceptibility and progression.(Lee, Kim et al. 2017) However, much 87 

remains to be learned about LC shape and its role in physiology and disease.  88 

 Due to their anatomical, physiological, and pathological similarities to humans, 89 

non-human primates (NHP) have become a crucial model for studying 90 

glaucoma.(Burgoyne 2015, Nguyen and Ethier 2015) The NHP LC is often regarded as 91 

the closest approximation to the human LC. Consequently, understanding how the LC in 92 

NHPs compares with that of humans, both in baseline shape and in response to changes 93 

in IOP, is increasingly important. In this study we aimed to quantify in vivo NHP LC shapes 94 

at low, normal, and elevated IOPs and compare them with reported values for human 95 

LCs. This comparison is crucial for accurately interpreting the NHP model of glaucoma 96 

and its relevance to human patients. The strengths of this study include: i) in vivo analysis, 97 

which, while more common now due to OCT advancements, contrasts with much of the 98 

existing LC knowledge derived from histology; ii) the use of intrinsic parameters to 99 

quantify LC shape, avoiding potential artifacts associated with older measures like depth, 100 



which are defined relative to other structures; and iii) the control of both intraocular and 101 

intracranial pressure (ICP), acknowledging that both pressures can influence LC shape 102 

in complex ways.(Morgan, Chauhan et al. 2002, Zhao, He et al. 2015, Wang, Tran et al. 103 

2017, Hua, Voorhees et al. 2018, Zhu, Waxman et al. 2021) For this study, we carefully 104 

varied IOP while maintaining ICP at a constant baseline level. 105 

We utilized healthy, adult rhesus macaque monkeys as a model for our in vivo 106 

experiments. Surgical procedures, pressure control and imaging were as described 107 

before.(Zhu, Waxman et al. 2021) For clarity we will describe the key elements here. Both 108 

IOP and ICP were independently controlled to allow for simultaneous, acute manipulation. 109 

Seven eyes from six NHPs were imaged, in vivo, with optical coherence tomography 110 

(OCT) at four different IOPs. Each OCT image volume was processed into virtual radial 111 

slices on which ONH structures were manually delineated. Image processing was 112 

completed in FIJI.(Schindelin, Arganda-Carreras et al. 2012) Custom scripts were used 113 

to compute ALC curvedness and shape index (SI) from the delineations. 114 

All animal procedures followed the National Institute of Health (NIH) Guide for the 115 

Care and Use of Laboratory Animals, adhered to the Association of Research in Vision 116 

and Ophthalmology (ARVO) statement for the Use of Animals in Ophthalmic and Vision 117 

Research, and were in accord with a protocol approved by the Institutional Animal Care 118 

and Use Committee (IACUC) of the University of Pittsburgh. Before the experiment, a 119 

clinical examination was conducted to exclude eyes with gross abnormality. Each of 6 120 

NHPs were prepared for imaging as described previously.(Zhu, Waxman et al. 2021) 121 

Animals were initially sedated with 20 mg/kg ketamine, 1 mg/kg diazepam, and 0.04 122 

mg/kg atropine. They were maintained on 1-3% isoflurane for the remainder of the 123 

experiment. Animals were placed on a ventilator and given vecuronium bromide, a 124 

paralytic, intravenously at 0.04-0.1 mg/kg/hour to reduce drift in eye position throughout 125 

the experiment. Pupils were dilated using tropicamide ophthalmic solution 0.5% (Bausch 126 

& Lomb, Rochester, NY). Eyes were scanned while animals were in the prone position, 127 

with the head held upright and facing the OCT device. The corneal surface of each eye 128 

was covered with a rigid, gas permeable contact lens (Boston EO, Boston, MA) to 129 

preserve corneal hydration and improve image quality. The eyes were kept open using a 130 



wire speculum and the corneas were hydrated with saline between scans. The animals’ 131 

blood pressures and heart rates were monitored throughout the study. 132 

To control IOP, a 27-gauge needle was inserted into the anterior chamber and 133 

connected to a saline reservoir. To control ICP, a lumbar drain catheter was flushed of 134 

air, inserted 2.5 cm into the lateral ventricle of the brain, and then connected to a saline 135 

reservoir. The IOP was determined by the height of the reservoir. The ICP was 136 

determined by a pressure recorder placed into the lateral ventricle, at least 5 mm away 137 

from the catheter (Codman ICP Express, Johnson & Johnson, Raynham, MA). Before 138 

using the pressure transducer, it was calibrated while submerged in saline solution. IOP 139 

and ICP values were controlled within 1 mmHg. This study included 4 IOP conditions: 140 

low, normal, high, and very high. The target levels for each pressure group were 5, 15, 141 

30, and 45 mmHg, while ICP was left at baseline (8-10 mmHg).(Suzuki, Iwase et al. 2006)  142 

NHP eyes were imaged using spectral domain optical coherence tomography (SD-143 

OCT, Bioptigen, Research Triangle, NC) with a scan rate of 20,000 A-scans/second, 144 

modified with a broadband superluminescent diode (Superlum, Dublin, Ireland, 145 

λ = 870 nm, Δλ = 200 nm). OCT scans were centered on the ONH region with a size of 146 

either 3x3x2 mm or 5x5x2 mm and 512x512x1024 pixels sampling. Under each pressure 147 

condition, multiple scans were taken and scans with the best quality were used to perform 148 

manual delineation. Image quality criteria are detailed previously.(Wang, Tran et al. 2017) 149 

After each pressure modulation, a minimum of 5 minutes wait time was allowed before 150 

imaging to ensure that viscoelastic effects had dissipated. In addition, at each pressure 151 

we spent 20-30 minutes adjusting equipment and conducting the imaging. Image quality 152 

tended to decrease with increasing anesthesia time. To ensure that image quality 153 

remained high, we imaged only one eye from most animals (5 out of 6). All scans were 154 

re-sampled at 1 x 1 x 1 scale for analysis.(Sigal, Schuman et al. 2016) Eyes vary in optical 155 

power and OCT systems are optimized for imaging human eyes. Hence, OCT images of 156 

NHP ONHs must be rescaled in the transverse dimensions. To set the dimensions, we 157 

followed the process described previously.(Wang, Tran et al. 2017) Briefly, after the 158 

experiment, eyes were enucleated, processed for cryosectioning, and sections were 159 

imaged with polarized light microscopy. The images were reconstructed into 3D stacks 160 

and used to obtain eye-specific transverse scaling factors based on the dimensions of the 161 



scleral canal at Bruch’s membrane opening (BMO). Elsewhere we have shown that this 162 

processing does not alter the scale of eye tissues.(Tran, Jan et al. 2017, Wang, Tran et 163 

al. 2017) The determined scaling factors were then applied to the OCT images before the 164 

following analysis.  165 

We identified motion artifacts due to breathing and heartbeat as periodic patterns 166 

in the smooth structure of the Bruch’s membrane in the OCT slow scan direction. We 167 

mitigated these artifacts by translating individual B-scan images for each A-scan along 168 

the axial direction. This was done using a virtual B-scan through the sclera as far from 169 

the canal as possible. The translation was done using gating to remove artifacts from 170 

breathing and heartbeat while preserving larger scale curvature. Preliminary markings 171 

were made on the BMO in the en face view to determine the BMO center (Figure 1a). 172 

Radial re-slicing from the BMO center was then performed on the OCT image volume 173 

using previously developed scripts in FIJI.(Wang, Tran et al. 2017) Through the re-slice 174 

process, we obtained 180 virtual, radial slices for each image volume (Figure 1b). A 175 

Gaussian filter was applied to the radial image stack before delineation of ONH features 176 

to remove the background noise and improve image quality.  177 

Delineation of BMO and ALC in these radial slices was performed in FIJI by an 178 

experienced observer masked to IOP conditions. The delineation process yielded 3D 179 

markings of these ONH structures (Figure 1c), as is standard in studies of ONH 180 

morphology based on OCT.(Strouthidis, Fortune et al. 2011) We computed a measure of 181 

LC visibility by comparing the area of the ALC with the area of the scleral canal at the 182 

BMO. In this case we did the comparison at baseline IOP and ICP.  The result was that 183 

global LC visibility was between 88 and 111%.  This was possible because the BMO 184 

represents the narrowest point in the canal, widening posteriorly. 185 

Delineations were imported from FIJI to MATLAB, where 3D ALC surfaces were 186 

reconstructed using scattered data interpolation. A confidence map was also imposed 187 

based on the markings distance to the interpolation so that we could focus analysis on 188 

regions with high reliability. The approach was similar to the conventional techniques 189 

used to detect outliers on one-dimensional function fits, but based on the distance from 190 

markings to a smooth delineation.  191 



The scleral canal opening, defined as the best-fit plane of the BMO, was used as 192 

a reference plane for alignment, but it is important to note that the measurements 193 

analyzed did not depend on this reference (Figure 1).  194 

The lamina cribrosa global shape index (SI, Figure 1i) introduced by Thakku et 195 

al,(Thakku, Tham et al. 2015) is a novel parameter to characterize the shape of the lamina 196 

cribrosa based on surface shape and curvature.(Koenderink and Van Doorn 1992) We 197 

computed the principal curvatures K1 and K2, which are the maximum and minimum 198 

curvature of the ALC surface among the 180 arcs (Figure 1g). Positive curvedness 199 

indicates a more posteriorly curved ALC while negative curvedness indicates a more 200 

anteriorly curved ALC. The SI and the curvedness are given by the formulas provided in 201 

Figure 1g. Reproducibility of LC delineations was demonstrated in an earlier 202 

publication,(Tran, Wallace et al. 2018) where we found values of 0.03 and 1.1x10-5 µm-203 

1 for SI and curvedness, respectively. 204 

When describing parameter changes, we defined positive changes as increase 205 

and negative changes as decrease, regardless of the parameter’s value being positive or 206 

negative. For example, a positive change of a negatively valued parameter still indicates 207 

an increment toward positive infinity. 208 

 The shape index and curvedness were fit with linear fixed effect models. In the first 209 

model IOP was the fixed effect and NHP and eye were random effects. In the second 210 

model, eye was the fixed effect and NHP was the random effect. A p-value of 0.05 was 211 

the threshold for determining statistical significance.  212 

 The average ± standard deviation values for the LC SI and curvedness at baseline 213 

IOP were -0.81 ±0.08 and 33 ± 12 10-5 µm-1 respectively (Figure 1k). There was little 214 

variability in the SI across eyes and NHPs, whereas there was large variability in the 215 

curvedness. 216 

 The SI distribution of NHP eyes versus human eyes is shown in Figure 1j and 217 

Figure 2g. The ALC SI of NHPs measured in this study was between -0.9 and -0.6, which 218 

corresponds to shapes between rut and cup. In human subjects, however, most SIs were 219 

distributed between -0.7 and zero. (Thakku, Tham et al. 2015) This difference was due to 220 

the absence of the central ridge in the NHP eyes, which forms a characteristic saddle 221 

shape in human ALC.  222 



 Using a mixed effect model to fit the response of SI to increased IOP, there was 223 

no correlation between IOP and SI (Figure 2b,c). In addition, there was no correlation 224 

between eye and SI. We do see a positive correlation with IOP and changes in 225 

curvedness (Figure 2e,f). 226 

The change plotted for SI and curvedness (Figure 2a,d) are the difference 227 

between the property value at baseline IOP (15 mmHg) and the property value at the new 228 

IOP. SI values did not vary much with IOP. The most significant change in curvedness 229 

was when increasing from low IOP to baseline IOP. The curvedness is lower at low IOP, 230 

meaning the ALC is flatter when the IOP is lower.Our goal with this study was to quantify 231 

the shape of in vivo NHP LCs at normal and elevated IOPs and to compare with reported 232 

values for in vivo human LCs. Three main findings emerged from our analysis. First, the 233 

LC SI at normal IOP in NHPs differed significantly from that in humans. Second, the 234 

variation in LC SI among NHPs was much smaller than in humans. Third, when IOP was 235 

higher than normal in NHPs, the LC became more curved, but its overall SI remained 236 

consistent, simply becoming a more exaggerated trough shape. In contrast, in human 237 

eyes with primary open angle glaucoma, the hypertensive IOP altered the LC shape more 238 

fundamentally, with the ridge flattening out, transforming the shape from a saddle-rut to 239 

a trough,(Kim, Jeoung et al. 2016, Lee, Kim et al. 2017) and in normal humans eyes the 240 

LC SI also decreased.(Tun, Thakku et al. 2016) Below we discuss these findings in more 241 

detail. 242 

 Based on the eyes imaged in this work, the average SI of NHP LCs at normal IOP 243 

was -0.81, corresponding with a trough-like shape. This shape is different from what has 244 

been reported for human LCs, which are typically saddle-shaped with a horizontal (nasal-245 

temporal) ridge in the middle.(Thakku, Tham et al. 2015) NHPs are a common animal 246 

model for glaucoma. We note that even though each LC and sclera is unique in its 247 

microstructure, which therefore results in unique scleral compliance and LC material 248 

properties, the macroscopic property of SI had little variation across NHP eyes in this 249 

study. In addition, even though LC microstructure and material properties can change 250 

with increased IOP, the changes in these properties did not result in changes in SI with 251 

IOP. 252 



From this study alone it is not clear if or how the different LC shapes will affect the 253 

LC biomechanics, including the sensitivity to IOP and susceptibility to glaucoma in NHPs 254 

when compared to humans. Potentially, the difference in shape could affect where axonal 255 

damage first occurs in the LC. In humans, axon damage has been shown to be focused 256 

in the superior and inferior regions of the LC.(Quigley and Addicks 1981, Azuara-Blanco, 257 

Costa et al. 2001, Lisboa, Leite et al. 2012) Axon damage in the NHP experimental 258 

glaucoma is more diffuse,(Quigley and Anderson 1977, Burgoyne and Morrison 2001) 259 

which could be at least partially due to the more symmetric trough shape of the LC in 260 

NHPs.  261 

The variation in the LC SI was different in NHPs than has been reported for 262 

humans. The variation in SI for the NHP LCs was very small in contrast to the much more 263 

highly varied shapes reported of the human LC (Figure 1j). One possibility for the 264 

difference in variability between our results in NHPs and reports in humans is our 265 

measurements were made at constant ICP, while the ICP cannot be controlled in human 266 

patients. Both IOP and ICP are known to affect the LC position and shape.(Tran, Grimm 267 

et al. 2017, Hua, Voorhees et al. 2018)  From the equations in Figure 1 readers should 268 

notice that curvedness depends on the ocular dimensions, whereas SI does not.  SI is a 269 

measure of shape and was therefore selected to be independent of scale or size. Hence, 270 

it is fair to compare SI between eyes and species even if they have different overall sizes, 271 

whereas curvedness must be interpreted in the context of the scale.   272 

When IOP was increased in NHPs the LC became more curved, but its overall 273 

shape measured by SI remained consistent, simply becoming more exaggerated. In 274 

contrast, in humans, increased IOP altered the LC shape more fundamentally, with the 275 

ridge flattening out, transforming the shape from a saddle to a trough.(Tun, Thakku et al. 276 

2016) This difference in LC response to acute IOP increases between NHP and humans 277 

also hints at the different regional RGC death in glaucoma between NHP and human. 278 

(Burgoyne 2011)Perhaps in NHPs, that there is no preferential region of RGC death is 279 

partially due to the lack of extreme change in SI, but in humans the superior and inferior 280 

LC regions suffer more marked shape changes. Nevertheless, the exact implications of 281 

the difference in LC shape, variation, and response to IOP between NHPs and humans 282 

on glaucoma susceptibility remain to be determined. 283 



In this study we have shown that there are differences between NHP and human 284 

LCs, but this does not imply that the NHP model for glaucoma is not a good model. The 285 

NHP experimental glaucoma model has proven extremely valuable to study LC 286 

biomechanics, and our results show there are differences between NHP and human LC 287 

anatomy that we must be aware of when interpreting NHP model results. No model is 288 

perfect, and it is essential to be aware of its limitations.  289 

One advantage of the NHP model utilized in this study was the ability to control 290 

IOP and ICP separately, which is not possible when imaging human patients. These 291 

measurements of LC SI and curvedness were all made at variable IOP but constant ICP 292 

between all animals. Therefore, these results represent the impact only of IOP on LC 293 

shape. In addition, all these measurements were made in vivo and thus represent the 294 

intrinsic shape of the LC for each condition, and measurements of the same LC could be 295 

made at different IOP conditions. With histological methods, the LC must be sectioned to 296 

fully measure its shape, and the shape can only be measured at one condition. 297 

Although we observed very little variation of LC shape in our sample size of seven 298 

eyes, a greater sample size would allow us to more definitively state whether there is any 299 

correlation between SI/curvedness and IOP. In addition, the implications of the LC 300 

differences between human and NHP on the susceptibility to glaucoma remain to be 301 

determined.  302 

Another worthwhile consideration is some important aspects of LC shape and 303 

deformation likely occur in the LC interior, and not necessarily at the surface. The LC 304 

surface may sometimes be a good surrogate for the interior and sometimes it may 305 

not.(Sigal, Flanagan et al. 2004, Voorhees, Jan et al. 2017, Wei, Hua et al. 2022) 306 

In addition to the differences in LC SI and curvedness, human and NHPs differ in 307 

other ways. For instance, compared with NHPs, human eyes are larger, with thicker LCs 308 

that are located more deeply within a scleral canal that is larger and rounder, and 309 

surrounded by a thicker sclera.(Sing, Anderson et al. 2000, Sanfilippo, Cardini et al. 2009, 310 

Sigal, Flanagan et al. 2010, Lockwood, Reynaud et al. 2015) Predicting the implications 311 

of these differences is extremely challenging due to their complex nonlinear 312 

interactions.(Hua, Voorhees et al. 2018, Zhu, Waxman et al. 2021) For example, while 313 

increased thickness and material stiffness individually reduce sensitivity to elevated IOP, 314 



their combined effects do not follow a simple additive pattern. Instead, sensitivity to 315 

thickness decreases in stiff tissues and sensitivity to stiffness decreases in compliant 316 

tissues. Interested readers can consult reports on the use of computational parametric 317 

modeling that explore the sensitivity of ONH biomechanics to these parameters, both 318 

independently and together.(Hua, Voorhees et al. 2020, Schwaner, Feola et al. 2020, Liu, 319 

Hung et al. 2024, Otani, Miyata et al. 2024) 320 

In conclusion, we aimed to explore the interaction between IOP and LC shape in 321 

a NHP model and compare these results to those in humans. We demonstrate that NHP 322 

LC shape has little variation across animals, the LC shape is trough-like, and the LC 323 

shape does not change with IOP, only the curvedness. These results of NHP LC shape 324 

are all in contrast to human LCs, which are varied in shape, typically have a nasal-325 

temporal rut, and change shape with an increase in IOP. As NHPs are a common model 326 

to study LC biomechanics, these results show that there are differences between the NHP 327 

model and humans that must be considered.  328 



Figures 329 

 330 

Figure 1. (a) An original orthogonal slice with motion artifacts outlined by manual marking (red) 331 
of Bruch membrane layer and (b) after motion artifacts removed. (c) En-face view of BMO 332 
outline (yellow dots) used to determine ONH center (blue) for radial re-slicing (d). The sample 333 
radial lines intersect at the ONH center and were generated in a counterclockwise sequence 334 
(red). An example virtual radial OCT slice (e) with manual delineations of the BMO (yellow) and 335 
ALC (red), and the ALC delineations are reconstructed to create a heat map of the ALC surface 336 
(f), with shallower to deeper: blue to red. (g, left) Points from each ALC surface are sample 337 
radially every 1 degree, centered at the centroid of the scleral canal. (g, right) These points are 338 
fitted to circles with negative (positive) curvature corresponding with a concave (convex) LC 339 
shape. Definitions of SI and curvedness, calculated from the principal curvatures (kmax, kmin). 340 
(h) Illustrations of lower versus higher surface curvedness (orange, green) having the same SI. 341 
(i) Illustration of surfaces (shallower to deeper: yellow to blue) with SI ranging from a cup to a 342 
ridge. (j) NHP (red) vs. human (blue) LC SI at normal IOP, and (k) SI and curvedness values for 343 
all NHP eyes used in this study.  344 



 345 

Figure 2: (a) Changes in individual lamina SI and (d) curvedness at low, baseline, and 346 
hypertensive IOPs for seven NHP eyes. The change is the change in property compared to the 347 
value at baseline IOP, therefore the change at baseline is zero. The raw values of SI and 348 
curvedness for the 7 NHP eyes are plotted in (b) and (e). It is important to note that we only had 349 
data at the four IOP levels specified. In the plots we connected the dots with straight lines, but 350 
this was only done for clarity and not to imply that the relationship between IOP and SI or 351 
curvedness was linear in the range. The starting IOP is different for each eye as lowering the 352 
IOP past a threshold would lead to corneal buckling and clouding. The threshold was different 353 
for each eye. Mixed effect models were fit to SI and curvedness (c) and (f) respectively. These 354 
fits show that there is no linear relationship between IOP and SI, but there is a significant 355 
relationship between IOP and curvedness. (g) The SI values of human and NHPs at various 356 
IOPs. We observe a consistent SI in NHP LCs that is lower than in human LCs, that does not 357 
change with an increase in IOP.  358 
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