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Abstract

Whereas it is known that elevated intraocular pressure (IOP) increases the risk of glaucoma, it is 

not known why optic nerve heads (ONHs) vary so much in sensitivity to IOP and how this 

sensitivity depends on the characteristics of the ONH such as tissue mechanical properties and 

geometry. It is often assumed that ONHs with uncommon or atypical sensitivity to IOP, high 

sensitivity in normal tension glaucoma or high robustness in ocular hypertension, also have 

atypical ONH characteristics. Here we address two specific questions quantitatively: Do atypical 

ONH characteristics necessarily lead to atypical biomechanical responses to elevated IOP? And, 

do typical biomechanical responses necessarily come from ONHs with typical characteristics. We 

generated 100,000 ONH numerical models with randomly selected values for the characteristics, 

all falling within literature ranges of normal ONHs. The models were solved to predict their 

biomechanical response to an increase in IOP. We classified ONH characteristics and 

biomechanical responses into typical or atypical using a percentile-based threshold, and calculated 

the fraction of ONHs for which the answers to the two questions were true and/or false. We then 

studied the effects of varying the percentile threshold. We found that when we classified the 

extreme 5% of individual ONH characteristics or responses as atypical, only 28% of ONHs with 

an atypical characteristic had an atypical response. Further, almost 29% of typical responses came 

from ONHs with at least one atypical characteristic. Thus, the answer to both questions is no. This 

answer held irrespective of the threshold for classifying typical or atypical. Our results challenge 

the assumption that ONHs with atypical sensitivity to IOP must have atypical characteristics. This 
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finding suggests that the traditional approach of identifying risk factors by comparing 

characteristics between patient groups (e.g. ocular hypertensive vs. primary open angle glaucoma) 

may not be a sound strategy.
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1. Introduction

Glaucoma is the second leading cause of blindness worldwide (Quigley and Broman, 2006). 

Elevated intraocular pressure (IOP) has been identified as the main risk factor for the 

development and progression of the disease (Bengtsson and Heijl, 2005). Nevertheless, there 

is a wide range of sensitivity to elevated IOP, whereby some people suffer glaucoma at 

apparently normal levels of IOP (normotensive glaucoma) and others show no signs of the 

disease despite having elevated IOP (ocular hypertension) (Burgoyne et al., 2005; Quigley, 

2005). The origin of this range of sensitivities to IOP is still not fully elucidated (Quigley, 

2005). A common notion has been that the sensitivity to IOP of a specific optic nerve head 

(ONH) is determined, at least in part, by its biomechanical characteristics, namely the 

mechanical properties and geometry of the ONH tissues (Albon et al., 1995; Grytz et al., 

2012; Reis et al., 2012; Sigal and Ethier, 2009; Wu et al., 2015). From this perspective, some 

eyes have a specific characteristic or a combination of characteristics that render them 

particularly sensitive to IOP and more likely to develop glaucoma, or particularly resilient to 

IOP and present as ocular hypertensive. This view has fueled efforts to characterize the 

morphology and biomechanics of eyes with various forms of glaucoma, which are then 

compared with those of normal and ocular hypertensive eyes in the hope that it will be 

possible to identify a structural or biomechanical biomarker for the disease (Coudrillier et 

al., 2015; Jonas et al., 2013; Lee and Kim, 2015; Omodaka et al., 2015; Park et al., 2015; 

Pijanka et al., 2014; Pijanka et al., 2015; Roberts et al., 2010).

Underlying the studies mentioned above is the assumption that ONHs that have an 

uncommon or atypical sensitivity to IOP, be it high sensitivity or high robustness, also have 

atypical ONH characteristics. Based on our recent observations of the complex nonlinear 

interactions between factors influencing ONH biomechanical sensitivity to IOP (Sigal, 2009, 

2011; Sigal et al., 2012; Sigal et al., 2011), we suspect that this assumption might not hold 

true.

In this study, we used a large set of models representing ONHs with a wide range of 

characteristics spanning anatomy/geometry and tissue mechanical properties to address two 

specific questions: (1) Do atypical ONH characteristics, necessarily lead to atypical 

biomechanical responses to IOP? And (2) Do typical biomechanical responses to IOP 

necessarily come from typical ONH characteristics? (Fig. 1) We defined typical to mean a 

characteristic or response with a value close to the median of the population of ONHs, and 

atypical for a value that is distant to the median. We studied how the threshold used to define 

typical vs. atypical affected the answer to the questions. A negative answer would indicate 
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that simply splitting ONHs into typical or atypical based on their characteristics or responses 

is not a good approach for determining susceptibility to glaucoma.

2. Methods

2.1. Population of Simulated ONHs

In order to have a well-controlled and large population of ONHs that would provide 

statistically robust results, we used a population of 100,000 ONH models from a previously 

published study (Sigal et al., 2012). The ranges and distributions for the characteristics 

corresponded to normal subjects and were based on the literature (Table 1) (Sigal et al., 

2005; Sigal et al., 2004). Note that atypical characteristics were still within the normal 

ranges. The ONH models were generated using Gaussian distributions of 8 characteristics of 

interest which had been identified as contributing to more than 96% of the variation in IOP-

induced ONH displacements, deformations and forces among 21 characteristics (Sigal, 

2009). The geometric characteristics that were varied were the radius of the eye, the 

thickness of the sclera, the radius of the lamina cribrosa (LC) and the anterior-posterior 

position of the central LC. The mechanical properties of the ONHs that were varied were the 

elastic modulus of the LC, the elastic modulus of the sclera, the elastic modulus of the 

neural tissue, and the Poisson’s ratio of the neural tissue. The Poisson’s ratio defines the 

compressibility of the tissue and was intended to account for the potential for fluid 

displacements, including axoplasmic flow. It should be noted that we use the term 

mechanical properties solely to refer to the intrinsic material mechanical properties and not 

the structural or geometric properties.

As before, the mechanical response of a given ONH model to an IOP elevation of 10 mmHg 

was calculated using a published surrogate cubic polynomial model derived from our earlier 

finite element models of the ONH (Sigal et al., 2012). In this study we analyzed four 

components of the mechanical response (Table 2): the maximum tensile strain within the LC 

(the 95th percentile maximum principal strain) (Sigal et al., 2005), scleral canal expansion 

(SCE), lamina cribrosa displacement (LCD), and the laminar median von Mises stress (a 

non-directional measure of the force per unit area in the LC) (Sigal et al., 2005).

2.2. Definition of Typical

As a first approach we classified characteristics and responses as typical or atypical using a 

binary definition based on a hard percentile threshold. Specifically, we defined a typical 

characteristic or response as one that fell between the 2.5 and 97.5 percentiles. An atypical 

characteristic or response was thus defined as one falling outside that range, i.e. being in the 

extreme 5%. For clarity, we refer to this cutoff value as the 5% atypicality threshold. All 

characteristics were equally sampled using the same threshold. This simple definition 

allowed us to directly address our two research questions. We then repeated the analysis 

varying the atypicality threshold from 0 to 100%. Finally, we investigated the dependence of 

the conclusions on the use of a rigid binary threshold by using instead a smoothly varying 

probability parameter representing “typicality” with values between 0 and 1 according to its 

percentile distance to the median. The conclusions were independent of the threshold value, 
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or the use of hard or smoothly varying typicality. For briefness, we present the results of the 

smooth typicality analysis in the Appendix.

2.3. Data Analysis

To answer the first question, do atypical ONH characteristics necessarily lead to atypical 

biomechanical responses, we examined the responses of ONHs with a given atypical 

characteristic, and calculated the percentage of ONHs that had any atypical response using 

the 5% atypicality threshold. We also examined ONHs with 1 or more, 2 or more, 3 or more, 

and 4 or more atypical characteristics and calculated the percentage that had atypical 

responses. We compared these percentages to the percentage of ONHs with any atypical 

response found in the whole population of models. We repeated this analysis with atypicality 

thresholds ranging from 0 to 100%.

To address the second question, do typical biomechanical responses necessarily come from 

ONHs with typical characteristics, we examined ONHs with only typical biomechanical 

responses and calculated the percentage that arose from ONHs with a particular atypical 

characteristic. To examine the effect of a 5% atypicality threshold, we repeated the 

calculation of percentages using atypicality thresholds from 0 to 50%.

Whereas the analyses described above answer directly and quantitatively the two questions 

of interest, they are not visual. To get a better sense of what our findings mean for ONH 

biomechanics we examined scatterplots of the SCE and LCD for all ONHs.

Analyses were done with the software package R (v2.12.0) (R Core Team, 2013) and with 

Matlab (v2015a, Mathworks).

3. Results

Using a 5% atypicality threshold we found that 34% of all ONHs had at least one atypical 

input characteristic, but only 14% of ONHs had at least one atypical mechanical response. 

Hence not all atypical ONH characteristics result in atypical responses to IOP. It should be 

noted that 34% corresponds to one minus the expected value for having 8 independent 

characteristics be typical (1-(1-t)8=0.34 for t=0.05, where t is the atypicality threshold). The 

percentage of typical and atypical responses arising from ONHs with atypical characteristics 

appears in Figure 2. The analysis reveals not just that ONH’s with atypical characteristics 

can have typical responses, but most ONH’s with atypical characteristics have typical 

responses. Only the two strongest determinants of ONH mechanics, atypical LC moduli and 

scleral moduli (as previously observed (Sigal, 2009)), led to atypical responses more often 

than typical responses. For all other characteristics, the percentage of atypical responses 

arising from a specific atypical characteristic ranged from 14% to 25%.

The analysis of the characteristic combinations revealed that having one or more atypical 

characteristics was associated with an atypical response in 28% or roughly 1 out of every 4 

cases. ONHs with four or more atypical characteristics had atypical responses in just 62% of 

cases. An ONH with four or more unspecified atypical characteristics was actually less 

likely to produce an atypical response than an ONH having an atypical scleral modulus. For 
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comparison, 6% of ONH with no atypical characteristics had an atypical response. These 

results demonstrate that most ONHs with atypical characteristics did not have an atypical 

response, answering no to our first research question.

Moving now towards the second question, the percentage of typical and atypical 

biomechanical responses arising from atypical characteristics is shown in Figure 3. The blue 

bars representing the percentage of typical responses originating from ONHs with specific 

atypical characteristics demonstrate that between 2 and 5% of typical responses come from 

ONHs with a specified atypical characteristic. While this value appears low, it should be 

noted that only 5% of the entire population has a specified atypical characteristic, hence a 

value of 5% is what would be expected if a characteristic had no influence on whether a 

response was typical or atypical. This demonstrates that typical biomechanical responses did 

not necessarily arise from typical ONH’s..

To this point, our analysis was done with a hard, arbitrarily chosen threshold to distinguish 

typical from atypical. To examine whether the choice of threshold may have influenced the 

answer to question one, we calculated the percentage of typical and atypical responses 

arising from ONHs with a particular atypical characteristic using atypicality thresholds 

ranging from 0 to 100% (Figure 4). For all the characteristics, a blue region in the upper left 

hand corner of the plots can be observed, which represents typical biomechanical responses 

resulting from atypical ONH characteristics. Only when the atypicality threshold is defined 

as 90% or higher does the proportion of atypical responses go to 100%. Thus, for any 

reasonable choice of threshold, the answer to question one remains no.

To examine the influence of our choice of the 5% atypicality threshold on the answer to 

question two, we calculated the percentage of typical ONH responses that arose from ONHs 

with a particular number of atypical characteristics (Figure 5). The effects of the individual 

parameters was relatively small, and therefore we report only the combinations. If the plot 

had been entirely blue it would demonstrate that typical biomechanical responses only arise 

from typical ONH characteristics. Instead the plot shows a large red region representing 

typical ONH responses arising from atypical characteristics, demonstrating that the choice 

of the atypicality threshold does not change our finding that typical responses frequently 

arise from ONH’s with atypical characteristics.

The scatterplots of Figure 6 depict the SCE and LCD of all ONH models, with points 

representing the individual responses of the ONH model. Figure 6A shows that the 

population of ONH models with atypical characteristics have responses that still cluster 

towards the median behavior. In other words, not only did atypical ONH characteristics 

frequently lead to typical responses, they lead to highly typical responses. Conversely, 

Figure 6B displays the mechanical responses of all ONHs with typical characteristics and 

atypical responses. Whereas responses do tend to concentrate near the 95% typicality 

boundary, there are several extreme cases, a couple of which we have highlighted. These two 

cases demonstrate that an ONH with all typical characteristics can, nevertheless, have highly 

atypical responses to IOP.
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4. Discussion

Our results demonstrate that the answers to both our questions are no: ONHs with atypical 

characteristics do not necessarily have atypical biomechanical responses to IOP. In fact, 

most ONHs with atypical characteristics have typical responses nonetheless. Likewise, 

typical biomechanical responses do not necessarily stem from typical ONH characteristics, 

with over a quarter of all typical responses arising from ONHs with at least one atypical 

characteristic.

For clarity, this study focused on whether atypical characteristics lead to atypical 

biomechanical responses, and whether typical biomechanical responses necessarily arise 

from typical characteristics. It should be noted, that the two questions as presented are not 

mutually exclusive. A negative answer to question one would ensure a negative answer to 

question two. However, a positive answer to question one would not ensure a positive 

answer to question two. We could have formulated instead questions such as can ONHs with 

atypical characteristics have typical biomechanical responses, and can typical ONH 

biomechanical responses arise from ONHs with atypical characteristics. In this case our 

study would demonstrate that the answers to these questions are yes, and that these 

phenomenon occur frequently.

This study is an extension of our previous analysis, (Sigal et al., 2012) in which we 

demonstrated that the ONH is a highly robust system, with a wide distribution of ONH 

characteristics leading to a concentrated distribution of responses. However, that analysis did 

not link together individual ONH characteristics to their responses. It could have been that 

atypical characteristics still led only to responses on the edges of the “narrow” distribution, 

or that typical responses were all from ONHs also in the central part of the characteristic 

distributions.

The answers to our research questions are important because they relate to the bigger 

questions: what is a “normal” ONH? And, how can one predict whether an ONH will have 

an abnormal sensitivity to IOP? Before we discuss this, we want to address our choice of the 

word typical. We considered several alternative words, including normal/abnormal, healthy/

unhealthy, standard/non-standard, inlier/outlier and unremarkable/remarkable. There is 

likely no single word choice that will satisfy everyone. In our opinion the word typical best 

connotes proximity to the median without further inferences, and is therefore appropriate if 

its use is clearly defined.

Considering that we analyzed 100,000 ONHs, some readers might not be surprised that we 

found cases where a typical response could arise from an atypical ONH, and vice-versa. 

However, our quantitative approach allowed us to demonstrate that this can occur with 

surprisingly high frequency, independent of the threshold used to separate typical from 

atypical. If this was the case in our highly simplified deterministic mechanical modeling 

where all variables are known and precisely defined, it seems reasonable to expect an even 

more complex situation in patients. The fact that typical characteristics frequently lead to 

atypical responses implies that perhaps there is no “typical” ONH. This is important 

clinically, rigid cutoff values are often used to diagnose and monitor patients. It is also 
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important to determine the mechanisms that lead to or contribute to development or 

progression of glaucoma. Our results show that the measurement of an atypical ONH 

geometry does not ensure atypical biomechanical sensitivity to IOP, and similarly atypical 

IOP-induced deformations do not necessarily imply atypical tissue properties. By sorting 

eyes into typical or atypical categories many sensitive eyes will be missed, and many stable 

eyes will be subjected to unnecessary screening.

Proper characterization of glaucoma susceptible eyes will require careful consideration of all 

the factors and their interactions. Even if one were to focus solely on the characteristics with 

the strongest influence on the biomechanical response, the elastic modulus of the LC and 

sclera, about a third of the population would still be mischaracterized, highlighting the 

combined effects of the other characteristics, including the geometric parameters To further 

complicate the matter, the LC and scleral modulus cannot be directly measured in the 

clinical setting (Girard et al., 2015), an issue we have addressed in our recent work (Sigal et 

al., 2014). Although the specificity of the LC and sclera moduli are not overly high, 

technologies that measure and track changes in scleral or LC modulus clinically may still be 

useful tools for predicting glaucoma progression. The development of screening metrics that 

consider the combined effects of multiple characteristics and interactions would be 

beneficial to explaining why some patients present as ocular hypertensives with no 

symptoms of glaucoma and some present with primary open angle glaucoma with normal 

levels of IOP.

The numerical model we used is the most comprehensive model, in terms of parameters 

considered, directly developed to capture the interaction between the geometric and 

mechanical characteristics of the eye, and we believe it is a useful representation of ONH 

mechanics. The model, however, is still a gross simplification of the actual ONH. The 

geometries are highly simplified and the mechanical properties are isotropic and linear. A 

thorough discussion of the limitations of this modeling approach can be found in our 

previous studies.(Sigal, 2009; Sigal et al., 2012; Sigal et al., 2005; Sigal et al., 2004; Sigal et 

al., 2007; Sigal et al., 2014) While these simplifications may not capture some of the 

complex local behavior of the ONH response to elevated IOP, they provide a reasonable 

estimate while allowing for large numbers of simulations to be performed, improving our 

general understanding of ONH biomechanics. It is possible that the simplifications of this 

model prevent the identification of other characteristics with strong influences on the real-

world biomechanical responses of the ONH to elevated IOP. Work is ongoing within our lab 

and elsewhere to create improved computational models that capture the anisotropy, non-

linearity, and inhomogeneity of the ONH (Coudrillier et al., 2013; Grytz et al., 2012; Zhang 

et al., 2015). However, with a more complex model, it would be nearly impossible to analyze 

100,000 different ONHs. The simplicity and low computational overhead of the model 

allowed us to answer questions and provide insight that cannot be addressed through 

experiment alone. The overall ONH behavior described by the model is in reasonably good 

agreement with other models and experimental measurements, giving us confidence in the 

general trends in the model (Agoumi et al., 2011; Coudrillier et al., 2013; Grytz et al., 2012; 

Levy and Crapps, 1984; Roberts et al., 2010; Yan et al., 1994; Yang et al., 2009). Another 

limitation of this work is that we only examined a small change in IOP, 10 mmHg, while 

clinically IOP may be elevated to much higher levels. Given the linear mechanical properties 
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of this model we find it best to limit the change in IOP to a small range. Linear models 

provide useful insight into the behavior of the ONH at normal levels of IOP. At elevated 

levels of IOP, the nonlinear material properties would more strongly influence the 

mechanical behavior of the ONH system. Future models will incorporate non-linear 

mechanical properties to study effects of elevated IOPs.

We chose the distribution of characteristics for our population of ONHs based on data 

obtained from normal eyes, with both typical and atypical characteristics within normal 

ranges. The distributions of characteristics in diseased eyes are often different from normal 

eyes, and it is possible that using values different from normal will change the associations 

between ONH attributes and responses. However, our work demonstrates that even for the 

simpler population of normal ONHs, the responses are complex and IOP sensitivity is 

difficult to predict.

It is worth noting that our analysis did not distinguish between characteristics that render an 

ONH atypically sensitive to elevated IOP or atypically insensitive. Defining what 

characteristic values lead to biomechanical stability and which lead to biomechanical 

sensitivity is extremely difficult as the interactions between characteristics may contribute 

more to the response than the characteristics themselves. Our previous work has investigated 

in depth the concept of biomechanical stability and shown that biomechanical stability arises 

from wide ranges of geometric and material characteristics (Sigal et al., 2012). Similar to 

this limitation is the fact that our analysis uses the same threshold to define typical across all 

characteristics and responses. In practice, it may be better to use strict thresholds for some 

parameters and more liberal thresholds for others. It is also important to consider that the 

ONH characteristics were selected independently from each other. We considered this 

reasonable in the absence of robust data supporting associations between characteristics. 

However, it is possible that the characteristics are correlated with each other. An example of 

this characteristic codependence is the negative correlation of sclera thickness with sclera 

modulus, which has been noted in ex-vivo inflation studies of monkey sclera (Girard et al., 

2011; Girard et al., 2009). This interaction works to maintain effective scleral rigidity, 

demonstrating a natural tendency towards biomechanical stability (Girard et al., 2009). 

While not much is known about other ONH biomechanical covariates, it is certainly possible 

that some covariations are antagonistic, thus increasing the likelihood of an atypical 

response.

This study highlights the difficulties of predicting eye-specific sensitivity to IOP and 

susceptibility to glaucoma. We have demonstrated that seemingly typical ONH 

characteristics can lead to atypical biomechanical responses to elevated IOP, sometimes 

extremely atypical. In other words, even though the risk is low, it is possible for ONHs with 

characteristics within the normal range, to have atypical responses to IOP. Conversely, we 

have demonstrated that the robust system behavior of the ONH allows for ONHs with 

atypical characteristics to maintain typical biomechanical sensitivity to IOP.
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Appendix: Smooth Typicality Analysis

Elsewhere in this paper we have treated ONH characteristics as binary, being either typical 

or atypical. This means that characteristics that are only slightly different, but falling on 

opposite sides of the binary threshold, are treated as very different. For the analysis in this 

appendix we used a smooth and continuous definition of typicality instead of the hard, 

discrete definition (Figure A1). For this, we smoothly parameterized the distributions of all 

eight ONH characteristics listed in the paper and eleven biomechanical responses: the 

median 1st and 3rd LC principal strains, the maximum (95th percentile) LC 1st and 3rd 

principal strain, the median LC shear strain, the maximum LC shear strain, scleral canal 

expansion (SCE), LC displacement (LCD), LC thinning, median LC Von Mises stress, and 

maximum LC Von Mises stress. Typicality was parameterized so that values ranged between 

0 (most atypical) and 1 (most typical) and all characteristics or responses were weighted 

equally.

The bottom panel of Figure A1 is a density plot of the continuous characteristic and 

response typicalities for all ONHs. The plot does not show a simple association between the 

typicality of a characteristic and the typicality of the response, which would appear as a 

narrow dense band. Instead, the blue blob is smooth and spread. This indicates that for a 

given characteristic typicality a wide range of response typicalities may occur, and 

conversely, a given response typicality may arise from a wide range of characteristic 

typicalities. This analysis confirms what was observed using the discrete thresholds 

elsewhere in this work: that atypical characteristics do not necessarily lead to atypical 

responses and that typical responses do not necessarily arise from typical characteristics, 

again answering no to both research questions
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Highlights

• We simulated the effects of IOP on 100,000 models of the optic nerve 

head, and studied the relationship between a model having typical/

atypical attributes and having a typical/atypical response to IOP.

• Optic nerve heads with atypical attributes frequently had typical 

response to elevated IOP.

• Optic nerve heads with atypical responses to elevated IOP often had 

typical attributes.

• The traditional approach of identifying risk factors of glaucoma by 

comparing attributes between patient groups (e.g. ocular hypertensive 

vs. primary open angle glaucoma) may not be a sound strategy.
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Figure 1. 
Schematic of the research questions. We produced 100,000 different ONH models with 

random but carefully selected characteristics according to the normal distributions in Table 

1. Example geometric parameters are shown on the top left panel. We simulated the response 

of each ONH model to a 10 mmHg increase in IOP. Four aspects of these responses were 

obtained for each ONH (Table 2). These included the anterior-posterior lamina displacement 

and the scleral canal expansion (bottom left panel). Characteristics and response values were 

classified as typical or atypical. Using the ONH population and their responses we addressed 

quantitatively two research questions (middle and rightmost columns): (1) Do atypical 

ONHs (those with all atypical characteristics) necessarily lead to atypical responses to IOP? 

(2) Do typical biomechanical responses necessarily come from typical ONH characteristics? 

The graphs represent the distributions of characteristics (top) or responses (bottom), 

classified into typical (blue) or atypical (red).
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Figure 2. 
Atypical ONH characteristics usually lead to typical biomechanical responses. The red bars 

indicate the percentage of ONHs with the specified atypical characteristics that have atypical 

responses. The blue bars display the percentage of ONHs with the specified atypical 

characteristics that have typical responses. The black dashed vertical line represents the 

percentage of ONHs with an atypical mechanical response in the entire population (14%). A 

red bar that stops at the dashed line indicates that the characteristic has a weak influence on 

whether the response is typical or atypical. A longer red bar indicates that the factor has a 

stronger influence on the typicality of the response. Note that the analysis for the eight 

individual characteristics include ONHs where other characteristics are atypical in addition 

to the one specified. The presence of the blue regions indicates that atypical ONH 

characteristics do not necessarily lead to atypical responses, meaning that the answer to 

question one is no. This plot was computed with a typicality threshold of 95%.
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Figure 3. 
Typical biomechanical responses arise from ONHs with atypical characteristics. The blue 

bars indicate the percent of the population of ONHs with typical biomechanical responses 

that also have the specified atypical characteristics. The black dashed vertical line represents 

the percentage of ONHs with a specific atypical characteristic in the entire population. For 

most cases, the percentage of typical responses having a specified atypical characteristic was 

similar to the percentage of ONHs with that specified characteristic in the population as a 

whole. The fact that the percentages are non-zero indicates that the answer two question two 

is no. This plot was computed with a typicality threshold of 95%.
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Figure 4. 
Atypical ONH characteristics lead to typical biomechanical responses for nearly all choices 

of the atypicality threshold. The charts above display the distribution of responses (typical or 

atypical) for ONHs with the specified atypical characteristics over a range of atypicality 

thresholds. The plots are similar to the bars in Figure 2, a vertical cross section at 5% of any 

of the charts in Figure 4 would be identical to the bar plots in Figure 2. The dashed lines 

represent the percentage of the whole population with at least one atypical response at each 

atypicality threshold, and are identical in all panels. Plots where the red/blue interface 

closely matches the dashed line indicate that that characteristic has a weak influence on 

whether or not the response is typical or atypical. The presence of a blue region in the chart 

for all atypicality thresholds less than 90% indicates that the choice of a particular threshold 

did not alter the answer to question 1.
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Figure 5. 
Typical biomechanical responses arise from ONHs with atypical characteristics regardless of 

the atypicality threshold. The chart displays the percentage of ONHs with typical responses 

with a given number of atypical characteristics. The blue region represents the percentage of 

typical responses that come from ONHs with no atypical characteristics. The height of the 

red regions represents the percentages of typical responses that come from ONHs with one 

or more atypical characteristics. For example, at an atypicality threshold of 10%, only about 

half of all typical responses come from ONHs with no atypical characteristics, while roughly 

40% of typical responses have 1 atypical characteristic and 10% have two or more. The 

presence of a red region at all atypicality thresholds indicates that our choice of atypicality 

threshold did not affect our conclusion that the answer to question 2 is no.
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Figure 6. 
Biomechanical response distributions. A. The distribution of scleral canal expansion (SCE) 

and lamina cribrosa displacement (LCD) responses for ONHs classified as atypical (having 

one or more atypical characteristic). The points are colored by the number of atypical 

characteristics for that ONH. The black outline represents the 2D 5% atypicality threshold, 

calculated as the smallest region containing 95% of all responses (Sigal and Grimm, 2012). 

To decrease plot saturation the pixel intensity is proportional to the number of points 

overlapping. This means that points in regions with few responses appear dim, whereas the 

central regions with many points appear dense. It is seen that even for ONHs with multiple 

atypical characteristics, there is a strong tendency towards the median response (the dense 

green region of the plot). B. The atypical SCE and LCD responses of ONH models with all 

typical ONH characteristics is shown. To ease visualization of isolated points we did not 

vary point intensity. To avoid plot saturation we therefore did not plot the cases with typical 

responses, which caused the white region in the center. Although it is seen that the responses 

of most ONHs do cluster near the threshold, there are several ONHs located very far from 

the typical response (circled in red).
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Figure A.1. 
Smooth typicality distribution. (Top Left) Typicality defined using a rigid threshold is 

problematic as similar values on opposite sides of the threshold (arrow in plot) are 

considered to be vastly different. (Top Right) To address this issue, we parameterized the 

characteristics and responses to create a continuous definition of typicality. This 

parameterization was based on the area between the characteristic value and the median in 

the distribution curve, such that a characteristic with a value of the median had a continuous 

typicality of 1 and a characteristic with a value far away from the median was assigned a 

typicality approaching 0. We calculated ONH characteristic typicality as the eighth root of 

the product of the eight individual characteristics typicalities. Similarly ONH response 

typicality was calculated as the eleventh root of the product of all eleven response 

typicalities. (Bottom) The combined characteristic typicality vs. response typicality density 

plot is shown. The plot shows a continuous gradient of density that increases moving 

towards the top right of the plot. The plot also demonstrates that atypical characteristic 

typicalities (those near the left side) have a broad range of response typicalities. The plot 

shows a continuous gradient of density with the majority of points being located near the top 

right corner of the typicality space, consistent with the idea that higher characteristic 

typicality was somehow associated with higher response typicality.
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