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Purposk. To study the anterior-posterior lamina cribrosa defor-
mation (LCD) and the scleral canal expansion (SCE) produced
by an increase in IOP and identify the main factors and inter-
actions that determine these responses in the monkey.

MEetHODS. Eye-specific baseline models of the LC and sclera of
both eyes of three normal monkeys were constructed. Mor-
phing techniques were used to generate 888 models with
controlled variations in LC thickness, position and modulus
(stiffness), scleral thickness and modulus, and scleral canal size
and eccentricity. Finite element modeling was used to simulate
an increase in IOP from 10 to 15 mm Hg. A two-level, full-
factorial experimental design was used to select factor combi-
nations and to determine the sensitivity of LCD and SCE to the
eight factors, independently and in interaction.

Resurts. LCD was between 53.6 um (posteriorly) and —12.9
pm (anteriorly), whereas SCE was between 0.5 and 15.2 um
(all expansions). LCD was most sensitive to laminar modulus
and position (24% and 21% of the variance in LCD, respec-
tively), whereas SCE was most sensitive to scleral modulus and
thickness (46% and 36% of the variance in SCE, respectively).
There were also strong interactions between factors (35% and
7% of the variance in LCD and SCE, respectively).

Concrusions. IOP-related LCD and SCE result from a complex
combination of factors, including geometry and material prop-
erties of the LC and sclera. This work lays the foundation for
interpreting the range of individual sensitivities to IOP and
illustrates that predicting individual ONH response to IOP will
require the measurement of multiple factors. (Invest Opbthal-
mol Vis Sci. 2011;52:1896-1907) DOI:10.1167/iovs.10-5500

Lowering intraocular pressure (IOP) remains the only
proven method of preventing or delaying the onset and
progression of glaucomatous vision loss, yet the role of IOP in
the neuropathy remains unclear.'” Several studies have ex-
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plored the hypothesis that an altered biomechanical environ-
ment within the optic nerve head (ONH), and the lamina
cribrosa (LC) in particular, may contribute to disruption of the
retinal ganglion cell axons and the subsequent loss of vision
associated with glaucoma.’*~'> Hence, there has been a
search for an association between changes in IOP and defor-
mations of the LC.>#71316

For some time the conventional paradigm was that, as
IOP increases, the LC deforms posteriorly, with the sclera
remaining essentially undeformed.'®'” Results from initial
studies using radiographic'®'" or histologic®® techniques,
or measurements of the optic disc surface'*>'®72° were in-
terpreted as supportive of this paradigm. More recent nu-
merical®71213:21-23 45 experimental?*?> studies, however,
suggest that the relationship between IOP and the deforma-
tions of the LC and sclera are more complex than initially
thought. It is now clear, for example, that as IOP varies, the
sclera deforms, sometimes substantially, and that these defor-
mations, when transmitted to the ONH, may play an important
role in the response of the LC to IOP.>%*~2° Numerical models
have also predicted that IOP-related anterior-posterior dis-
placements of the LC may be small and could be even smaller
in magnitude than lateral LC displacements (i.e., in the plane of
the sclera).®'%2%2%27 This is consistent with recent measure-
ments obtained using 3D histomorphometry and optical coher-
ence tomography (Burgoyne CF, et al. JOVS 2008;49:ARVO
E-Abstract 3655; Agoumi Y, et al. IOVS 2009;50:ARVO E-Ab-
stract 4898).%>%® It is now generally accepted that the LC does
not respond to IOP changes in isolation, but rather that the
ONH and peripapillary sclera behave as a mechanical system,
and that the IOP-related deformations of the lamina and sclera
are linked. Still, it is not clear how the LC and sclera deform as
IOP changes, or how these deformations depend on the tis-
sues’ geometry and material properties. Numerical studies sug-
gest that proper characterization of ONH biomechanics re-
quires considering factor interactions (i.e., that the influence of
one factor depends on the level of another). Although this
seems reasonable, to the best of our knowledge, the role of
factor interactions on LC and sclera deformations has not been
reported.

The broad objective of this work was to study IOP-related
anterior-posterior LC displacement (LCD) and scleral canal
expansion (SCE). Specifically, we used newly developed pa-
rameterized eye-specific finite element models of normal mon-
key eyes to determine how LCD and SCE depend on the
geometry and mechanical properties of the lamina and sclera.
We identity the most influential factors, or parameters, and the
interactions between them. This work also complements pre-
vious numerical and experimental studies by extending to the
analysis of IOP-induced LCD and SCE the bioengineering and
statistical techniques that we have applied to stresses and
strains.”"
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METHODS

Our general strategy was as follows: we constructed eye-specific base-
line models of the lamina and sclera of both eyes of three normal
monkeys 2 to 10 years old. The geometry and material properties of
each baseline model were parameterized by using morphing tech-
niques.***° This enabled us to produce new “morphed” models related
to the baseline with precisely controlled variations in geometry and
materials by specifying a few high-level parameters or factors. We
produced six families of models, one per baseline model, spanning the
physiologic ranges of the factors following a design of experiments
statistical approach.®'*? Eight factors were studied: seven parameter-
ized factors (five geometric and two material) and the baseline model.
Each model was solved using finite element techniques to predict the
LCD and SCE resulting from an increase in IOP. The process was
repeated for all six eye-specific models. We then used factor analysis
techniques to determine the sensitivity of LCD and SCE to the factors and
factor interactions. Preprocessing, including morphing and meshing, and
postprocessing were done using Python scripts (www.Python.org/
open-source software provided by the Python Software Foundation)
and a combination of standard and custom modules in commercial
software (Amira; ver. dev4.1.1; Visage Imaging, Richmond, VIC, Aus-
tralia); finite element analysis and statistical design and analysis were
also performed with commercial software (Abaqus, ver. 6.8.1; Dassault
Systemes, Velizy-Villacoublay, France; and Design-Expert, ver. 7; Stat-
Ease, Minneapolis, MN, respectively).

The Baseline Model Geometries

All animals were treated in accordance with the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research. The eyes have
been used in other studies by our group, for morphometry,?#3*3 to
characterize the LC microarchitecture,® and in analyses of the stresses
and strains within the LC induced by an acute increase in IOP (Kodi-
yalam S, et al. JOVS 2009;50:ARVO E-Abstract 4893.'%3° These studies
provide the details of tissue preparation and 3D reconstruction of the
ONH geometry in a way suitable for finite element modeling. Briefly,
the eyes were perfusion fixed at an IOP of 10 mm Hg. The ONH and

FIGURE 1. Geometry factor defini-
tions. Top left: cutaway view of a
baseline eye-specific model of a nor-
mal monkey eye, with the lamina in
blue and the sclera in yellow. Top
right: detail of the optic nerve head
(ONH) region illustrating the loca-
tion and orientation of the LC relative
to the coordinate’s origin. The model
was translated and rotated so that the
centroid of the anterior lamina inser-
tion was located at the coordinate’s
origin. Also shown are the anterior
lamina insertions into the sclera (ALI,
dashed red line), a least-squares,
best-fit reference plane to the ALI
(dotted black line). Five features of
the model geometry were defined.
Bottom left: canal eccentricity as the
ratio of the major to minor axes of
the anterior lamina insertion; bottom
right: canal size as the average canal
radius, itself computed as the dis-
tance from the anterior lamina inser-
tion to its centroid (yellow arrows);
LC thickness, as the average distance
between the anterior and posterior
surfaces of the LC (green arrows);
scleral thickness, as the distance be-
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Modeling the Deformation of Normal Monkey ONHs

1897

peripapillary sclera were trephinated (6-mm diameter) and embedded
in paraffin. A microtome-based serial sectioning technique was used to
acquire consecutive stained block-face images. The images were
aligned and assembled into a stack (voxel resolution, 1.5 X 1.5 X 1.5
pum). The neural canal wall and the anterior and posterior surfaces of
the LC and peripapillary sclera were manually delineated in custom
software. The delineations were then used to construct smooth trian-
gulated surfaces representing the eye-specific geometry of the LC and
peripapillary sclera, which were then integrated into a generic shell
with anatomic shape and thickness (Fig. 1).

Parameterizing the Geometry

Five features of the model geometry were defined (Fig. 1): scleral canal
size and eccentricity, LC position and thickness, and scleral thickness.
Lamina position represents the depth of the lamina anterior surface
with respect to its periphery. Defined in this way, lamina position is
independent of canal size, which simplifies the analysis of factor
interactions.®'>* Scleral canal eccentricity represents the shape of the
canal, similar to the ovality used for the optic disc,>” and was defined
as the ratio of the major to minor axes of the anterior lamina insertion.
The five features were parameterized using morphing techniques,
which are described and discussed in detail elsewhere.? Scleral canal
size and eccentricity were parameterized based on the distance to the
centroid of the scleral canal opening. Deformations with the same sign
along the major and minor axes of the canal opening resulted in
expansions and contractions of the canal that preserved canal eccen-
tricity, whereas deformations with opposite signs varied the eccentric-
ity and preserved canal size. LC thickness and position were parame-
terized based on vectors normal to the anterior and posterior lamina
surface. Deformations of both anterior and posterior lamina surfaces
together varied lamina position and preserved thickness, whereas
deformations of only the posterior lamina surface varied lamina thick-
ness and preserved position. Scleral thickness was parameterized as
described in our previous report.>® In addition to the five geometric
features described above, we also studied intereye variability by defin-
ing eye as a nominal categorical factor with six levels.

Anterior LC
centroid

tween the interior and exterior surfaces of the sclera averaged over the sclera region located between 1.5 and 1.6 times the canal radius from the
anterior lamina insertion centroid (red arrows); and LC position, as the average distance between the anterior surface of the lamina and a

least-squares, best-fit plane to the anterior lamina insertion (pink arrows).
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TABLE 1. Factors Studied and Their Levels

TOVS, March 2011, Vol. 52, No. 3

Factor Range

Factor Low High
Geometry Scleral canal size (radius), um 569 787
Scleral canal eccentricity 1.24 1.57
Sclera thickness, um 116 217
Lamina cribrosa thickness, um 82 150
Lamina cribrosa position, um 42 152
Mechanical properties Sclera modulus, MPa 5.3 18.4
Lamina cribrosa modulus, MPa 0.39 3.7

Eye Nominal categorical factor with six levels

See Figures 1 and 2 for the geometry definitions and ranges, respectively.

The ranges over which the geometric factors were varied were
obtained from 3D histomorphometry of 21 normal monkey
eyes?$:2%:28.33.34.38 3 are listed in Table 1 and illustrated in Figure 2.

Parameterizing the Mechanical Properties

All tissues were assumed to be linearly elastic, isotropic, and homoge-
neous, and therefore their mechanical behavior is determined by their
Young’s moduli, which we parameterized, and their Poisson ratio,
which we kept constant at 0.45, close to the incompressible limit of
0.5 (Table 1). Several strategies were considered for selecting the
ranges of material properties. For the scleral modulus we considered a
range based on the literature,>>® based on the equilibrium moduli
reported by Downs et al.“ from uniaxial tests or based on averages of
Cy111 and C,,,, at 10 mm Hg for young and adult monkeys reported by
Girard et al.“"%2 from inflation tests. For the lamina modulus we
considered ranges based on the literature,>>° based on ratios of lamina-
to-sclera modulus or based on connective tissue volume density.'*>>
The main differences between the ranges were that those based on the
literature allowed for slightly lower limits for scleral and lamina moduli
(down to 1 and 0.1 MPa, respectively), and those based on inflation
tests allowed for a higher limit for the scleral modulus (up to 34.5
MPa). After analysis, the material properties turned out to be among
the most influential factors. Hence, we decided to evaluate the sensi-
tivity of the results on the assumed material properties. For this we
replicated the study, repeating all runs and analyses, using different
material property ranges. Although varying the ranges affected slightly
the relative influence of the factors, the main results remained consis-
tent. Therefore, for clarity, we show results obtained with laminar
properties based on the studies by Roberts et al.,'** and scleral
properties as an average of the values from the uniaxial®® and infla-
tion*"#2 tests, which were less than 10% different. Note that we use
the term stiffness to represent the tissue mechanical properties, inde-
pendent of geometry, and therefore cases with high or low Young’s

Geometry factor ranges

moduli are referred to as stiff or compliant, respectively. The concept
of structural, or effective, stiffness is also useful and increasingly
common,'?2142 since it combines the tissue mechanical properties
with aspects of its geometry, such as thickness and shape.

Finite Element Discretization (Meshing)

For discretization and mesh improvement we followed the same meth-
ods as reported in several studies®>3*#3: After the triangulated surfaces
were morphed, the model volumes were meshed with four-node tet-
rahedra using target element sizes of 25, 50, and 125 um for the
lamina, peripapillary sclera, and scleral shell, respectively. The interior
mesh was then iteratively smoothed and relaxed using Laplace’s algo-
rithm until the largest change in nodal locations was smaller than one
fifth of a micrometer. For simulation and analysis the elements were
converted to 10-noded tetrahedra by adding mid side nodes to the
element edges. The nodal density necessary for accurate solution may
depend on the parameter combinations and vary between models.
Hence, the mesh refinement study had two parts. First, before mor-
phing, we tested for sufficient nodal density in a baseline configura-
tion. This nodal density was increased eight-fold (half target element-
side length) and used as input for meshing the rest of the models.
Second, after the simulations had been performed, we selected some
cases with particularly large strains or deformations and tested
whether these had been sufficiently refined. In every case, they were.
The final models were formed by between 100,000 and 230,000
elements, depending on the geometry.

Boundary Conditions

The effects of IOP were modeled as a distributed load of 5 mm Hg
acting on the element faces exposed to the interior of the eye. The
magnitude of these forces was chosen to represent a modest increase
in IOP from the eye fixation pressure (10 mm Hg) to an elevated level

<——> Range from 21 eyes
© Eye modeled

Canal Size 569um < 0-0 00 O0—o0 > 787um  FIGURE 2. Geometry factor ranges.
Geometry factor ranges were derived

Canal Eccentricity 1.24 > 157 from histomorphometry of the ONH
@F—0—0-a of 21 normal monkey eyes, 6 of

which were used as models in this

Sclera Thickness 116ym €«———————o0—o0—0—0 > 217um  study (see the Methods section for
details of the manuscripts in which

. . these data have been presented). The
Lamina Thickness 82um < QO —0—>0 > 150um  range for each factor was defined as
the minimum and maximum value of

> 152um the measure over the 21 eyes. See

Lamina Position 42um <«—o

Min

Figure 1 for the factor definitions and
Figure 3 for an illustration of models
Max with various levels of the factors.
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still within the normal range (15 mm Hg). The rationales for this choice
are addressed in the Discussion section. The nodes on the equator
were restricted to deform radially on the plane of the equator. Bound-
ary conditions were defined on the baseline models and preserved
through the morphing.

Outcome Measures

Two measures of IOP-induced deformation were computed for each
model (Fig. 1): SCE, defined as the change in canal size (i.e., a change
in mean anterior lamina insertion distance to its centroid), and LCD,
defined as the change in LC position (i.e., change in mean anterior-
posterior position of the anterior lamina surface relative to a least-
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squares plane fit to the anterior laminar insertion points). Both mea-
sures of change were computed like their parameter counterparts
(canal size and lamina position), except for the need fit a new plane to
the deformed anterior laminar insertion to compute the measures at
increased IOP.

Experiment Design and Analysis

A two-level, full-factorial experimental design was selected for the
seven continuous factors (Fig. 3).>"*> The design was repeated six
times to add the eye as a categorical (nominal) factor. Five extra runs
were added to each combination of material properties, per eye, to

evaluate pure error (such as drift).>! Pure error was O for both re-
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FIGURE 3. The experimental design
and examples of model geometries
and variations. Distribution of the fac-
tor combinations studied (fop row).
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Shown are two-dimensional projec-
tions of the eight-dimensional parame-
ter space. Note that in the two-evel,
full-factorial design all the models stud-
ied were at the corners of the factor
space. Starting from a center model,
five geometry factors were varied. Cut-
away views of models produced by
varying the factors one by one (middle
row). Two extreme cases produced by
setting all the factors at the low (left
side, bottom row) or high (right side,
bottom row) levels.
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sponses. This method resulted in an orthogonal, balanced design with
888 model combinations [(27 + 5 X 4) X 6 = 888]. The order in which
the models were prepared, run, and analyzed was randomized.

We used ANOVA to assess the significance (P < 0.01) and strength
of factor and factor-interaction effects.*'*? Specifically, we determined
the relative influence of the factors and their interactions by comparing
their percentage contribution to the total sum of squares corrected by
the mean. The sum of squares is computed as the sum of the squared
differences between an observation and the mean of all observations.
It is common in factorial analysis to use the sum of squares over factor
levels to represent the factor contributions. (For more details of this
method and the supporting rationale, please see Refs. 21, 30-32.) The
response variables were transformed to improve the normality of the
responses and residuals, satisfy the requirements of ANOVA, and allow
factor effects to be added in an unbiased fashion.>* For LCD, it was
necessary to add a constant (14.1765 um) to make the values positive
and sufficiently large to avoid numerical problems.®' The responses
were converted back to the original scale for plotting. A discussion of
the rationale and consequences of the choice of 0.01 as the threshold
for statistical significance has been published elsewhere.*!

RESULTS

IOP-induced LCD was between 53.6 um (posteriorly) and
—12.9 um (anteriorly), whereas SCE was between 0.5 and 15.2
pm, all expansions (Table 2). LCD depended most strongly on
laminar modulus, position, and thickness, whereas SCE de-
pended most strongly on scleral modulus and thickness
(Table 2, Fig. 4). There were several significant and strong
interactions, with larger contributions to variance on LCD
than on SCE (Table 2, Fig. 4). Both LCD and SCE were essen-
tially insensitive to variations in scleral canal eccentricity or to
the eye used as baseline. Some three-factor interactions were also
statistically significant (P < 0.01), although their effects were
relatively small.

Similar levels of LCD and SCE could be produced for various
combinations of scleral modulus and thickness (Fig. 5, top
row). In other words, from the perspective of LCD and SCE,
scleral modulus and thickness could balance each other out.
Likewise, similar levels of LCD and SCE could be obtained with
various combinations of laminar modulus and thickness (Fig. 5,
bottom row), although the surface was slightly tilted toward a
larger influence of laminar modulus than thickness. As would
be expected from what was described above, LCD was most
sensitive to variations in laminar properties and SCE to varia-
tions in scleral properties. Interestingly, increased scleral struc-
tural stiffness (i.e., increased modulus or thickness) had differ-
ent effects on LCD and SCE. The structurally stiffest sclera (stiff
and thick) led to minimum SCE and maximum posterior LCD.
Conversely, the structurally most compliant sclera (compliant
and thin) led to maximum SCE and maximum anterior LCD.

To illustrate how the mechanical properties of the sclera
and LC may combine to produce either anterior or posterior
LCD and varying degrees of SCE, we prepared the four models
shown in Figure 6. To simplify comparison, we chose models
with the same geometry and varied the material properties of
both tissues to the extremes of their ranges. More compliant
sclera led to larger total posterior displacement of the ONH,
reducing the posterior LCD (for a compliant lamina, red line)
or increasing the anterior LCD (for a stiff lamina, blue line).
These results have traditionally been explained as a compliant
sclera pulling the lamina taut, leading to net lamina anterior
LCD.

It may seem from the contributions to the sum of squares
that the strength of the interactions was small, yet even a
relatively small interaction can have a notable effect on the
responses to IOP. From the interactions in Table 2 and Figure
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TABLE 2. Fraction of the Sum of Squares Corrected by the Mean
Contributed by the Factors, Independently or in Interaction

Factor LCD SCE
Independent
Scleral canal size 3.8 3.2
Scleral canal eccentricity 0.0% 0.0*
Sclera thickness 4.4 36.1
Lamina cribrosa thickness 7.2 0.0*
Lamina cribrosa position 213 2.3
Sclera modulus 3.9 45.8
Lamina cribrosa modulus 24.4 3.8
Eye 0.5 2.0
Interactions
Canal size-lamina position 4.0 0.0*
Canal size-lamina modulus 5.7 0.1
Sclera thickness-sclera modulus 1.7 2.6
Sclera modulus-lamina modulus 0.1 1.1
Lamina thickness-lamina position 4.2 0.0*
Lamina thickness-lamina modulus 3.8 0.0*
Lamina position-sclera modulus 1.2 0.6
Lamina position-lamina modulus 4.9 0.6
Canal size-lamina position-lamina modulus 0.8 0.0*
Sclera modulus-lamina position-lamina modulus 0.1 0.2
All interactions combined 34.6 6.8
Distribution of actual values
Maximum, um 53.6 15.2
Mean, um 3.4 4.2
Minimum, pum —12.9 0.5
SD, um 109 3.4

Model total sum of squares 935.7  453.0

Larger numbers represent a stronger influence of the factor or
interaction on the response. For analysis, the responses were trans-
formed by square root. All contributions, except those marked f, were
statistically significant (P < 0.01). All statistically significant interac-
tions were considered for the line labeled “All interactions combined”,
although, for clarity, only those with the strongest effects are shown
explicitly. Note that for LCD positive values correspond to a posterior
displacement. LCD was influenced most strongly by lamina cribrosa
modulus and position, whereas SCE by scleral modulus and thickness.
See Figure 4 for a graphic representation.

* Not statistically significant.

4, we have selected some that we believe are of interest to the
reader and illustrate the key sensitivities of LCD (Fig. 7) and
SCE (Fig. 8). For example, deeper laminas generally displaced
anteriorly, whereas shallow laminas were split, many displac-
ing posteriorly and some anteriorly (those with a small canal
and a stiff lamina). Stiffening the lamina had a much greater
effect on predicted laminar displacement for shallow laminas,
an effect that was magnified when the scleral canal was large.
Deeper laminas always displaced anteriorly and were much
less sensitive to changes in laminar stiffness or canal size.

Compared with the geometric parameters and scleral mod-
ulus, the lamina modulus is not as well characterized. The
results shown above and previous studies,>!#2%26:36:39:44 go.
gest that the LC modulus plays an important role on the LCD.
The interaction plots in Figure 9 illustrate the effects on LCD of
the lamina modulus and of its interactions with other parame-
ters. It is clear that there are strong factor interactions, includ-
ing lamina modulus with canal size, lamina thickness, and
position.

DISCUSSION

The main goal of this work was to study LCD (anterior-poste-
rior LC displacement) and SCE (scleral canal expansion) in
response to acute increases in IOP. Specifically our objective
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FIGURE 4. Graphical representation
of the relative magnitude of the fac-
tor and interaction influences shown
in Table 2. The bar lengths are pro-
portional to the magnitude of the
numbers in the table and are in-
tended to simplify seeing the influ-
ences at-a-glance. Factors with a sta-
tistically significant effect (P < 0.01)
are shown with a bar, the rest with a
gray dash. Canal eccentricity is in-
cluded here for completeness. The
influential factors were different for
each response: LCD was most influ-
enced by lamina position and modu-
lus, whereas SCE was most influ-
enced by scleral thickness and
modulus. Both responses were influ-
enced by interactions, LCD more
strongly than SCE. Recall that inter-
actions may be interpreted as curva-
ture in response space. Hence, rela-
tively small contributions to the sum
of squares in Table 2 (short bars in
the figure) may still have large effects
on the response within some regions
of the factor space.

Factors
independently

Factor
interactions

was to determine how these responses depend on seven fac-
tors: scleral canal size (radius) and eccentricity; scleral thick-
ness and modulus (stiffness); and LC thickness, position and
modulus (stiffness). For this we used parameterized, eye-spe-
cific models of normal monkey eyes. Two main conclusions
arise: First, LCD and SCE depended on different factors, with
LCD most strongly dependent on laminar position and modulus
and SCE on scleral thickness and modulus. Second, there were
several influential factor interactions, with stronger effects on
LCD than on SCE.
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LCD and SCE Depended on Different Factors

The large influences of the scleral modulus and thickness on
SCE are consistent with previous studies wherein the proper-
ties of the sclera have been noted to be among the most
influential on IOP-related ONH biomechanics.”>"?%2%3° The
strong dependence of LCD on various properties of the lamina
itself, even when considering simultaneous scleral deforma-
tions, had been speculated on,">'*?> but not demonstrated

quantitatively. Although LCD and SCE were each most strongly

Sensitivity of lamina cribrosa displacement,
LCD

Sensitivity of scleral canal expansion,
SCE

A

<

Posteriorly

FIGURE 5. Sensitivity of LCD and
SCE to laminar and scleral thickness
and modulus. Effects of scleral and
laminar thickness and modulus on
LCD (A, ©) and SCE (B, D). Similar
levels of LCD and SCE could be pro-
duced for various combinations of
scleral modulus and thickness. A sim-
ilar effect could be obtained from the
laminar modulus and thickness, al-
though they do not balance as sym-
metrically. Star: combinations with
the maximum effective stiffness
(thick and stiff tissue); pentagon:
combinations with the minimum ef-
fective stiffness (thin and compliant
tissue). Note the different ranges in
the y-axes (LCD) between (A) and
(O). The axes’ ranges were chosen to
illustrate clearly the factor interac-
tion. The smaller range in (A) than in
(B) illustrates the limited influence
on LCD of the scleral properties com-
pared with the laminar properties.
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I0P-induced deformations of the lamina cribrosa and peripapillary sclera
for various combinations of sclera and lamina material properties
A Relative to the equator

z ﬁ Undeformed

Stiff sclera, stiff lamina

Stiff sclera, compliant lamina
Compliant sclera, stiff lamina
Compliant sclera, compliant lamina

B  Relative to the anterior lamina insertion

Compliant sclera, stiff lamina

Stiff sclera, stiff lamina
Undeformed

Compliant sclera, compliant lamina
Stiff sclera, compliant lamina

FIGURE 6. Examples of models with various combinations of scleral and laminar material properties.
Cross sections through a model with the geometry of monkey 1 at the center of the parameter space in
the undeformed (black line, 10 mm Hg IOP) and in the deformed state (colored lines, 15 mm Hg IOP).
The deformations are relative to the equator to illustrate global deformations (fop), or relative to the
anterior laminar insertion to highlight local deformations (bottom), and have been exaggerated
10-fold. In the fop panel it is easy to distinguish the cases with the compliant sclera (bl/ue and red) by
the large posterior displacement of the whole ONH. Similarly, in the bottom panel it is easy to
distinguish the cases with the compliant lamina (green and red) by the large posterior displacement
of the lamina. Note the anterior laminar displacement (negative LCD), larger for compliant sclera and
stiff lamina (blue) than for both tissues stiff (browmn). A stiff lamina also reduced the bending, or
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bowing, of the peripapillary sclera.

sensitive to two factors, one material and one geometric, they
were also highly sensitive to other factors. This was especially
clear for LCD, which was also sensitive to LC thickness, canal
size, and scleral thickness and modulus.

There Were Influential Factor Interactions for
Both LCD and SCE

The contribution of the factor interactions to the sum of
squares—approximately 7% on SCE and 35% on LCD (Table 2,
Fig. 49)—may be interpreted as if LCD and SCE are relatively
insensitive to factor interactions. However, as we have illus-
trated with the interaction plots (Figs. 7, 8, 9), factor interac-
tions still have a critical role in the responses. This is because
the factor interaction strengths according to the sum of squares
are global influences (i.e., averages over the whole factor
space). An interaction means that the strength of the influence
of a factor on a response depends on another factor and
therefore varies from one region of the factor space to another
and may not be well represented by the average. When inter-
actions are present or factor effects are nonlinear, as is the case
in this work, from a global measure of influence one cannot tell
if a factor influence is strong in a small region of the factor
space or weak over a large region. Compounding this difficulty
is the fact that factor influences are relative measures, and
therefore an increased influence for one factor reduces the
relative influence of another. These phenomena have been
described for ONH biomechanics in one previous work.>!
Hence, in general, ranking of factors by influence can be
misleading and must be interpreted accordingly. Despite this,
we chose to include Table 2 and Figure 4, because we believe
that they illustrate clearly how certain factors were substan-
tially more influential than others.

LCD was influenced by several interactions, altogether con-
tributing about a third of the response variance. This finding
shows that factors affecting LCD combine in complex ways,
that LCD is strongly dependent on the specific combination of
factors (i.e., the particular properties of an eye), and therefore
that it is difficult to predict IOP-induced LCD from a few
factors. This helps explain the large variability in the experi-
mental measurements of IOP-induced LCD (Burgoyne CF, et al.
I0VS 2008;49:ARVO E-Abstract 3655; Agoumi Y, et al. IOVS
2009;50:ARVO E-Abstract 4898).57!1:2425:28:33,343845 ¢ 3150
suggests that it is important to continue development of ex-
perimental techniques to measure all the factors involved and
not just laminar position and modulus.

SCE was less sensitive to interactions than LCD, with inter-
actions between scleral thickness and scleral modulus and
between scleral and lamina moduli being the strongest. The
first interaction can be interpreted as the structural stiffness of
the scleral shell (i.e., a combination of scleral material proper-
ties and geometry), as discussed elsewhere 313:21:23:4146.47
The second interaction can be interpreted as the role of lami-
nar stiffness in the expansion of the scleral canal: increased
lamina modulus (stiffer) reducing canal expansion, more so
when the sclera was compliant than when it was stiff (Fig. 0).
We have noted and discussed the sensitivity of canal expansion
to laminar stiffness.*'?

In describing the effects of IOP on the LC, a useful concep-
tual framework has emerged in the past few years: that of the
balance between the direct effects of IOP “pushing” the lamina
posteriorly and the indirect effects of IOP deforming the sclera,
expanding the canal, which in turn “pulls” the lamina taut from
the sides.>!%232%47:48 \yithin this framework, a stiff sclera
would deform little, with a small canal expansion (i.e., not
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Factor interaction effects on LCD
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FIGURE 7. Sensitivity of LCD to laminar modulus, position and thickness and to canal size. (A) The three-factor interaction involving the laminar

modulus, lamina position, and canal size. The effect of laminar position is represented by the distance between the surfaces. Deeper laminas tended
to displace anteriorly, whereas the shallow laminas could displace anteriorly or posteriorly depending on the size of the canal and the laminar
modulus. When the lamina was deep (bottom surface) the effects of the two other factors were smaller than when the lamina was shallow (upper
surface)—that is, the top surface is steeper than the bottom surface. The effects of stiffening of the LC were larger when the canal was large than
when it was small, and when the lamina was shallow than when it was deep. (B, C) Two traditional interaction plots. In the interaction between
lamina thickness and canal size the effects of canal size were larger when the lamina was thin than when it was thick. Conversely, lamina
thickness had a larger influence when the canal was large than when it was small. For the interaction between lamina thickness and position,
lamina thickness reduced LCD when the lamina was shallow, but not when the lamina was deep. Conversely, when the lamina was thick
its position had little influence on LCD, but when the lamina was thin the position had large influence. Thicker, stiffer or deeper laminas
within a small canal had smaller posterior displacements and were more likely to displace anteriorly. Factors not explicitly varied were at

the center levels.

pulling the lamina taut), resulting in the LC displacing posteri-
orly. Conversely, a compliant sclera would deform more, pull
the lamina taut from the sides, and result in a shift of LCD
anteriorly (less posteriorly or more anteriorly). The results of
this work, exemplified by Figure 6, support the conceptual
framework. However, we have also shown that the sensitivity
of LCD to scleral and laminar properties is complex, and
therefore the extent to which the conceptual framework gen-
eralizes is still to be determined. Note that even for small LCDs
or SCEs, the strains and stresses within the laminar and scleral
tissues could be substantial.® This possibility should be consid-
ered when interpreting measurements of acute deformation
and their implications on sensitivity to IOP.

The two responses analyzed in this work were chosen
because we believe they represent important aspects of the
response of the ONH to changes in IOP. We are not the first to

study them. Measurements of IOP-related LCD and SCE have
been made using radiographic'®'! and 2D®%454950 or 3p
histomorphometric techniques,?*2527:2%:33:3438 and with op-
tical coherence tomography imaging (Agoumi Y, et al. JOVS
2009;50:ARVO E-Abstract 4898). Although valuable, the vari-
ability in the ONH’s response to changes in IOP, the difficulties
of accessing the interior of the ONH (as opposed to imaging
the surface of the disc), and the lack of a full characterization
of the geometry and material properties of each eye have
prevented the experimental approaches from providing a de-
tailed picture of LCD and SCE and of their sensitivity to the
geometry and material properties of the tissues. The ability to
measure LC position reliably is in development (Burgoyne CF,
et al. JOVS 2008;49:ARVO E-Abstract 3655; Agoumi Y, et al.
I0VS 2009;50:ARVO E-Abstract 4898),°'~>% and none of the
studies cited above reported the factors identified in this work



1904 Sigal et al.

IOVS, March 2011, Vol. 52, No. 3

Factor interaction effects on SCE
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FIGURE 8. Sensitivity of SCE to scleral modulus and thickness and laminar modulus and position. (A) The distance between the surfaces is the
effect of the sclera modulus. When the sclera was stiff (bottom surface) the effects of the other two factors were smaller than when the sclera was
compliant (top surface). Similarly, when the sclera was thick (right side), stiffening the lamina or the sclera had smaller effects than when the sclera
was thin (left side). (B, C) The effects of laminar position and modulus, and how their effects depend also on the sclera modulus. When the sclera
was stiff (B), neither lamina modulus nor lamina position affected an already low SCE. However, when the sclera was compliant (C), SCE was
reduced by increased lamina modulus, more so if the lamina was shallow than if it was deep. Conversely, the laminar position reduced SCE
slightly if the lamina was compliant and substantially if it was stiff. (B, C). These plots illustrate how the lamina could influence SCE, if the
circumstances were right (e.g., when the sclera was compliant and thin and the lamina shallow).

measured as the most influential on LCD and SCE. This may
explain why previous studies were unable to identify good
predictors for IOP-related LCD and SCE. To the best of our
knowledge, this study is the first to consider factor interactions
on LCD and SCE. We are working on extending the responses
analyzed to include other measures of the effects of IOP, either
because they are potentially biologically important, such as the
stresses and strains,®>>>® or because they could be measured
in an experiment, such as altered blow flow.>”

Compared with other numerical studies, we believe the
approach adopted in this work has several advantages. First,
this study is based on eye-specific models, which incorpo-
rate more of the characteristics that represent a realistic
ONH than do generic models. Second, the parameterization
techniques?”-*°*3 (the morphing) allowed us to evaluate the
effects of interactions between geometry and material prop-
erties and to demonstrate that they are important. Our
previous study on the effects of factor interactions in ONH
biomechanics focused on IOP-related stress and strain®' and
did not evaluate LCD and SCE. These responses are poten-
tially clinically measurable. Another strength of this study is
that we used updated information on the ranges of tissue
geometry and material properties. As we have discussed
elsewhere,>?"* unnaturally large ranges can make factors

artificially influential and attenuate the influence of other
factors. Previous sensitivity studies used factor information
from the literature, often spanning several species, treat-
ments, and testing procedures.>'%2'3%44 Herein, we used
factor ranges derived from our own measurement of the
normal monkey ONH, compiled in a way that optimized
their applicability to this study (e.g., all factors were mea-
sured in the same samples).

We acknowledge some degree of arbitrariness in the
choice of factors, particularly of the material properties. The
ranges of the geometric factors are conservative, since they
are the ranges observed in a relatively small sample of 21
eyes. We consider our method for defining the ranges for
material properties reasonable given the information avail-
able and the assumptions on material properties (see the
following text for a discussion of this point). Still, since the
material properties turned out to be among the most influ-
ential factors we evaluated the sensitivity of the results and
conclusions to the assumed material ranges. Although vary-
ing the ranges affected slightly the relative influences of the
factors, the main results remained consistent, which sug-
gests that the results and conclusions are robust. We will
continue to work to improve the characterizations of lami-
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Sensitivity of LCD to lamina modulus independently and in interaction
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FIGURE 9. Sensitivity of LCD to the laminar modulus, independently and in interaction with six other factors. Each plot illustrates the effects of

an interaction between the lamina and a second factor. The line slope indicates the sensitivity to laminar modulus, whereas the distance between
the lines indicates the influence of the second factor. For example, eccentricity had almost no effect, and so both lines overlap. Increased lamina
modulus always resulted in more anterior displacement (or reduced posterior displacement). Nonparallel lines indicate an interaction since the
effect of one factor depends on the level of the other factor. LCD was more sensitive to laminar modulus when the canal was large, when the
lamina was thin or when it was shallow. The stiffness and modulus of the sclera affected LCD but did not interact with the laminar modulus

(i.e., the lines in the two rightmost plots are parallel).

nar and scleral properties and to determine how they influ-
ence ONH biomechanics.

This study also differs from previous work on LCD and SCE
in our use of a relatively small (5 mm Hg) acute increase in IOP.
We did this for several reasons: First, normal IOP is much more
common than elevated IOP, and therefore small variations in
IOP are relevant to a larger group. Second, small IOP elevations
may be particularly informative in understanding the pathogen-
esis of low-tension glaucoma. Third, as we have demonstrated
here, ONH biomechanics are complex, even with simplified
geometries and material properties. Simulating a relatively
small IOP increase allowed us to use linear materials, the
stiffness of which can be specified by a single parameter for
each tissue—the Young’s modulus. Finally, we believe that
providing a solid understanding of ONH biomechanics at low
pressures helps build an understanding of larger pressure in-
creases. It is important to point out that the effects of IOP do
not necessarily scale linearly with the increase in IOP, even in
models with linear materials.

This work should be interpreted in light of assumptions,
explicit or implicit, in the models. We have previously
discussed issues related to the construction of the baseline
models'?'*3> and to the choice of material properties.”Z%3°
Simulating larger increases in IOP will probably necessitate
the use of nonlinear material properties. We are working on
models with more realistic material properties (inhomoge-
neous, anisotropic, and nonlinear sclera’-4'4%5%5% and in-
homogeneous and anisotropic lamina”-1%13:3%:36.60y and var-
ious loading conditions (IOP insult and cerebrospinal fluid
pressure”’("'“). In light of these assumptions, the absolute
magnitudes of the predictions should be interpreted care-
fully. We believe, however, that the relative magnitudes,
which encode the factor influences, are robust. The models

represent an acute deformation of the tissues due to in-
creases in IOP and do not account for viscoelastic effects or
tissue remodeling. The consequences of introducing these
complexities are difficult to predict, because their effects
are nonlinear and because they are further complicated by
the interactions between tissue properties and other fac-
tors.*!

Despite being based on eye-specific geometries, the mod-
els are still simplified. They do not completely reflect the
complex architecture of the ONH region, and the scleral
shell variations in thickness were not eye-specific. The mod-
els do not include pre- or postlaminar neural tissue or the pia
mater, as other models did®?7:°> and therefore cannot be
used to predict the mechanics of these tissues, which may
be useful in relating the model predictions with experiments
and may be relevant for understanding the physiologic con-
sequences of IOP. It is also possible that we did not morph
all the key factors that determine LCD and SCE. The mor-
phing, by design, was dependent on the six eye-specific
geometries and therefore may not represent all the varia-
tions and details possible. All six eyes had similar sensitivi-
ties to the factors, and the factor “eye” (the baseline eye-
specific geometry) was therefore among the least influential
factors. This outcome gives us confidence that the geome-
tries and variations considered span reasonable physiologic
ranges and represent the key factors. It also suggests that,
for studies focusing on factor influences over the whole
factor space, it may not be necessary to analyze several eyes.
Still, given the factor interactions, we expect local sensitiv-
ity to vary between individuals. The models and analysis
were based on the normal monkey eye, which is smaller and
has a thinner LC and sclera than the human eye.*>°*¢7 The
baseline geometries and the ranges over which the geomet-
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ric factors were varied were derived from 3D reconstruc-
tions and histomorphometry that may have been affected by
artifacts from the embedding and fixation, such as tissue
shrinkage. These artifacts and how they may affect the
results from histomorphometry are discussed in detail else-
where.2425:28:33.34.38 AJ| the geometric factors, however,
were derived from the same reconstructions, and hence the
factors are mutually consistent. Large variations in tissue
geometry and material properties also occur normally or in
pathologic conditions, such as the enlarged disc, thinned LC
and sclera, and altered scleral mechanical properties associ-
ated with myopia.®®®® These alterations have been hypoth-
esized to be important contributors to susceptibility to
IOP,">8:% and in future work we will extend the parame-
ter ranges to study them.

Notwithstanding the differences between monkey and
human eyes, we anticipate that the main conclusions de-
rived in this work apply to human eyes as well. Specifically,
we predict that in human eyes LCD and SCE depend on
different factors and that there are several influential inter-
actions between factors. However, the specific factors influ-
encing each response and the strength of their interactions
may or may not be the same in the human and monkey. The
difficulty in predicting ONH biomechanics increases rapidly
with the number of influential factors and the magnitude of
IOP elevation.

In summary, we used numerical techniques to study the
anterior-posterior LC deformation and the scleral canal expan-
sion associated with acute changes in IOP. LC deformation was
most sensitive to laminar position and modulus, whereas
scleral canal expansion was most sensitive to scleral thickness
and modulus. For both responses, there were strong interac-
tions between factors, suggesting that the effects of IOP on the
ONH are the result of a complex combination of several fac-
tors. This work is important because it lays the foundation for
understanding the origins of the range of individual sensitivi-
ties to IOP and the individual risk for the development and
progression of glaucomatous neuropathy. Moreover, the out-
come measures—LCD and SCE—are likely to be accessible by
in vivo measurement in the near future,’*~>% as will some of the
geometric parameters used in our analysis. Combining such
measurements with sensitivity analyses may allow inferences
to be made regarding changes in tissue compliance over time
in individual patients, a potentially powerful biomarker for
assessing risk of glaucomatous neuropathy.
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