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Abstract

The eye is a complex structure composed of several interconnected tissues acting together, across
the whole globe, to resist deformation due to intraocular pressure (I0OP). However, most work in
the ocular biomechanics field only examines the response to IOP over smaller regions of the eye.
We used high-field MRI to measure IOP induced ocular displacements and deformations over the
whole globe. Seven sheep eyes were obtained from a local abattoir and imaged within 48 hours
using MRI at multiple levels of IOP. I0P was controlled with a gravity perfusion system and a
cannula inserted into the anterior chamber. T2-weighted imaging was performed to the eyes
serially at 0 mmHg, 10 mmHg, 20 mmHg and 40 mmHg of IOP using a 9.4 Tesla MRI scanner.
Manual morphometry was conducted using 3D visualization software to quantify I0P-induced
effects at the globe scale (e.g. axial length and equatorial diameters) or optic nerve head scale (e.g.
canal diameter, peripapillary sclera bowing). Measurement sensitivity analysis was conducted to
determine measurement precision. High-field MRI revealed an outward bowing of the posterior
sclera and anterior bulging of the cornea due to IOP elevation. Increments in IOP from 10 to 40
mmHg caused measurable increases in axial length in 6 of 7 eyes of 7.9+5.7% (mean£SD).
Changes in equatorial diameter were minimal, 0.4+1.2% between 10 and 40 mmHg, and in all
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cases less than the measurement sensitivity. The effects were nonlinear, with larger deformations
at normal 10Ps (10-20mmHg) than at elevated 10Ps (20-40mmHg). 10P also caused measurable
increases in the nasal-temporal scleral canal diameter of 13.4+9.7% between 0 and 20 mmHg, but
not in the superior-inferior diameter. This study demonstrates that high-field MRI can be used to
visualize and measure simultaneously the effects of IOP over the whole globe, including the
effects on axial length and equatorial diameter, posterior sclera displacement and bowing, and
even changes in scleral canal diameter. The fact that the equatorial diameter did not change with
IOP, in agreement with previous studies, indicates that a fixed boundary condition is a reasonable
assumption for half globe inflation tests and computational models. Our results demonstrate the
potential of high-field MRI to contribute to understanding ocular biomechanics, and specifically of
the effects of IOP in large animal models.
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1. Introduction

A comprehensive characterization of eye biomechanics is necessary to understand its
physiology and to help develop better methods for diagnosis and treatment of disease (Ethier
et al., 2004; Pijanka et al., 2013). The eye, however, is biomechanically complex, with
several interconnected components. Forces acting on one part of the eye can lead to
deformations in other parts. Some of these effects can even act across the globe. As an
example, increased aqueous outflow resistance in the anterior pole can cause elevated
intraocular pressure (IOP). Elevated IOP in turn is transmitted to the optic nerve head
(ONH), increasing the risk of neural tissue damage and glaucoma. Thus, an understanding of
biomechanics-related eye physiology and pathophysiology requires the ability to measure
simultaneously, over the whole globe, the often minute displacements and deformations of
the tissues of the eye, preferably non-invasively.

Currently, there are few methods for non-invasively measuring tissue deformation over the
whole globe, which include ultrasound, optical coherence tomography (OCT), and computed
tomography (CT), but they all have important limitations (Bajwa et al., 2015; Brown et al.,
2016; Fortune, 2015). Ultrasound has excellent penetration depth allowing for quantitative
biomechanical analysis of the sclera and cornea, but insufficient resolution to discern the
fine structures of the optic nerve head (ONH) (He and Liu, 2009; Palko et al., 2016). OCT is
fast and has high resolution capable of measuring lamina cribrosa (LC) deformation, but
depth of field and penetration are problematic (Kostanyan et al., 2015; Sigal et al., 2014;
Wang et al., 2015). Recently, the so-called whole-eye OCT devices have permitted
simultaneous imaging of both anterior (cornea) and posterior segments (macula or ONH),
but do not provide data elsewhere (Dai et al., 2012; Fan et al., 2015b). CT can produce very
high resolution images, capturing structures of the LC, but due to limited soft tissue contrast,
additional contrast agents, which may affect tissue mechanics, or very high energy systems
are required (Campbell et al., 2015; Coudrillier et al., 2016). Further, those high energy
systems cannot be used in-vivo due to radiation exposure and are not widely available.
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MRI offers practically unlimited penetration depth for ocular imaging (Duong et al., 2008;
Langner et al., 2010), and with improvements in MRI field strength it is now possible to
obtain pm-resolution scans without contrast agents (Ho et al., 2016; Ho et al., 2014b). In
fact, we recently demonstrated that MRI can be used to image the microstructure of the
sclera and lamina cribrosa (Ho et al., 2014b). Although in vivo and clinical MRI may be
limited clinically by long scan times and motion artifacts, it is well suited for ex vivo
mechanics studies. Our goal in this study, was to demonstrate the capabilities of high-field
MRI for quantifying ocular displacements and deformations caused by variations in IOP
over the whole eye.

2. Methods

2.1 Tissue Preparation

2.2 MRI

Seven ovine eyes from animals of similar age, between 1 and 2 years old, were obtained
from a local abattoir. Eyes were cleaned, rinsed and stored in PBS at 4°C prior to testing. All
eyes were processed and imaged within 48 hours of death. Eyes were cannulated through the
anterior chamber to allow for control of 0P inside the MRI scanner. IOP was varied by
changing the height of PBS in a gravity perfusion system as previously described (Ho et al.,
2016; Ho et al., 2014b) and monitored by a pressure transducer designed for MRI
applications with a sensitivity of 1 mmHg (BIOPAC Systems, Goleta, CA, USA). Eyes were
suspended in hydrogel in an open container, as we have described previously, to prevent the
application of external forces (Ho et al., 2016). The same eyes were scanned serially under
increasing levels of IOP: 0 mmHg, 10 mmHg, 20 mmHg, or 40 mmHg. Eyes were allowed
to equilibrate for 20 minutes after an IOP increase before scanning. An equilibration time of
20 minutes was chosen as we have previously demonstrated that only minimal tissue
deformation occurs after 15 minutes of equilibration in topographic images of the vitreo-
retinal interface (Sigal et al., 2005). The pressure transducer was used to verify that a
constant pressure was applied at the desired level during each experimental session.

All scans were performed using a 9.4 T/31-cm Varian/Agilent horizontal MRI scanner
(Varian/Agilent, Santa Clara, CA, USA). All scans were obtained using fast spin-echo T2-
weighted imaging. MRI parameters were as follows: repetition time/echo time = 2300/27.8
ms, echo train length = 8, and number of averages= 4. In-plane field of view was 34x34
mm?Z, matrix size was 256x256, and resolution was 133 x 133 um2. T2-weighted imaging
was chosen as it provides high contrast between collagen-rich tissues (with short T2) and the
aqueous and vitreous fluids (with long T2).

All eyes were scanned with slice thicknesses of 1000 um, and three eyes were additionally
scanned with slice thicknesses of 300um. The time between the start of a scan and the next
change in 10P was approximately one hour. Two eyes were oriented so that the in-plane field
of view aligned with the sagittal plane, and five samples were oriented so that the in-plane
field of view aligned with the axial plane.
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2.3 Analysis

Traditional manual morphometry was conducted using Fiji (Schindelin et al., 2012) and the
3D image analysis software Avizo to measure eye dimensions (FEI Visualization Sciences
Group, Hillsboro Oregon; Figure 1). Careful attention was given during marking to identify
appropriate corresponding points for measurement. Since the eyes were imaged in an open
container and allowed to move freely within the soft gel, the eyes were free to displace and
rotate as IOP changed. In preliminary tests we optimized eye placement and orientations for
scanning so that the images of interest for morphometry would remain available at all
pressures. This was facilitated by the use of the ObliqueSlice module in Avizo that allowed
simultaneous comparison of multiple cross sections with arbitrary orientations by
interpolating from the image intensity.

At the whole-globe level, measurements of equatorial diameter and cup to cornea distance
(an approximation of axial length) were obtained through manual marking. Markings were
made at sub-voxel resolution using 3D image interpolation functions available in Avizo. For
one eye, the perimeter of the inner surface of the globe was manually delineated and the
globe perimeter length was calculated for each pressure condition. Additionally, we
examined the amount of posterior sclera bowing under the different levels of IOP. To
demonstrate the potential of MRI for calculating local deformations, the dimensions of the
scleral canal were measured under different levels of IOP to quantify canal expansion for
three eyes. Anatomical landmarks including the position of the central retinal vessel and the
vessel trunk as well as the shape of the canal were used to identify matching slices and
corresponding locations. All markings and the determination of corresponding slices were
verified by an expert in eye morphology (IAS) to ensure consistent markings. Whenever it
was unclear if corresponding points could be confidently identified, the marks were removed
from the analysis. Additionally, measurements of axial length in cases in which the low 10P
caused anterior chamber collapse or an irregular cornea shape were not included in the
analysis.

To establish the sensitivity of our MRI measurements, images from two eyes, one imaged
with the superior-inferior plane aligned with the in-plane field and one imaged with the
nasal-temporal plane aligned with the in-plane field were manually marked in triplicate.
Sensitivity markings were made by a single marker (HT) on consecutive days. The standard
deviation of each set of three markings was computed across each pressure. For estimates of
canal diameter measurement sensitivity, standard deviations of both superior-inferior and
nasal-temporal diameters were averaged. The mean of the standard deviations across all
pressures and both eyes was then used to estimate the precision with which measurements
could be made. When the magnitude of an IOP driven change was more than two times the
average standard deviation across both sets of the triplicate markings, we were confident that
change was not due to limitations on the resolution of the system and markings. Hence, we
will define any change exceeding the two standard deviation threshold as “measureable.”
Measurements are reported as mean = standard deviation.
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2.4 Sub-Pixel Resolution and Non-Linear Interpolation

3. Results

The measurements in this study were made utilizing sub-pixel resolution and nonlinear
interpolation. Our measurements use the information contained in the intensity gradient of
an image to create a non-linear interpolation function which provides higher resolution than
the original image. Done in this way, the edges can be identified at locations within a pixel
rather than at pixel centroids. As a demonstration, we generated test images of circles
varying in radius from 4 to 6 mm with an image pixel size of 500x500 pm using Matlab
v2015b (Mathworks, Natick, MA; Figure 2). The magnitude of the low-resolution image
gradient was calculated and a cubic polynomial was fit to the gradient. The edge of the circle
was then detected by selecting a contour using two different thresholds, for each image. The
radii of the fitted circles were then calculated. While there was uncertainty in the absolute
measurement of the radius partially due to the selection of the threshold, the difference in
size between any two dimensions correlated very well with the actual difference in the
image (Figure 2E). In this example the uncertainty in the difference of measured radii was
about 30 um, less than 10% of the pixel size. For these reasons, we test changes in
dimension rather than absolute dimensions.

MRI scans produced images of the whole globe with clearly discernible cornea, equator and
optic nerve head. Representative images from one eye are shown at I0Ps of 0, 10, 20 and 40
mmHg in Figure 3. Qualitatively, it is possible to notice the effects of increased 10P, such as
a longer axial length with small changes in equatorial diameter, an outward bulging of the
cornea and a posterior bowing of the sclera near the optic nerve head. Differences in eye
geometry with IOP are more clearly visible using a green/yellow/red visualization of a
representative eye at 10 mmHg and 40 mmHg, as in Figure 4. The interior surface of a globe
at the four different pressure conditions was delineated and registered (Figure 5A,
Supplementary Figure 1). Posterior bowing of the sclera and outward bulging of the cornea
are seen with increasing 10P, and the largest changes were seen between 10 and 20 mmHg.
Globe perimeter increased by 0.4% between 0 and 10 mmHg, 3.5% from 10 to 20 mmHg,
and a further 1.6% between 20 and 40 mmHg (Figure 5B). This data bespeaks that
corneoscleral shell mechanics are not linear with increasing IOP.

Mean standard deviation of the axial length for the eyes marked in triplicate, for sensitivity
analysis, was 94 um or 0.5% of the axial length (Figure 6A). Measurable increases in axial
length with 10P were found in 6 of the 7 eyes tested (Figure 6B). Changes in axial length
were non-linear, with a relative change in length between 10 and 20 mmHg of 6.0+£5.3%
(1.1+1.0 mm absolute change) and a change between 20 and 40 mmHg equal to 2.2+1.9%
(0.4+0.4 mm absolute change). The mean standard deviation of equatorial diameter
measurements was 178 um or 0.7% of the equatorial length (Figure 6C). No measurable
changes in the equatorial diameter of the eyes were observed, 0.0+0.9% (0.0+£0.2 mm
absolute change) between 10Ps of 10 and 20 mmHg, and 0.3+1.3% (0.1+0.3 mm absolute
change) between 10Ps of 20 and 40 mmHg (Figure 6D).

To better visualize the outward bowing of the posterior sclera, both the inner and outer
surfaces of the sclera as well as the anterior surface of the lamina cribrosa, and the outline of
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the optic nerve were delineated on an axial cross-section across all four pressures (Figure 7).
In one eye (Figure 7A, Supplementary Figure 2), the tracings highlight the minimal changes
in the sclera between 0 and 10 mmHg, when the globe regains physiologic shape. This is
followed by a substantial posterior bowing of the peripapillary sclera between 10 and 20
mmHg, with a lamina that is displaced posteriorly, without much deformation. Between 20
and 40 mmHg, scleral bowing ceases and the lamina becomes cupped within a distorted
scleral canal. In another delineated eye (Figure 7B, Supplementary Figure 3) sclera bowing
at elevated IOPs was seen, but without a discernible posterior deformation of the central
lamina. The outward bulging of the optic nerve head is more clearly visible in Figure 8.

Non-linear changes in scleral canal size were also observed, with a decrease in canal size
occurring between 0 and 10 mmHg, a large increase occurring between 10 and 20 mmHg,
and a smaller increase occurring between 20 and 40 mmHg (Figure 9A). From the canal
diameter measurement sensitivity analysis, we found an average standard deviation of the
triplicate measurements equaling 30 um or 1.3% of the average canal diameter (Figure 9B)
Measurements of the scleral canal diameters obtained from coronal views were calculated
for the three eyes scanned with 300 pum slice thickness (Figure 9C). Measurable scleral canal
expansion due to IOP changes occurred in all three eyes. The nasal-temporal diameter of the
scleral canal increased by 13.4+9.7% (312+190 um absolute change) between 10 and 20
mmHg, and between 20 and 40 mmHg the change was 3.3+0.9% (91+24 um absolute
change). Changes in the superior-inferior canal diameter with 1OP were smaller, and often
negative, but did not meet the criteria for being measurable.

4. Discussion

We have demonstrated that high-field MRI is a viable tool for measuring whole eye
deformations due to increases in IOP. Measurements of scleral canal diameter were obtained
with 60 um sensitivity while globe-scale measurements such as axial length were obtained
with 187 pum sensitivity. High-field MRI allowed us to observe complex, non-linear
deformations of the eye with excellent detail and field of view.

Within our images, it is exciting to observe the non-linear behavior of the eye with
increasing IOP. This non-linearity in the response to IOP is largely due to the mechanics of
the collagen fibers within the ocular tissues of the sclera and cornea, a result of their
microstructure (Jan et al., 2015; Sigal and Ethier, 2009). Much effort within the ocular
biomechanics community has gone into measuring the non-linear material properties of the
eye in order to better characterize how various parts of the eye, particularly the optic nerve
head and lamina cribrosa, deform both under small deviations from physiological IOP and
large deviations (Coudrillier et al., 2013; Girard et al., 2009; Grytz et al., 2014).

Another finding of our study was that the deformation of the scleral canal was highly
anisotropic and quite large in the nasal-temporal direction, with the change in diameter
exceeding 300 um between 10 and 20 mmHg. To our knowledge there are no reported
measurements of canal diameter change in sheep. Measurements in human and monkey have
been done, but the findings of these studies have been quite varied (Albon et al., 2000;
Bellezza et al., 2003a; Bellezza et al., 2003b; Strouthidis et al., 2011; Yan et al., 1994).
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Bellezza et al. measured the canal diameter in normal monkey eyes immersion fixed at an
IOP of 0 mmHg and pressure fixed at an IOP of 10 mmHg and found differences in the
superior-inferior diameter between the two conditions averaging 244 um at the plane of the
anterior laminar insertion (Bellezza et al., 2003a). In monkeys and humans, the long axis of
the canal is in the superior-inferior direction while in sheep, the long axis is in the nasal-
temporal direction. Albon et al. found that the change in axis length of the scleral canal in
human eyes, was highly anisotropic and that the difference in axis length between 11 and 22
mmHg for eyes under 70 years old was around 6% (Albon et al., 2000). This is about half of
the change we saw in the nasal-temporal direction for sheep between 10 and 20 mmHg,
13.6%. Other studies of scleral canal diameter and area change have reported negligible
changes with increasing IOP (Bellezza et al., 2003b; Strouthidis et al., 2011; Yan et al.,
1994) indicating that there may be very large individual variation. As a whole, our study
demonstrates that high-field MRI is an important imaging tool available for whole-globe
ocular biomechanics studies and could potentially be used to determine the non-linear
material properties across the globe through inverse finite element modeling.

Another potential use of whole-globe high-field MRI imaging that may be of interest to the
mechanics community is the determination of appropriate boundary conditions for excised
tissue or partial globe mechanical tests and simulations. A common technique in the study of
the ONH is to clamp the equatorial sclera and inflate the posterior half of the globe
(Coudrillier et al., 2013; Coudrillier et al., 2015). It is worried that this clamping may create
an artificial constraint on the sclera and that these tests do not truly capture the in situ
environment (Whitford et al., 2016). We found almost no change in equatorial diameter with
IOP in sheep eyes. This is in agreement with the results of Sawada who found no change in
rabbit eyes equatorial diameter due to a drop in pressure to sub-physiologic levels (Sawada
et al., 2002). This indicates that a clamped boundary condition may be a reasonable
assumption.

Multiple studies have looked at cornea properties to see if they can find associations with
properties of the back of the eye (e.g. cornea and lamina thickness) (Jonas and Holbach,
2005), or with susceptibility to disease (cornea thickness and hysteresis vs. glaucoma
progression) (Deol et al., 2015; Medeiros et al., 2013). We have demonstrated that we can
detect not only the front and back of the eye simultaneously, but the side as well. This opens
up the possibility of new studies on potential associations between ocular properties and
disease. Further, whole-globe high-field MRI studies may improve our understanding of the
influence of cornea and sclera thickness and stiffness on measurements of 10P which is
known to confound the associations with disease in these studies.

In addition to MR, there are several other imaging modalities available for studying ocular
biomechanics. OCT has become a widely adopted clinical tool for imaging both the cornea,
retina, and sclera with micron level resolution capable of measuring small deformations
within these tissues (Kostanyan et al., 2015; Sigal et al., 2014; Strouthidis et al., 2011; Tran
et al., 2015). However, OCT relies on light penetration and reflection and as such cannot
image tissues deep into the sclera or optic nerve and can only image limited fields of view.
“Whole eye” OCT systems which use a dual band, dual focus system to simultaneously
image the cornea, anterior segment, and posterior pole have been developed to address the
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limited field of view (Dai et al., 2012; Fan et al., 2015b). However, this technique still
doesn’t capture the equatorial sclera limiting its potential for studying whole eye
biomechanics.

Ultrasound relies on the reflection of soundwaves rather than light waves, and hence has
better tissue depth penetration than OCT. In fact, ultrasonagraphy has been used to visualize
the whole eye, however it is limited by rather low resolution and low contrast (Kilker et al.,
2014; Lorente-Ramos et al., 2012). High frequency ultrasound designed for small animal
imaging has recently been used to measure deformations of the porcine sclera in an ex vivo
inflation test, however high frequency ultrasound lacks the depth penetration to study a
whole eye from a large animal (Cruz Perez et al., 2016).

Computed tomography (CT) can be used to image the whole eye in vivo, however traditional
approaches lack soft tissue contrast and may not be a good a choice for observing small
deformations such as those that would occur with IOP (Malhotra et al., 2011). Recently,
Micro-CT methods have been developed which offer improved resolution, however these
methods require the use of alcohol based contrast agents which alter the hydration status of
the eye and a fine beam radiation source such as a synchrotron (Campbell et al., 2015;
Coudrillier et al., 2016; Hann et al., 2011).

While we believe high-field MRI has many advantages over these other methods: high soft
tissue contrast without added contrast agents, no radiation dose, wide field of view, and
unlimited penetration depth, there are a few drawbacks. First, the resolution of high-field
MRI is still somewhat limited, particularly in the out of the plane of view. We accept that an
isotropic resolution would be ideal and work should be done to develop scan techniques with
increased out-of-plane resolution while maintaining high levels of tissue contrast. MRI also
requires multiple scans which can result in long scan times, especially when high resolution
is needed. For ex vivo biomechanics studies, long scan times may be an issue as the tissue
cannot be fixed prior to imaging which may lead to tissue degradation over the course of the
scans. Additional tissue contrast could be obtained through the use of contrast agents such as
gadolinium (Norman et al., 2010), however they may alter the mechanical properties of the
eye, and we would hesitate to use them for biomechanics studies until we better understand
their effects.

Much work has focused on the development of MRI methods for the study of the eye
(Duong et al., 2008; Erb-Eigner et al., 2015; Langner et al., 2010; Lim et al., 2015; Luan et
al., 2006; Norman et al., 2010). In an early study, Sawada and colleagues measured changes
in axial and equatorial length in rabbit eyes after the injection of mannitol into the vitreous
(Sawada et al., 2002). Norman and colleagues measured scleral thickness and axial length in
enucleated human eyes (Norman et al., 2010). Several studies have employed MRI to
determine axial length and globe shape in both adult and pediatric patients (Erb-Eigner et
al., 2015; Lim et al., 2015). MRI techniques are also well suited for studying retinal
oxygenation and blood flow (Fan et al., 2015a; Luan et al., 2006). In fact, Luan et al. were
able to quantify retinal thickness in rats. Wang and colleagues have recently used MRI to
study deformation in the optic nerve during eye movement (Wang et al., 2016) In our
previous work, we have used MRI to measure agueous humor dynamics using gadolinium

Exp Eye Res. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

\oorhees et al.

Page 9

contrast (Ho et al., 2014a). Additionally, we have used micro-MRI, with in-plane resolution
under 30 um, to examine the collagen microstructure of the optic nerve head and lamina
cribrosa using magic angle enhancement (Ho et al., 2014b). More recently, we used a multi-
modal MRI approach, consisting of T2-weighted MRI, diffusion tensor MRI and
magnetization transfer MRI to study the effects of glycosaminoglycan content and IOP in rat
eyes (Ho et al., 2016). This study is the first to demonstrate the use of high-field MRI for
measuring whole globe deformations and local deformation of the scleral canal during a
controlled inflation test and from a single scan in a large animal model.

In this study, we measured the diameters of the scleral canal with measurement sensitivity
smaller than a voxel. This is possible through the use of sub-voxel resolution image
processing and marking. Sub-voxel resolution utilizes local voxel intensity data to
interpolate image data. Sub-voxel imaging techniques are valuable tools that can improve
image registration and have been commonly employed in computer vision (Bing et al., 2009;
Cuevas et al., 2011) and in biomedical research (Nakamura et al., 2008). The high contrast
amongst soft tissues in our scans allowed for excellent sub-voxel interpolation. This marking
using interpolated images assumed that the inner surfaces of the cornea and sclera are
smooth and remain smooth when deformed. If the surfaces were rough or highly contoured,
then the interpolation used would become inaccurate. However, the assumption of
smoothness is reasonable for the 50um scale on which we measured ocular deformations. By
utilizing the sub-voxel analysis, we may have enough resolution to calculate local two-
dimensional strains across the whole globe and with increased resolution out of the plane it
should be feasible to calculate three dimensional strains.

While our study offers a proof of concept for the use of high-field MRI in biomechanics
studies, there are limitations to the scope. First, we have only demonstrated the feasibility
for conducting ex vivo biomechanics studies. Our scanner is designed for small animal
imaging with a small bore, and would not be able to accommaodate a live large animal such
as a sheep, but could potentially be used to study small animals with lamina cribrosas, such
as marmosets (Shimazawa et al., 2013). However, high-field, 9.4 T clinical MRI systems are
becoming more common, meaning that the same measurements we have obtained in this
study could potentially be obtained in a large animal in vivo. Additionally, we have only
considered a limited number of pressure conditions, and the sensitivity of the technique to
detect effects of smaller changes in IOP, particularly in the clinical range between around 15
and 25 mmHg, remains to be determined. It is also important to note that our experimental
setup allows for the free rotation of the eye within the soft gel after IOP change, and we
cannot rule out some potential measurement error due to the movement and deformation of
landmarks used in image registration. Elsewhere we have demonstrated that 16x16 um in-
plane resolution is possible with high-field MRI (Ho et al., 2014b) and in future
biomechanical studies the parameters can be further optimized to increase resolution as well
as contrast.

In this study, we chose only to measure repeatability with one observer. Our goal was not to
investigate the error associated with different observers. Instead we aimed to determine the
limits of the technology and the image variability. This includes the interscan variability
which can arise from changes in eye-position that may occur when IOP is increased. This
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variability is partially reflected in the standard deviation measurements we report across all
seven eyes.

In summary, we used high-field MRI to measure 10P induced whole-globe deformations
including changes in axial length as well as regional deformations such as posterior scleral
bowing and scleral canal expansion. We found that increasing IOP results in increases in
axial length but not equatorial diameter, suggesting that clamping of the equatorial sclera for
half-globe inflation tests and computational modeling is a reasonable assumption. High-field
MRI is a powerful new tool for studying ocular biomechanics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

High-field MRI was used to measure whole-globe biomechanical
deformations due to IOP.

IOP increases caused detectable outward bowing of the posterior sclera and
lamina cribrosa.

IOP increases caused measurable non-linear changes in axial length, globe
perimeter and scleral canal diameter.

Globe equatorial diameter did not change with increasing 10P.
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Figure 1.
Geometric parameters measured by high-field MRI in this study. A. On the global scale,

cup-to-cornea distance (an approximation of axial length), equatorial diameter, and whole
globe perimeter length, were measured. B. At the local level of the optic nerve head, the
lengths of the scleral canal diameters were calculated. Canal dimensions were measured
from coronal views of the optic nerve head.
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Measurements of Radius
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Figure 2.
An example of sub-pixel measurement using non-linear interpolation. A-B. Simulated low

resolution images of two circles with a 0.1 mm difference in radius. Although, the images
are similar, there are subtle differences in the gradient on the edge of the circle. C-D. A
cubic polynomial was fit to the gradient of the image and edge contours were detected using
two different thresholds, a loose threshold (Red) and a tight threshold (Blue). The radius
calculated for each case depended upon the chosen threshold; however, the difference
between two measurements made using the same threshold was accurate to 0.01 mm. Note
that here we do not mean the difference between the measurements, which is 0.1 mm, but
the accuracy of the difference, which is 0.01 mm. This is well below the pixel edge length of
0.5 mm. E. The difference between the actual radius and measured radius for each threshold
was consistent as the actual radius was varied from 4 to 6 mm. Thus, while there is
uncertainty in the absolute measurements which may be attributable to the choice of
threshold, a consistent threshold will allow for accurate calculation of differences in size.
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IOP = 0 mmHg IOP =10 mmHg

Figure 3.
Representative high-field MRI images of a sheep eye at controlled 10Ps of 0, 10, 20 and 40

mmHg. Visually, an increase in axial length and globe cross-sectional area can be observed.
The eye is oriented such that the nasal-temporal axis is vertical.
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Figure 4.
Differences between an eye at 10 and 40 mmHg. The 10 mmHg image is colored in red and

the 40 mmHg image is colored in green. At 40 mmHg the iris, cornea, and anterior sclera
move anteriorly as indicated by the green regions noted on the figure. The posterior sclera
bulges posteriorly at 40 mmHg as indicated by the red region corresponding to the 10
mmHg condition indicated on the figure.
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Globe Perimeter Increase with IOP

10

20 30 40
IOP (mmHg)

Changes in globe perimeter. A. The peripheries of a globe are shown at different pressures.
Delineations were registered along the globe equator. Delineation at the optic nerve head
was done at the anterior lamina cribrosa surface. Clear corneal and posterior scleral bulging
are observed at high pressures. Large changes are seen between 10 and 20 mmHg but not
between 0 and 10 mmHg or between 20 and 40 mmHg. Delineations shown on the original
images appear in Supplementary Figure 1B. Globe perimeter increases non-linearly with
increasing IOP, consistent with the nonlinear mechanical properties of ocular tissues.
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Figure 6.

Globe-level deformations of the eye. A. Axial length measurement sensitivity was computed
by marking same images in triplicate. Differences between markings were small and mean
standard deviation across all eyes and pressures was 94 um. B. Axial length changes
exceeded two times the average standard deviation from the sensitivity analysis in six of the
seven eyes. Length changes were non-linear, with large deformations occurring between 10
and 20 mmHg and smaller changes between 20 and 40 mmHg. C. Equatorial diameter
measurement sensitivity was also calculated and the average standard deviation across all
eyes and pressures was 178 um. D. No measureable changes in equatorial diameter, as
defined by a change greater than twice the average standard deviation of the measurement
sensitivity test, were observed. All colors correspond to same eyes across the four charts.
Dashed lines represent measurements taken from images with best in-plane resolution in the
sagittal plane and solid lines represent images with best in-plane resolution in the axial
plane. Axial length was not measured at 0 mmHg as the cornea bowed inward at this sub-
physiologic pressure.

Exp Eye Res. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

\oorhees et al.

Non-Linear Deformation
_y

White: 0 mmHg
Green: 10 mmHg
Yellow: 20 mmHg

Figure 7.

Linear Deformation

\\\

\
White: 0 mmHg
Green: 10 mmHg
<Y

Yellow: 20 mmHg

Page 21

Delineations of the posterior sclera and optic nerve head demonstrate scleral bowing and
canal expansion with increasing 10P. To notice more clearly the outward bowing of the
sclera and widening of the canal, the outlines were registered to one another in the peripheral
sclera (notice the point where all lines cross) A. In one eye a non-linear deformation pattern
was observed. Between 0 and 10 mmHg, little change was seen in the posterior sclera as the
globe returned to its physiological shape. Between 10 and 20 mmHg the peripapillary sclera

bowed outward and the lamina began to cup. Between 20 and 40 mmHg the sclera

underwent only a small displacement, but noticeable deformation was seen in the canal and

lamina surface. The delineations for this eye are shown on the original images in

Supplementary Figure 2B. In a second eye, the deformation pattern was much more linear
with moderate scleral bowing observed at each pressure change and little deformation of the
lamina cribrosa surface. The delineations for this eye are shown on the original images in

Supplementary Figure 3.
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20 mmHg 10 mmHg 0 mmHg

40 mmHg

Figure 8.
Detailed view of axial cross sections through the optic nerve head and peripapillary sclera

showing outward bowing of the sclera with increased IOP. Straight lines connecting the most
distal sclera in the images are overlaid to help notice the deformations. Note also the detail
and substantial deformations of structures posterior to the sclera, typically hidden from OCT
due to shadowing.
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Figure 9.

The scleral canal underwent measurable expansion due to IOP. A. Coronal views showing
the scleral canal under 0, 10, 20 and 40 mmHg. The superior-inferior axis is shown top to
bottom. B. Measurements of the canal diameters were marked in triplicate to determine
measurement sensitivity and the average standard deviation of the triplicate measurements
across all eyes, pressures, and axes was 30 um. C. The nasal-temporal scleral canal diameter
(solid lines) increased measurably due to IOP changes. The increase was greatest between
10Ps of 10 and 20 mmHg. The superior-inferior canal diameter (dashed lines) only changed
measurably in eye 2 (Green dashed line between 10 and 20 mmHg). In eye 2 we could not
confidently identify a section at 0 mmHg that could be compared to the other pressures
conditions and this condition was not considered in our measurements. Note that the
resolution of this scan is higher in the nasal-temporal direction (left-right) than in the
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superior-inferior direction (top-bottom). Recall that sheep eyes have a scleral canal that is
typically more elongated in the nasal-temporal direction than in the superior-inferior one.
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