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Modeling the eye as a window on
the body
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1. Introduction

Systemic pathologies such as diabetes and arterial hypertension affect different
organs and systems in the body.** However, the first signs of these pathologies often
emerge as functional and structural alterations in the eye.** As a consequence, the
ophthalmologist is often the first physician to make a diagnosis of systemic diseases.
In fact, the eye represents a unique organ where signs of systemic diseases may be
assessed with noninvasive techniques.® The vessels of the retinal microcirculation
are the only ones in the whole body where the physician, via the examination of the
fundus oculi, can observe vessel health directly and noninvasively. In this sense, the
diagnosis and follow-up of important systemic conditions, such as diabetes and
arterial hypertension, is performed by the periodical examination of the fundus
oculi. The assessment of visual acuity is a tool for early diagnosis of diabetes since
high glucose levels in the aqueous humor, the fluid filling the anterior and posterior
chamber of the eye, are correlated to a myopic shift in the visual acuity. The visual field
examination allows to assess both ophthalmological diseases, such as glaucoma, and
neurological ones, such as brain tumors, cerebral ischemia, or multiples sclerosis,
of which the most common first manifestation is a retrobulbar optic neuritis®. If not
promptly diagnosed and treated, the complications of the aforementioned diseases
- such as cardiovascular disorders, nephropathy, and neuropathies - are potentially
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harmful for the health of the individual. Therefore, the eye examination is important
to make an early diagnosis of such diseases and to prevent clinical complications.

Mathematical modeling represents an important tool that can help in the analysis,
early diagnosis, and treatment of systemic and ocular diseases.>® In order to build
mathematical models that can work in synergy with clinical data, it is important to
create active interdisciplinary collaborations between experts in different math-
ematical areas and medical professionals. The workshop “Modeling the eye as a
window on the body” that was held in San Jose, CA, USA October 15-19 2018, brought
together experts in mathematical modeling of the eye and other organs in the body,
medical doctors, statisticians, and biomedical engineers to share their perspectives
and expertise with the final goal to develop mathematical models linking the eye to
the body.

Mathematical models represent a virtual lab that can be used to:

1. elucidate the driving mechanisms leading to a pathology;

2. isolate and quantify the relative contribution of factors that cannot be

separated in vivo; and

3. testclinical hypotheses.
To date, only preliminary mathematical models linking ocular dynamics with the
cardiovascular system and the dynamics in other organs, such as the kidney and
brain, are available.® Several mathematical models studying systems separately
have been previously developed;*® however, the coupling of the different vascular
and structural components involved introduces multiple challenges. Specifically, the
coupling involves the following multiscale and multiphysics components: fluid flows
(e.g. aqueous humor, blood, and urine), structural deformations, oxygen transport,
pressurized ambients, local vascular regulatory mechanisms, and micro- and mac-
ro-vasculature networks. This will require sophisticated mathematical techniques
such as systems of mixed hyperbolic, parabolic, and elliptic partial differential
equations involving multiple time scales. Therefore, this project endeavors active
collaborations among experts in different mathematical areas, such as differential
equations, fluid structure interaction, reduced and compartmental models, and
numerical analysis. Since the condition of the eye is indicative of the one of other
organs, it is important to define coupled mathematical models that can correlate
and/or predict the effect of different diseases in different anatomical regions.

Statistical analysis and clinical data are essential to consolidate model predictions.
In medicine, statistical analysis is one of the most common uses of mathematics to
extrapolate significant correlations in the data. Moreover, statistical analysis, mathe-
matical models, and clinical data can be used in synergy to build reliable and accurate
models by parameter estimation, to validate model results with data, and to elucidate
the mechanisms behind clinical correlations.?** The Structured Quartet Research
Ensemble (SQuaRE) on “Ocular blood flow and its role in development of glaucoma”,
held at The American Institute of Mathematics (AIM) in 2017, is an example of how an
integrative collaboration between mathematics, ophthalmology, and statistics can
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provide better medical care for patients with various complicated diseases, such as
glaucoma. The results of this collaborative effort have been published in scientific
and clinical journals.'**2

2. Workshop “Modeling the eye as a window on the body”

The workshop “Modeling the eye as a window on the body” brought together twenty
participants among leading experts and new researchers (young faculty members,
postdoctoral, and graduate students) from universities in the United States, Canada,
Great Britain, Italy and France, with the following common goals:
1. Provide aforum to discuss how to address the challenges of the mathematical
coupling of the eye to the rest of the body.
2. Exchange ideas on the potential of using mathematical models of the eye to:
«  Get insights on the effects of aging and systemic pathologies, such as
arterial hypertension and diabetes, on the ocular structure and function-
ality.
«  Achieve a better understanding of the processes that regulate the level of
intraocular pressure (IOP) and oxygenation in the retinal tissue.
3. Identify theclinical questions of interest for the coupled mathematical models
under investigation.
To achieve these goals, the participants attended lectures in the morning and par-
ticipated in group activities in the afternoon focused on specific topics. Of note, the
groups were organized in such a way that each one contained at least one expert in
medicine.

3. Workshop lectures

The workshop lectures aimed to discuss the current state of the art and open
problems from various points of view: clinical, mathematical, statistical, and
engineering. Among the notable lectures given by the workshop participants, we list
a number of them below.

From the clinical perspective, Carlo Bruttini (University of Pavia, Pavia, Italy)
presented a review of the relationship between the eye and vascular systemic
pathologies, with aspecial focus ondiabetic retinopathy,'*thrombosis and occlusions
of ocular vessels,® and the effect of high altitude on the production and drainage of
aqueous humor,** which regulates IOP.

From the mathematical perspective, Giovanna Guidoboni (University of Missouri,
Columbia, MO, USA) discussed the state of the art of modeling in ophthalmolo-
gy, focusing on mathematical models developed to study ocular hemodynamics,
ocular structural deformation, aqueous humor production, and retinal oxygenation.®
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The mathematical models presented have been used in synergy with clinical data
to interpret medical measurements, and to try to isolate the different pathogenic
mechanisms that could lead to the specific results observed in each individual
patient. Anita Layton (University of Waterloo, Waterloo, Canada) presented multiscale
mathematical models of kidney physiology and pathophysiology to study the role of
the kidney in regulating blood flow and blood pressure.’ In particular, the presen-
tation focused on the role played by mathematical models in the understanding of
the mechanisms underlying any potential cardiovascular benefit of kidney-targeting
drugs for diabetes.’

From the engineering perspective, Giovanni Ometto (City, University of London,
London, United Kingdom) presented recent work on image processing of retinal
fundus photographs. The image-processing algorithm developed was used to detect
positions of microaneurisms in diabetic patients. The algorithm, in synergy with
statistical analysis, was employed to identify the area where lesions could predict
progression to vision-threatening diabetic retinopathy.?’

From the statistical perspective, Yuan Wang (Washington State University,
Pullman, WA, USA) presented results on statistical analysis techniques to study
tree-structured data, focusing on applications related to the brain artery tree.!®
Andrea Arnold (Worcester Polytechnic Institute, Worcester, MA, USA) presented a
review of the Bayesian approach for state and parameter estimation using nonlinear
Kalman filtering and data.”

4, Future research directions

As aresult of the workshop lectures and group discussions, the participantsidentified
the following topics of interest for future research. Each topic includes challenges
from the mathematical perspective while addressing questions of significant clinical
relevance.

4.1. Aqueous humor physiology and IOP

Aqueous humor, the fluid filling the anterior and posterior chamber of the eye, has
many important functions, among which is the regulation of IOP.> Aqueous humor
production involves a filtration process from the fenestrated capillaries of the
ciliary body. This process is similar to the kidney nephron glomerular filtration.??
Hence, the idea is to develop a compartmental model of aqueous humor production
inspired by existing kidney models that could account for the effects of IOP-lower-
ing medications with several mechanisms of action on the different ion channels.
The preliminary results of this collaboration were presented as poster at the 2019
Association for Research in Vision and Ophthalmology (ARVO) Annual Meeting in
Vancouver, Canada.?
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4.2. Neovascularization in wet age-related macular degeneration (AMD)

AMD neovascularization is responsible for severe vision loss,® and modeling
this phenomenon involves sophisticated multiphase and multiscale modeling
techniques. Only a few mathematical models of AMD choroidal neovasculariza-
tion are available in the literature.?*?! The participants discussed the importance
of developing a model that includes the effect of anti-vascular endothelial growth
factor (anti-VEGF) treatments on the neovascularization growth. The model will then
be used in synergy with clinical images of choroidal neovascularization, acquired
with optical coherence tomography (OCT) and OCT angiography, to investigate the
mechanisms behind the differences in anti-VEGF treatment efficiency in individual
patients.

4.3. Age and retrobulbar blood flow

Color Doppler imaging (CDI) is a common imaging technique used to assess the
blood flow velocities in several vessels in the body. Specifically in the eye, blood
flow velocities are assessed in the retrobulbar vessels (ophthalmic artery, central
retinal artery, and posterior ciliary arteries) and the participants shared their
knowledge about the hemodynamic changes in glaucoma.? In the future, the use
of CDI to assess and compare blood flow in the retrobulbar circulation and in other
parts of the body in both elderly and young subjects can further the understanding
of the role of aging in the pathophysiology of ocular and systemic diseases.

4.4, Oxygenation in light and darkness

It has been reported in the clinical literature that retinal oxygen saturation is higher
in dark than light in healthy humans.? This result is conjectured to be the effect
of different changes in the metabolic consumption of the tissue in the inner and
outer retina in dark and light. To explore this hypothesis, the participants utilized a
coupled model of the retinal vasculature and retinal tissue oxygen saturation.? The
model was used to obtain preliminary results relative to the effect of changes in the
metabolic consumption of the different retinal tissue layers on the level of retinal
oxygen saturation. The model will be further improved and used to determine the
underlying mechanisms governing oxygen saturation and tissue consumption in
the retinal tissue to achieve a better understanding of the results recorded in the
clinical literature.

4.5. Imaging predictors of diabetes progression

A number of imaging techniques, such as fluorescein angiography and OCT,* are
currently used to evaluate retinal lesions due to diabetic retinopathy. The afore-
mentioned imaging tools are used for early diagnosis of diabetic retinopathy, and to
detect and predict the disease progression. The participants discussed the potential
use of CDI and CDI-derived parameters previously used for glaucoma (i.e. velocity
waveform parameters in the ophthalmic artery, central retinal artery, and posterior
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ciliary arteries), for the assessment and early detection of disease progression in
patients with diabetic retinopathy.

5. Conclusions

Afruitful collaboration between mathematicians and medical professionals can sig-
nificantly contribute to both better mathematical descriptions of human physiology
and improved medical procedures. In this context, the workshop “Modeling the eye
as a window on the body” led to the creation of an international network of experts
in different fields that will continue to collaborate to further the development of
medical and mathematical research, and to pursue multiple directions for future
research in different fields. The insights coming from this interdisciplinary collabora-
tion may ultimately aid the future development of new techniques and instruments
designed by biomedical engineers for the diagnosis and treatment of systemic and
ophthalmological pathologies.
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On the recovery of the stress-free
configuration of the human cornea
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Abstract

Purpose: The geometries used to conduct numerical simulations of the biomechanics
of the human cornea are reconstructed from images of the physiological configura-
tion of the system, which is not in a stress-free state because of the interaction with
the surrounding tissues. If the goal of the simulation is a realistic estimation of the
mechanical engagement of the system, it is mandatory to obtain a stress-free config-
uration to which the external actions can be applied.

Methods: Starting from a unique physiological image, the search of the stress-free
configuration must be based on methods of inverse analysis. Inverse analysis as-
sumes the knowledge of one or more geometrical configurations and, chosen a ma-
terial model, obtains the optimal values of the material parameters that provide the
numerical configurations closest to the physiological images. Given the multiplicity
of available material models, the solution is not unique.

Results: Three exemplary material models are used in this study to demonstrate that
the obtained, non-unique, stress-free configuration is indeed strongly dependent on
both material model and on material parameters.

Conclusion: The likeliness of recovering the actual stress-free configuration of the hu-
man cornea can be improved by using and comparing two or more imaged configu-
rations of the same cornea.

Keywords: human cornea, inverse analysis, parameter identification, postoperative
cornea, preoperative cornea, stress-free configuration
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1. Introduction

Among all the soft biological tissues of the human body, the cornea is unique be-
cause of the transparency' and the accessibility of its location. These features make
the cornea one of the most deeply studied and better known biological materi-
als, since advanced optical imaging has revealed all the details of the underlying
microstructure.??

The cornea belongs to the system of lenses that in the eye deviate the light rays
onto the specialized receptor cells of the retina. When the lens system is defective,
the image appears blurred and unfocused, requiring the use of additional lenses to
perceive a correct image. Spectacles and contact lenses have been and are largely
used, but in the last two decades laser technology has allowed to correct refraction
errors permanently by modifying the refractive power of cornea, in consideration of
the accessibility of the organ. The change of the corneal refractive power is principally
obtained by selective laser ablation of some portions of the tissue,* or by the inser-
tion of small prosthesis or devices (arcuates, intraocular lenses, rings, etc.) within
the cornea. Refractive surgery technologies have become very safe and precise, but
still gross errors are occurring occasionally when the cornea presents geometrical or
structuralanomalies. For non-standard corneas that must undergo refractive surgery,
the support of a numerical model of the cornea with patient-specific features may
become of great importance to reduce the possibility of mistakes and to help in the
selection and design of the optimal treatment.

A numerical model of the human cornea must be constructed accounting for all
the important features of the tissue. Given the refractive function of the cornea, the
adoption of the patient-specific shape is a must. Nowadays, the availability of op-
tical apparatuses makes trivial the attainment of the customized shape that can be
transferred in the solid model of the cornea.’

As asoft biologicaltissue, the corneais very deformable and water rich, and there-
fore, almost incompressible. The mechanical behavior in physiological conditions is
characterized by reversibility even at large deformations. Relaxation experiments on
pig corneas have revealed a viscous-plastic-damaging behavior.® Nevertheless, in ap-
plications concerning refractive surgery, degenerative aspects should not be of rele-
vance, since the postoperative cornea is supposed to behave in a reversible way asin
the preoperative conditions. Thus, in the literature it has become customary to adopt
finite strain hyperelastic models for the material, which imply directly reversibility.”®

Although the corneal tissue is organized in five layers, from the mechanical point
of view the most important properties are related to collagen, the structural compo-
nent of the stroma, the central and thicker layer. Stromal collagen, immersed in a
matrix of elastin and proteoglycans, is organized hierarchically in fibrils and lamellae
following a complex architecture that has been observed more than three decades
ago.? In the central area of the cornea the lamellae are preferentially oriented in two
directions: nasal-temporal (NI) and superior-inferior (Sl). This organization involves
approximately 60% of the fibrils, while the remaining 40% are randomly oriented.
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The change in curvature in the limbus zone is related to the presence of a consis-
tent amount of fibrils aligned in the circumferential direction.® The distribution of
the fibrils is not homogeneous across the corneal thickness. Biomedical imaging
has revealed recently that collagen lamellae in the posterior cornea are commonly
twice as thick as those in the anterior'® and interlamellar interaction results from
interweaving," leading to a shear stiffness three times larger than the one in the
posterior third of the stroma.'? At the limbus, the larger stiffness is shown at the pos-
terior side, where the limbus merges with the iris.”® The architecture of the cornea
confers obvious characteristics of inhomogeneity and anisotropy to the material.
Thus, the material response varies with the position on the mid-surface, with the
position across the thickness of the cornea, and with the direction of loading, and
these features are very important in establishing the optimal state under physiologi-
cal conditions. The optimal state must be intended from the energetic point of view,
as a configuration characterized by a minimum of the mechanical energy of the sys-
tem, where the stresses are balancing the external actions. In particular, the cornea
is stressed by the intraocular pressure (IOP) exerted by the aqueous humor that fills
the anterior chamber of the eye.

The configuration of the cornea taken by optical imaging (physiological configu-
ration) is stressed, and as such, the geometrical models of the cornea obtained by
imaging cannot be directly used in numerical applications. Models require to be inte-
grated by accounting for the unknown physiological stress state in the imaged config-
uration (pre-stress approach;’) or by detecting a stress free geometrical configuration
to which the IOP is applied.®" In fact, if the imaged geometry is used directly, the ap-
plication of the IOP on the posterior surface of the cornea will modify ostensibly the
configuration of the cornea, changing the refractive power and the stress state. As in
other biological cases, a correct modeling of the cornea requires to recover the stress-
free configuration (also known as natural configuration) to which the external actions
are applied. The configuration reached by the system under the proper actions will
coincide, in this way, to the physiological configuration. The procedure used to re-
cover the stress-free state of a system can be named identification of the natural con-
figuration.

The importance of the recovery of the stress-free geometry in human arteries has
been pointed out in Raghavan et al.,”® where an iterative procedure based on the ob-
servation of the self-similarity of the shape of abdominal aortic aneurisms under dif-
ferent blood pressures was used. More recently, a backward displacement method
able to solve the inverse problem iteratively using fixed point iterations was described
by Bols et al."®'" The correct estimate of the physiological stress state is an important
task for arterial walls, loaded by the blood pressure. Disregarding or approximating
in a rough way the physiological stress invalidates the predictions on aneurysm for-
mations and vessel ruptures.’®2° The importance of the prestress in scleral shells has
been pointed out also by Grytz and Downs," who developed a Forward Incremental
Prestressing Method for the computation of the prestress in the physiological config-
uration.
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As far as the cornea is concerned, the need to recover the stress-free state has
been considered in several contributions. An approach based on iterative estima-
tion of the physiological stress was proposed in Pinsky et al.” A method based on
the modification of the coordinates of the discretized model has been proposed in
Pandolfi and Manganiello,® and the same concept has been applied in subsequent
works.?'"2® A similar procedure has been used by Ariza-Gracia’s group.2*%" A varia-
tional approach based on iterative finite element solutions was proposed in a study
by Otani and Tanaka.?®

The approaches described in the literature have a comparable validity, as long as
they are able to reconstruct the physiological state in terms of stresses and strains.
What has not been sufficiently emphasized is that the stress-free configuration is de-
pendent on the chosen material model and on the values of the material parameters.
Identification procedures have been used in combination with Mooney-Rivlin mate-
rial models,?® Ogden material models,*® neo-Hookean material models,* Yeoh mate-
rial models,?” or with more realistic fiber reinforced models.®?22332 Clearly, the pre-
dicted stress state in physiological conditions will be very different in all these cases.

The dependence on material model and parameters renders the identification of
the stress-free geometry very delicate and not definitive. The consequence of this
uncertainty is that, for a chosen material model, the identification of the stress-free
geometry cannot be disjointed from the simultaneous identification of the material
parameters. This means that a single configuration, or a singleimage, is not sufficient
to characterize at once geometry and materials, calling for the need of conducting in-
vivo tests on each patient.?®*3 Furthermore, no useful information of the in-vivo me-
chanical properties can be derived from ex-vivo tests,** which deal with a completely
different material removed from its natural environment. Possible candidates for the
use in identification procedures are the probe test® and the air puff test.226,36-39

As an alterative, when two images corresponding to two different configurations
of the same cornea are available, it is possible to characterize a reduced selection
of the material parameters together with the stress-free configuration. This can be
possible, for example, when images of the same cornea in preoperative and postop-
erative conditions are available. The approach has been used in a rather successful
way in several works using anisotropic material models with inclusion of the fibril mi-
crostructure and considering preoperative and postoperative geometries of corneas
that underwent photo-refractive keratectomy (PRK),>32:363740 byt an accurate anal-
ysis on the influence of the material model on the identified material properties and
stress-free geometry has never been conducted.

Goal of this study is to gain awareness on the relevance on the choice of a ma-
terial model in the identification of the stress-free configuration and of the material
parameters.

Therefore, we consider a set of patient-specific corneas that underwent laser re-
profiling surgery (PRK) and three material models characterized by a growing com-
plexity: the isotropic Hooke material model extended to the finite kinematics, the
Mooney-Rivlin material model, and the sophisticated anisotropic model proposed in



On the recovery of the stress-free configuration of the human cornea 15

Pandolfi and Vasta.?® We describe the approach for the simultaneous identification of
the natural configuration and a limited number of material properties of the adopted
material models, present the results obtained on the set of patient specific corneas,
and discuss the numerical findings in view of possible applications.

2. Methods

The procedure of the identification of the stress-free geometry and of a selected num-
ber of material parameters based on the comparison of the preoperative and postop-
erative physiological configurations of a PRK-ablated cornea has been conceived on
the following idea.*

Cornea reprofiling conducted with laser ablation removes the anterior tissues
of the cornea, including epithelium, Bowman’s membrane and a certain amount of
the anterior stromal tissue. Clearly, ablation burns the tissue, and causes temporary
modifications in the immediately adjacent tissues that need a week or more to heal
and renew the epithelial layer. Since the posterior surface of the cornea is not directly
touched by the laser, it is possible to make the assumption that the posterior third
of the cornea is not affected. An additional assumption is that IOP is not modified by
refractive surgery.

The stress-free configuration is intended as an ideal non-physiological state
where the material is not loaded, or the IOP is zero. The stress-free state is not known,
and cannot be achieved under in vivo conditions, but it can be estimated through an
inverse numerical calculation. Having chosen a material model and a set of material
parameters, a numerical analysis where the posterior surface of the cornea is pres-
surized with the physiological IOP will provide, as solution, the displacement field
associated to the stresses that balance the IOP by means of the material model. The
displacements modify the cornal configuration, which will not longer respect the
physiological shape.

Letus now assume to subtract the computed displacements to the original coordi-
nates of the cornea in the physiological configuration. The resulting configuration will
be less convex than the physiological configuration. If a new analysis under the same
IOP is conducted on the modified geometry, the resulting stressed geometry will be
closer to the physiological geometry. Clearly, there will be differences related to the
fact that the analysis has to be conducted in finite kinematics, which induces geomet-
rical non-linearity; therefore the procedure must be repeated several times using an
iterative algorithm that will be interrupted when the desired precision is reached.

The same procedure can be applied to the preoperative and postoperative config-
urations of the corneas, using the same material model and parameters. If the choice
of material model and parameters are correct, the posterior surfaces of the stress-
free geometries of the two cases will coincide. If they do not, the material model, the
material parameters, or both are not correct.

The discrepancy between the coordinates of the posterior surfaces of the preop-
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(a) Top view (b) Bottom view

(c) Section

Fig. 1. Example of finite element discretization for one of the corneas considered in this study.
The geometry refers to the physiological preoperative configuration.

erative and postoperative stress-free geometries can be taken as a measure of the
likeness (ML) of the material parameters for the adopted material model. The ML can
then be used to identify the optimal set of material parameters for the patient-specific
cornea.

The actual procedure is described in detail in the following section.

2.1 Recovery of the stress-free configuration of the cornea

Twelve pairs of preoperative and postoperative corneal geometries were chosen in
a random way from a large set of informed patients that underwent PRK refractive
surgery. The data used in this work were collected by the same experienced surgeon
using a high definition corneal tomographer coupled with a pachymeter, according
to a protocol approved by the Italian Data Protection Authority and to the principles
expressed in the Declaration of Helsinki. Purely geometrical data elaborated from the
images by the tomographer were anonymized and de-identified prior to the transmis-
sion to us and disjoined from all the other clinical information (age, gender, ethnicity,
and I0OP).

Data are provided as a list of coordinate of a cloud of points representing the an-
terior and posterior surface of the cornea in preoperative or postoperative configu-
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ration. The data are elaborated through a software to produce a solid model of the
cornea discretized in finite elements, as shown in Figure 1.

To each cornea, we apply the procedure proposed firstly in Pandolfi and Manganiello.®
The algorithm of identification of the stress-free geometry begins with the construc-
tion of the mesh in the physiological configuration, seen as a final target of the iter-
ative process. Each step consists in the application on the posterior surface of the
cornea of the patient-specific IOP, keeping the limbus constrained to rotate in order
to maintain the cross-section always orthogonal to the deformed mid-surface of the
cornea. The rotating boundaries have been proved to be the ones that optimize the
refractive behavior of the cornea in the physiological IOP range.?' The solution of the
static problem with an assigned material model provides the set of displacements
employed in the iterative algorithm to compute the stress-free configuration. The
iterative process ends when, within an assigned tolerance ¢, the deformed configura-
tion superposes the target physiological configuration. The algorithm is described in
Algorithm. 1

Algorithm 1 Unstressed geometry recovery algorithm, as proposed in Pandolfi and
Manganiello®

1: Set X as the nodal coordinates corresponding to the physiological IOP.

2: Setk=1

3: Set Xk = Xy

4: fork < ky,ax do

5:  Assign the physiological IOP on the posterior surface of the cornea

6:  Solve the static problem and obtain the k-th nodal displacements u”

7. Compute the k-th physiological nodal coordinates x* = X* + u”

8:  Compute the coordinate difference AX = X, — x* and the corresponding
norm |AX]

o: if |[AX]| < ¢/X"| then

10: Exit

1m: endif

122 SetXFtl =X, —uF
132 Setk=k+1
14: end for

2.2 Identification of the optimal material properties

Forthe chosen material model, the identification of the optimal material properties is
achieved by comparing the coordinates of the nodes lying on the posterior surface of
the same cornea in the preoperative and postoperative configurations. In the follow-
ing, the set of p material properties is referred to as ¢ = {cq, c2, ..., cp}. Note that,
in general, the material property set will include material parameters, parameters re-
lated to inhomogeneity and anisotropy distribution, variability across the thickness,
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and others. Moreover, the set might not include all the parameters of the chosen ma-
terial model; when a parameter is sufficiently well characterized by other means, it
might be excluded from the c set.

The recovery procedure described in the previous section is applied to both the
preoperative and postoperative configuration, using the same material properties
and the same IOP, leading to two sets of nodal coordinates, XP™ and XP°5t, respec-
tively. Both sets will be dependent on the material properties.

Given the obvious difference in the geometry due to the cornea reprofiling, the
comparison between stress-free preoperative and postoperative configuration can be
conducted only on the nodes lying on the posterior surface of the cornea. The coor-
dinates of the nodes of the posterior surface are collected in the subsets YP* and
YPost respectively.

We introduce the index ML representing a measure of likeness of the property set
cas

|Ypost _ Ypre|
ML(¢c) = ———— 1
(C) ‘Ypre‘ ( )
where the norm |X| is defined as
N
IX| = [ D0 (X7 + X3 + X3) (2)

1

and N is the number of elements in the subsets X. Clearly, the more likely the ma-
terial properties are, the smaller is the value of the ML index. Thus, the identification
procedure can be stated as an optimization problem

c°P* = arg min ML(c). (3)
C

In this work, the search for the optimal values of the parameters is organized by span-
ning discrete values of the p parameters within a realistic range, determined through
a few preliminary calculations. For each set of values of p, we apply the iterative re-
covery procedure for both preoperative and postoperative cases and compute the ML
index. Since each evaluation of ML involves a certain number of finite element anal-
yses, the efficiency of the approach is clearly related to the chosen material model,
which may affect considerably the computational time requested by the static solu-
tion.

In the following calculations, the missing value of the patient-specific IOP is as-
sumed to be equal to 14 mmHg (1.87 kPa) for all cases.

3. Results

The method is applied to three different material models. The first material model
is a Hooke material extended to the finite kinematics. The second material model
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is a Mooney-Rivlin model. The third material model is the second order approxima-
tion anisotropic model, accounting for the complex architecture of distributed colla-
gen fibrils within the cornea, described in Pandolfi and Vasta?® and used in previously
cited studies.>*2.

3.1 Hooke material model extended to finite kinematics

The material model considered here is a fictitious material, since it adopts the Hooke
model to finite kinematic stress and strain measure. The model can be expressed
through the strain energy density

Vooke = %E D(E,v)E, S= % (4)
where E is the Green-Lagrange strain tensor, S the second Piola-Kirchhoff tensor, and
D is the isotropic constant constitutive tensor, dependent on the Young’s modulus £
and on the Poisson’s coefficient v. We assume that Poisson’s coefficient is known, and
setittor = 0.45, thus the parameter drops from the set c. The optimization problem
in Eq. (3) reduces to

E°PY = arg mEin ML(E). (5)

Table 1. Geometrical characteristics of the baseline cornea.

Geometrical parameter mm

Average anterior surface in-plane radius (AAR) 5.8100
Average posterior surface in-plane radius (APR) | 5.2900
Pre-operative central corneal thickness (BCCT) 0.5117
Post-operative central corneal thickness (ACCT) | 0.4414
Maximum ablation profile depth (ACCT) 0.0720

The approach is described in detail with reference to one of the patient-specific
corneas (heretofore referred to as baseline analysis), characterized by the geometri-
cal parameters listed in Table 1. We begin by constructing a finite element mesh from
the supplied tomographer data. The mesh, shown in Figure 1, consists of 2,700 exahe-
dron solid elements, with 30 elements along the NT and SI meridians, and 3 elements
across the thickness.

Figure 2 compares the physiological preoperative and postoperative configura-
tions of the NT meridional section of the baseline cornea, as obtained from the to-
mographer images, showing the whole section Fig. 2(a), and a detail of the optical
zone at the center, Fig. 2(b). Images visualize clearly the reshaping induced by the
PRK reprofiling and, moreover, testify the forward deflection of the posterior surface
induced by the reduction in corneal stiffness.

The optimal value of Young’s modulus is obtained by running several recovery
analyses with the preoperative and postoperative geometries, assuming for F the dis-
crete values 0.25, 0.375, 0.5, 0.625, 0.75, 1, and 1.25 MPa. The dependence of the ML
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Fig. 2. Baseline cornea, Hooke material. Physiological preoperative and postoperative con-
figurations of the cornea across the NT meridian, as provided by the tomographer. (a) Whole
extension. (b) Detail in the central optical zone.

indexon E isshown in Figure 3. The minimum value of the ML index, corresponding to
2.546x107° is located at E°P* = 0.625 MPa. Figure 4 compares the recovered stress-
free preoperative and postoperative geometries corresponding to the optimal value
E°Pt showing the good correspondence of the position of the posterior surfaces.

The role played by Young’s modulus on the recovered stress-free geometry is
shown with the aid of Figure 5. Starting from the same physiological postoperative
configuration and assuming two different values for Young’s modulus, 0.25 MPa and
1.25 MPa, respectively, the recovered geometries are ostensibly different.

The analysis described for the baseline cornea was repeated for 12 pairs of corneal
geometries, whose geometrical parameters are listed in Table 2. The baseline cornea
is labelled 1S. The same table also lists the minimum value of the ML°P* index and the
corresponding E°Pt,
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Table 2. Geometrical characteristics of the 12 human corneas used in this study. AAR: average
anterior radius
Cornea AAR APR | BCCT | ACCT | ACCT Ecpt MLOP?
mm mm mm mm mm MPa
1S 5.812 | 5.29 0.512 | 0.440 | 0.072 0.625 | 2.54610~°
1D 5.820 | 5.19 | 0.506 | 0.449 | 0.057 0.750 | 3.30410°6
2S 5.570 | 5.00 | 0.540 | 0.425 | 0.115 0.750 | 3.415107°
2D 5.529 | 496 | 0.535 | 0.403 | 0.132 1.000 1.672107°
3S 5.579 | 5.00 | 0.501 | 0.462 | 0.039 0.500 | 3.18010°°
3D 5.529 | 5.02 | 0.509 | 0.471 | 0.038 0.500 2.116107°
4S 5.525 | 5.01 0.567 | 0.502 | 0.065 | <0.125 -
4D 5.538 | 5.03 | 0.564 | 0.473 | 0.091 0.125 | 3.02010~ 4
58 5.786 | 529 | 0.523 | 0.458 | 0.065 | <0.125 -
5D 5.873 | 532 | 0.530 | 0.452 | 0.078 - -
6S 5.507 | 4.98 | 0.597 | 0.436 | 0.161 | <0.125 -
6D 5.590 | 5.04 | 0.553 | 0.438 | 0.115 | <0.125 -
Average | 5.622 | 5.076 | 0.539 | 0.452 | 0.087 0.413 -
Stddev | 0.134 | 0.131 | 0.028 | 0.024 | 0.036 0.308 -

APR: average posterior radius. BCCT: Preoperative central corneal thickness. ACCT:
post-operative central corneal thickness. ACCT: central ablation depth. E°P*: optimal value of
the Young’s modulus. ML°P*: minimum value of the ML
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Fig. 5. Baseline cornea with Hooke material model. Comparison between the recovered stress-
free preoperative geometries obtained with two different values of Young’s modulus E, i. e.,
0.25 MPa and 1.25 MPa, respectively.
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Table 2 shows that, within the explored range E = {0.25,1.25} MPa, the corneas
labelled 1S, 1D, 2S, 2D, 3S, and 3D are characterized by a minimum value of the ML
index, and the corresponding E°P falls in the range {0.5, 1} MPa. Regrettably a min-
imum was not detected for the corneas labelled 4S, 4D, 5D, 5S, 6D, and 6S. Corneas
labelled 4S, 4D, 5S, 6S, and 6D reveal an increasing trend, and the minimum ML index
might fall below E = 0.25 MPa. The cornea labelled 5D, instead, shows a decreasing
trend that may be ascribed to an imprecise detection of the postoperative image that
does not allow alignment to the preoperative image.

To investigate the behavior of the corneas that failed to show a minimum in the
range E = {0.25,1.25} MPa, for the sole cornea 4D the analysis has been extended
to a wider range exploring the values E = 0.2, 0.1125, 0.12, 0.125, 0.13, 0.1375, and
0.15 MPa. The second search revealed a minimum of the ML index for £ = 0.125 MPa
(Fig. 6). Interestingly, the M L°Pt is one order or magnitude larger than in the cases

x10*
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Fig. 6. Anomalous cornea 4D with Hooke material model. Dependence of the ML index on
Young’s modulus.

that provided a good response in the reduced range of F, suggesting that some dis-
crepancy characterizes the data obtained from the preoperative and postoperative
images. The discrepancy is indeed confirmed by the comparison of the recovered
stress-free preoperative and postoperative geometries, that, for the optimal values of
the Young’s modulus E°P* = 0.125 MPa does not show any agreement on the shape
of the posterior surface (Fig. 7).
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Fig. 7. Anomalous cornea 4D with Hooke material model. Comparison of the recovered
stressed-free preoperative and postoperative geometries, at the optimal Young’s modulus
E°P' = 0.125 MPa.

3.2 Mooney-Rivlin material model

The quasi-incompressible version of the isotropic Mooney-Rivlin material model is
governed by a strain energy function of the form

1 - 1 7
Vg = K(J° — 1= 2logJ) + gua(ly = 3) + gpa(l2 = 3) (6)

where J isthe determinant of the deformation tensor F, I; and I, are the first and sec-
ond invariant of the isochoric part of the Cauchy-Green strain tensor C = J—2/3FTF,
K is a stiffness-like coefficient used to enforce the incompressibility of the material,
and p1, o are shear stiffness parameters related to the shear modulus of the material
as ph = p1 + pa.

In order to reduce the number of parameters to identify to ;11 and ps, given the
meaning of a penalization coefficient for K, we set K = 7 MPain all the calculations.

As already mentioned, in the present work we did not use a true optimization al-
gorithm to detect the optimal values of the parameters, but performed multiple iter-
ative recovery procedures over discrete sets of values. To reduce the heaviness of the
calculations in the case of the two-parameter Mooney-Rivlin model, the search for
the optimal pair of parameters has been restricted in a rather arbitrary way by per-
forming a two-phase search. In the first phase, we constrain the two parameters to
assume the same value and search the optimal value of 15 = p1 over discrete values
within a wide range. In the second phase, we constrain i, to the fixed optimal value
and perform a second search on p5 again over a discrete set of values (Fig. 8). Clearly,
since the two searches are discrete and constrained, the algorithm reduces in a sen-
sible way the possibility to find the absolute minimum; thus the present results have
to be considered only in a demonstrative way. In particular, we remark that the two
parameters cannot be identified in a unique way, since we are comparing only two
configurations.

We replicate for the baseline cornea 1D the optimization search conducted for the
case of a Hooke material model. The optimization of the parameter p (solid line in
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Fig. 8. Visualization of the search strategy adopted for the shear stiffness parameters 111 and 2
of the Mooney-Rivlin material model.

Fig. 8) gives u®" = o = 0.14 MPa. The dependence of the ML index on y; can be
observed in Figure 9(a).

Next, the parameter u‘fpt = 0.14 MPa is kept fixed at the optimal value, and the
ML index is computed for po in the range {—0.06,0.30} MPa (dashed line in Fig. 8).
The dependence of the ML index on p is shown in Figure 9(b). The optimal value of
1P = 0.18 MPa is obtained for a value of ML = 7.453 x 10~ one order of magnitude
inferior to the best value obtained for the Hooke material model.
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Fig. 9. Baseline cornea with Mooney-Rivlin material. (a) Dependence of the ML index on the first
shear stiffness parameter p1, under the constraint u2 = u1. (b) Dependence of the ML index
on the second shear stiffness parameter p5 for a fixed value ;1 = 0.14 MPa.

3.3 Anisotropic distributed fiber reinforced material model

The anisotropic distributed fiber reinforced material model here considered is an ad-
vanced second order model that accounts for the average and the variance of two
distributions of fibers. The model has been developed in Pandolfi and Vasta® and ap-
plied successfully to the modelling of the human cornea in several applications.>3240
The model can be thought as an extension of the Mooney-Rivlin material model to
account for the anisotropy induced by the presence of dispersed reinforcing fibers
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embedded into an isotropic matrix. The strain energy function has the form

g T* 2 *
1A;/[ exp {kQM(L;M*l) :| (1+K]VIO—%4M) (7)

where I} . andoy,,, arethe average and the variance of the pseudo-invariant mea-
suring the square of the stretch along any spatial direction of the M-th set of fibers,
k1 ar is a stiffness parameter that controls the behavior of the fibers at small strains,
ko p is @ dimensionless rigidity parameter that controls the behavior of the fibrils at
large strains, and K}, a coefficient dependent on fz o k1, and kg g, cf.23

The number of parameters of the material model (seven) makes the search for the
non-unique optimal set of parameters rather expensive from the numerical point of
view. Toillustrate the method, we reduce the problem to the same level of difficulty of
the Mooney-Rivlin material model, by assigning the values of the penalty coefficient
K and of the four fiber parameters &y as, k2 37 according to the data documented in
in Sdnchez et al.*® Therefore, we set K = 5.5 MPa, k11 = k12 = 0.05MPa,and ko1 =
koo = 200. Again, the baseline cornea labelled S1 has been used for demonstration.
The search is conducted only on the shear stiffness parameters p; and ps, adopting
the same strategy described in Section 3.2.

The parameter p; has been set as {0.04,0.05,0.06,0.07} MPa. The computed
ML index as a function of 1 = s is shown in Figure 10(a). The optimal value of
u‘fpt = 0.05 MPa is clearly shown in the plot, with the corresponding ML index equal
to 6.1114 x1075. The second search is conduced for p‘fpt = 0.05 MPa, varying pz in
{0.03 — —0.07} MPa. The dependence of the ML index on 5 is shown in Figure 10(b),
and the optimal value is 15" = 0.05 MPa.



28 A. Montanino and A. Pandolfi

6.26

6.24 ]

6.22 ]

Measure of Likeness
(2} (=2} [=2]
e . e o
e (o] [e<} n
: : : :
. . . .

o
N
T
|

0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08
11, (=) [MPa]

(a) Firstsearch

x108

6.16

o o o
N w IS
T T T
| | |

Measure of Likeness

o
T
.

0.03 0.085 0.04 0.045 0.05 0.055 0.06 0.065 0.07
i1, IMPa]

e

(b) Second search

Fig. 10. Baseline cornea with anisotropic distributed fiber reinforced material. (a) Dependence
of the ML index on the first shear stiffness parameter p1, under the constraint y2 = p1. (b)
Dependence of the ML index on the second shear stiffness parameter - for a fixed value p; =
0.05 MPa.

4, Discussion

Weillustrated a procedure for the simultaneous identification of the stress-free geom-
etry and a reduced set of material parameters for a patient-specific model of a human
cornea that underwent laser ablation surgery (PRK). The identification procedure is
specifically related to the availability of two comparable configurations, correspond-
ing to a preoperative and a postoperative state, respectively.

The situation is not the ideal one, since the material properties can be identified
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only after the surgery. Therefore the model cannot exploit its predictability in view
of optimizing the ablation profile. Nevertheless, we have been motivated by several
reasons to conduct this study.

First, the achieved patient-specific model could be employed to estimate the re-
sponse of the eye to additional surgery, for example, the insertion of an intraocular
lens or the execution of a crosslinking procedure. Second, the aim of this work is to
describe a conceptually general procedure that can be modified and improved by the
suitable selection of two or more comparative configurations of the same cornea, ob-
tained with other means, for example, with a planned protocol of in-vivo tests. Third,
the application of this approach to a large set of human corneas that have undergone
PRK refractive surgery can be used to restrict the variability of the material parame-
ters of different material models into physically significant ranges of values.

The proposed method must be intended as one of the several ways that allow
to identify the material properties of an assigned material model. In particular, the
method relies on the existence of an ideal stress-free configuration that cannot be at-
tained under physiological conditions, because it is associated to a non-physiological
state, at zero IOP. The ideal unstressed configuration can be determined only through
numerical calculations conducted in finite kinematics. In fact, linear elastic ap-
proaches are based on the assumption that there is no change of configuration under
loading, or no difference between he stress-free and the physiological configuration,
excluding the possibility to use the method for the estimation of material parameters.
Therefore, the proposed method is suitable only to finite kinematics material models
that describe the behavior of deformable soft tissues.

To compensate the missing surrounding tissues, throughout the calculation we
adopted special boundary conditions consisting in the adaptive rotation, i. e., a driven
motion of the nodes located at the limbus boundary to preserve the planarity of the
boundary while enforcing the normality to the mid-surface of the deforming cornea.
The concept of rotating boundaries has been presented in a previous study,?' as an al-
ternative to fixed boundary (mimicking rigid environment) and to elastic boundaries
(mimicking by means of tuned springs the elasticity of surrounding tissues). With re-
spect to other boundary conditions, the adaptive rotations of the limbus have been
proven by means of comparative analyses to be the ones providing the most realistic
refractive properties of the deforming cornea, showing the minimal variation of the
refractive power with growing IOP and the lowest elastic energy stored in the system.

Among the methods proposed in the literature for the identification of the stress-
free state, the approach proposed in Grytz and Downs,'* where the concept of the
comparison between distinct configurations is used to estimate the physiological
stress/strain state in biological tissues, stands close to our previously described
algorithm.® Although presented in a more formal and elegant way with respect to
our work,® the underlying idea is the same: to reconstruct the physiological stress
state by searching for a stress-free configuration. The difference between the two
methods is that here we are comparing two configurations that differ for tissue mass
and volume but withstand the same load, Grytz and Downs' compare two configu-
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rations that differ for loads but preserve mass and volume.

The approach has been illustrated with reference to three material models: the
Hooke extended to the non-linear range, the Mooney-Rivlin, and the anisotropic
stochastic fiber reinforced model.?? The first two material models, which are not par-
ticularly suitable for modelling the human corneas, have been considered in order to
set up and verify the procedure. In particular, the Hooke model should not be used
for soft tissues, since it overestimates the stiffness, and therefore the stress, within
the tissue.

The advantages of using the Hooke model is related to the computational conve-
nience in the solution of the elastic problem: the algorithm is rather fast and it has
been possible to conduct numerous analyses considering twelve corneas. In this re-
spect, it has been possible to observe that one of the key points in the procedure is
the alignment of the corneas in order to allow the comparison. Specifically, images
of the eye may be affected by some unavoidable change of reference system. Opti-
cal machines detect at best the NT direction, so that images are generally taken with
a minimum difference in terms or rotation. However, misplacement in the optical
axis directions is always possible. Thus, after creating of the solid model, it may be
necessary to perform some additional relative roto-translation to minimize the ge-
ometrical differences. In our approach, we refer to the limbus geometry as the one
that undergoes the minimum changes also after PRK surgery and conduct all sorts of
re-alignment using the limbus as reference. The particular unsuccessful case of the
cornea labelled 1D is exemplary in this regard. We believe that the images have been
affected by some unwanted bias that we were not able to detect. Therefore, in gen-
eral, it is important that the images are taken with the same tomographer operated
by the same surgeon to minimize the differences.

The identified geometry and set of material properties obtained by the approach
will be dependent also on the patient-specific IOP. In this study, we used an ideal IOP
(14 mmHg) because this information was not available. The fact that the IOP was
not patient-specific can also justify the fact that some corneas showed clear optimal
parameter values, whereas for others the procedure failed. It is important to note
that, in general, IOP measured by tonometers is biased due to corneal stiffness. Many
tonomoters are based on correction tables, often based on a wide set of numerical
calculations conducted on ideal corneas to provide a less biased indication of IOP.
This expedient does not avoid to obtain the patient-specific IOP, but only an averaged
value. We believe that IOP has to be considered as an unknown of the problem, and it
must be identified, together with the stress-free geometry and material properties, in
a more sophisticated inverse analysis, which is presently the object of a study in our
group.

The difficulties observed in using unrealistic materials (Hooke and Mooney-
Rivlin) for the identification of an anisotropic body are indeed less marked when
a more accurate material model is selected, as it has been observed in our previ-
ous applications.>3240 As matter of fact, the ML index plot is characterized by the
presence of a well-identified minimum, with smaller values, in the anisotropic case.
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This indicates that an accurate material model is the basis of any good numerical
simulation.

A final comment must be given on the search approach used in this study, con-
ducted in a rather rough way by varying slightly one of the material parameters at
time, under some assumptions not really supported by clinical evidence. Thus, crit-
icism can be raised for the choice of keeping Poisson’s coefficient constant in the
Hooke material model case, or in conducting two disjoined searches on a single pa-
rameter for the Mooney-Rivlin model case, or in excluding from the search the fibril
stiffness and rigidity parameters for the anisotropic material model.

We are convinced that the optimization of the ML index must be conducted with
more solid search algorithms, that include not only all the relevant material proper-
ties, but also the IOP as unknown action. The multi-objective search can be based on
faster algorithms, typically used in inverse analysis, such as the conjugate gradient
and methods based on Pareto optimality criteria.
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force microscopy (AFM).

Methods: Eleven 40 um radial limbal cryostat sections from a fresh human donor
rim were mounted on charged slides and rehydrated at room temperature. Stiffness
at four TM locations (anterior to posterior along Schlemm’s canal) was measured
by AFM. At each location, a 6 x 6 grid was sampled. Indentation points were evenly
distributed over a 20 um x 20 um area, with a rate of one load/unload cycle per
second. Measurements were then repeated for calculation of test-retest variability.
Results: The test-retest coefficients of variation for the four measurement locations
(anterior to posterior) were 24.39, 25.28, 12.74, and 14.26%, respectively, with a
notable drop in the two posterior locations compared to the anterior. The test-retest
coefficient for the sections was 19.17%. For the entire eye, the test-retest coefficient
of variation for the measurement of the TM stiffness was 17.13%. Young’s moduli
consistently decreased from anterior to posterior location.

Conclusions: Wide regional variation suggests that single value does little to fully
describe the complex array of TM stiffness levels within the eye, and future studies
of TM stiffness assessed by AFM should include multiple tissue samples from each
eye, with documentation of the anterior-posterior location of each measurement.

1. Introduction

Elevated intraocular pressure (IOP) is the single most important risk factor in the
diagnosis® and progression*® of glaucoma, and its reduction is the single clinical
endpoint of treatment.® Overby et al. recently demonstrated that gene expression
in glaucoma is altered, resulting in elevated stiffening of the inner wall of Schlemm’s
canal, impeding formation of pores, leading to IOP elevation in glaucomatous eyes.
Tothatend, thereisincreasinginterestin the measurement of the stiffness of tissues
in the proximal aqueous humor outflow pathway, including Schlemm’s canal and
the trabecular meshwork (TM).™3

A study by Last et al. suggests that TM stiffness is increased in glaucoma.” In
that study, stiffness (Young’s modulus, E) as measured by atomic force microscopy
(AFM) was found to vary by two orders of magnitude within individuals, and amongst
subjects. AFM measurements of rat TM found that mean local stiffness changes by
more than twenty-fold within individual eyes.*

We have successfully used AFM to quantify the stiffness of the basement
membrane of the eye, but have not yet applied it to assess the measurement of TM
stiffness.!*!> AFM is known to be a noisy measurement,**?2 although the test-retest
reproducibility, i.e. the variation associated with repeated measurements of AFM
assessment of TM stiffness, has not yet been quantified. The meaningful application
of any technique to medical research first requires characterization of measurement
error. The purpose of the present study was to quantify test-retest reproducibility of
the human TM by AFM.
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2. Methods

The study was conducted in accordance with the tenets of the Declaration of Helsinki
and the United States Health Insurance Portability and Accountability Act.

A right eye was obtained from a local eye bank (Center for Organ Recovery, and
Education, Pittsburgh, PA, USA). The donor eye was from a 53-year-old female,
and tested negative for HIV I/l plus O, HBcAb, HCV/HIV/HB/Nat, RPR. The eye was
harvested and preserved by the eye bank at ten hours after death. Specifically, the
eye was stored in Optisol (Chiron Ophthalmics, Irvine, CA, USA) at -8 °C. Seven days
after harvest, the cornea was removed for transplant and the rim was dissected and
embedded in Tissue Tek Optimal Cutting Temperature Compound (Sakura Finetek
USA Inc., Torrance, CA, USA) and stored at -80 °C. Radial 40 um thick sections were
cut on a cryostat (Leica CM3050 S cryostat, Leica Microsystems Inc., Buffalo Grove,
IL, USA) and mounted on charged slides by an histotechnologist certified by the
American Society for Clinical Pathology (ASCP).

TM stiffness was quantified by AFM standard accepted methods.!*?32* Briefly,
11 tissue sections were reconstituted with phosphate-buffered saline (PBS) and
allowed to rest at room temperature for 20 minutes. The slide was then placed in a
MFP-3D-BIO Atomic Force Microscope (Asylum Research, Santa Barbara, CA, USA)
mounted on an Olympus IX-71 fluorescence microscope (Olympus, Tokyo, Japan).
Standard commercially available 100 um long Si3N4 cantilevers, with integrated
pyramidal tips (Veeco, Inc, Santa Barbara, CA, USA) and a nominal spring constant
(k) of 0.6 N/m were used to indent the TM cells, calibrating the spring constant of each
cantilever before each experiment. A6 x 6 grid was sampled, with indentation points
evenly distributed over a 20 um x 20 um area. The measurement grid was applied
in each of four areas (Fig. 1), with the AFM controlled by an automated process, at
a rate of one load/unload cycle per second. The speed of the AFM tip indenting the
tissue ranged from 2-10 um/sec. The apparent Young’s modulus of the tissue at each
indentation point was calculated for each independent force-indentation curve
using the Sneddon model.?® After completing measurements at each of the four areas
(session A), the slide was removed and repositioned in the AFM microscope, and all
measurements were repeated (session B) to quantify test-retest reproducibility.

Stiffness estimates were acquired at 4 locations in each of the tissue sections
(Fig. 1). Each stiffness estimate was comprised of the average of 36 (6 x 6 grid, 20 um
X 20 pm) individual measurements. This methodology is a standard tissue-sampling
technique, and offered as a default setting in our commercially available AFM unit.
Test-retest coefficient of variability was calculated for each of the four measurement
locations. The average of the four stiffness measurements was calculated to provide
a mean stiffness for each section, and the test-retest coefficient of variability was
calculated for the sections. Finally, the 11 tissue stiffness estimates were averaged
to estimate TM stiffness for the eye. These values were calculated for both AFM runs
(session A and session B).
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Fig. 1. The TM was measured at four locations from anterior to (1), adjacent to (2, 3),
and posterior to (4) Schlemm’s canal. Measurements at each location were obtained in
sessions A and B.

3. Results

The overall range of Young’s moduli in sessions A and B were 8,376-242,733 and
5,574-130,352 Pa, respectively (Table 1). Moving from location 1 to 4, Young’s
moduli consistently decreased during both measurements A and B. However, the
location-to-location positional drop in Young’s modulus was approximately 15 kPa
larger in session A compared to session B (13.4 kPa to 15.7 kPa, Fig. 2). The pattern
of anterior to posterior TM softening (Fig. 2) was present throughout the series of
11 tissue slabs.

The test-retest coefficients of variation for the four measurement locations
(anterior to posterior) were 24.39, 25.28, 12.74, and 14.26%, respectively, with a
notabledropinthetwo posteriorlocationscomparedtothe anterior. The test-retest
coefficient for the sections was 19.17% (Table 1). For the entire eye, the test-retest
coefficient of variation for the measurement of the TM stiffness was 17.13%.
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Table 1. Mean and standard deviation stiffness measurements from sessions A and B for
the 11 tissue sections, with coefficients of variation for each tissue section, the mean of the
tissue sections, and the eye overall

1 15,721 +9,434 17,589 + 5,833 8%
2 8,376 + 5,573 5,574 + 2,684 28%
3 31,649 + 5,485 17,779 + 16,624 40%
4 32,586 +21,439 38,652 + 17,250 12%
5 25,424 + 7,478 27,116 + 12,020 5%
6 35,368 + 37,272 38,687 + 17,250 6%
7 38,977 + 38,589 32,744 + 25720 12%
8 220,012 +273,144 | 130,352 +108,487 | 36%
9 49,262 + 58,909 58,294 + 68,575 12%
10 242,733 +204,551 |126,484+89,613 |45%
11 83,345 + 39,141 120,895 +90,862 | 26%
Section mean 71,223 +63,720 55,833+ 43,155 17%
Whole eye 63,528 £ 53,438 21%
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Fig. 2. Young’s modulus presented with a trend of decrease with changing position from
anterior to posterior locations in both sessions A and B; however, there were no statistically
significant differences observed between the locations.
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4, Discussion

To date, published estimates of TM stiffness measured by AFM are comprised of single
averages used to represent an entire eye.”® They present with variability greater
than two orders of magnitude. The magnitude of the variability is unexplained,
leaving the reader to speculate if its source is measurement error, true difference
between sections, or true differences within the sections and between subjects. For
example, the ranges of tissue stiffnesses (in kPa) in glaucomatous eyes, by subject,
were 1.4-329.7, 36.4-382.8, 1.7-565.3, 0.8-552.0, 23.2-126.6, 0.5-206.9, 2.0-243.0,
1.3-315.8, 5.3-178.5, and 1.5-142.5.7 The present study provides the first systemic
examination of the sources of variability in AFM measurements of TM stiffness. We
found that AFM had a test-retest coefficient of variation 17% in an eye, and 19% for
any individual tissue section. Further, we found that TM stiffness decreased with
position from anterior to posterior.

A closer examination of the individual measurements suggests that the majority
of test-retest discordance occursin regions of high stiffness (Fig. 3). This may suggest
that those anterior regions adjacent to the sclera (regions 1 and 2) contain a wider
variety of small and large TM stiffness, unlike the posterior (regions 3 and 4), which
present with relatively smaller levels of measurement variability (Fig. 2). Indeed, the
large differences in those measurement locations with the highest stiffness values
(Fig. 3) suggest a “hit or miss” phenomenon with respect to local regions of high
stiffness, especially in the anterior-most location 1. These data suggest that the
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Fig. 3. Individual variation between the two sessions was small, with the exception of a
small number of outliers in each region. Note that, in each case, large variability occurred in
sections with high stiffness.



40 L. Kagemann, J. Candiello and G. Wollstein et al.

most stable AFM measurements are to be found in the softer posterior-most region
of the TM (Figs. 2 and 3). However, limiting assessment to the softest region of the
TM, by definition, biases the measurements to lower values.

The establishment of the level of measurement noise is necessary for power
calculations in future studies. The present data also provides some insights into
the reality of expected variability within individual tissue sections and individual
eyes. The unexpected finding of a predictable pattern of regional variation within
individual tissue slices, representing a predictable “normal” pattern of TM softening
deep within the angle, may in itself serve as a biomarker for disease. However, in
the present study, the tissue was completely relaxed, having been sectioned from
a donor eye. It is possible that this pattern may be altered in living eyes due to the
influence of muscle activity within the TM itself, as well as via influence of ciliary
muscle activity transmitted to the TM via connecting tendons.

Regional differences throughout the eye suggest a need for a comprehensive
assessment of TM stiffness. We do not yet fully understand the relationship between
varied levels of TM stiffness and regional outflow. However, the presence of softer
TM in the posterior location is consistent with histological observations in older
eyes, specifically of pigment deposition in the TM adjacent to Schlemm’s canal,
but not anterior, marking posterior TM as the area of active flow.? In this study, we
found the posterior TM to have lower stiffness, also consistent with the hypothesis
that regions of active outflow have lower TM stiffness.

The present study has several limitations. As the primary purpose of the study
was to determine expected variability when measuring TM stiffness in a single eye,
multiple sections from only one eye were used. Data from one eye are not gener-
alizable to the population, and further studies are needed. However, the pattern
observed in this human donor eye agrees with previous published findings in a
rodent model.* Surprisingly, despite measuring stiffness from an individual eye,
the present study demonstrated that a wide range of stiffness values is present
in an eye. Until we better understand the meaning of this range of values, an
individual mean may not adequately quantify TM stiffness. The data suggest that
tissue samples from numerous locations around the TM are needed, and within
each sample, the anterior-posterior location should be documented. Further, in
the present study, a pyramidal-tipped AFM probe was used. These tips are known
to yield higher estimations of cell stiffness than spherical tips, but are valid for
measurements in soft tissue.”” Previous studies have elected to use a probe with a
spherical tip.” The use of a pyramidal tip may yield stiffness estimates more affected
by the TM cell cortex, but stiffness estimates in the present study ranged from a few
to several hundred kilopascals; far larger than the small differences observed when
comparing spherical and “sharp” AFM probe tips.® There was good agreement
between thefirst and second measurements of the tissue slices, suggesting that the
performance of the pyramidal tipped AFM probe was reproducible (Fig 3). Finally,
rehydrated tissue sections were used in the present study, as opposed to fresh
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whole-tissue sections. This is an accepted and previously published technique in
the measurement of stiffness of the biological ophthalmic structures.?*?*

AFM reveals local patterns of TM stiffness in the human eye. The relationship
between this array of stiffness levels, morphology, and outflow has yet to be
determined in either cadaveric flow models, or more importantly, in living healthy
and glaucomatous eyes. Wide regional variation suggests that single value does
little to fully describe the complex array of TM stiffness levels within the eye, and
future studies of TM stiffness assessed by AFM should include multiple tissue
samples from each eye, with documentation of the anterior-posterior location of
each measurement.
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Abstract

Purpose: Rigorous clinical testing has established that Schlemm’s canal cross-sec-
tional area (SC-CSA) is reduced in glaucomatous eyes. However, to date, it is unclear
whether trabecular bypass procedures impact the morphology of the proximal
aqueousoutflowtract,oriftheintroduction of alocal region of low outflow resistance
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adversely affects SC-CSA elsewhere, specifically presenting as SC diminution. This
study quantifies changes in the morphology of the distal outflow pathway after
iStent Trabecular Micro-Bypass stent (Glaukos Corp, Laguna Hills, CA, USA) implan-
tation in living eyes by anterior segment optical coherence tomography (OCT).
Design: This was a prospective observational study.

Subjects: This study included six patients (eight eyes) with primary-open angle
glaucoma.

Methods: Patients underwent iStent placement in the nasal anterior chamber angle
quadrant. OCT imaging was obtained of both nasal and temporal eye quadrants
before and after surgery. For each SC parameter, an average of ten consecutive,
evenly spaced measurements were manually obtained over a 1 mm segment of SC
on FlJI ImageJ. Linear mixed effects modeling quantified the effect of the iStent on
these parameters.

Main outcome measures: Main outcome measures were changes in SC-CSA, inner-to-
outer wall distance (I0D), and trabecular meshwork (TM) thickness following iStent
placement.

Results: Following iStent placement, total SC-CSA increased an average of 1,039.12
pum? (P =0.05). Individually, there were no significant changes in SC-CSA in the nasal
or temporal quadrants. Total SC-I0D and nasal SC-10D increased an average of 2.35
pm (P=0.01) and 2.96 um (P =0.04), respectively. There were no significant changes
in temporal quadrant SC-10D. There were no significant changes in TM thickness in
either quadrant.

Conclusions: Implantation of the iStent Trabecular Micro-Bypass stent significantly
increases SC-10D in the nasal quadrant at the location of implant, with no evidence
of SC diminution in the temporal quadrant. It remains unclear how these observa-
tions relate to the surgical efficacy of trabecular bypass procedures.

Keywords: glaucoma, iStent, outflow, Schlemm’s canal, trabecular meshwork

1. Introduction

Glaucoma is the second leading cause of irreversible blindness in the world.* While
elevated intraocular pressure (IOP) is a known risk factor for the development and
progression of this disease,*” changes in eye morphology have also been observed.
IOP is maintained through a tightly regulated equilibrium of aqueous humor
formation and elimination.® Aqueous humoris eliminated from the anterior chamber
of the eye through an outflow system consisting of the trabecular meshwork (TM),
Schlemm’s canal (SC), and aqueous vasculature (veins and collector channels),
and lastly, scleral veins connecting to the venous circulation.’ In the presence of
glaucoma, critical outflow structures appear to narrow,'® which may alter the eye’s
ability for aqueous humor elimination.
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In normal eyes, the location of greatest resistance to outflow is the juxtacanalic-
ular tissue and inner wall of SC, the interface between SC and the TM.%12 |n recent
years, surgically-inserted micro-bypass devices such as the iStent (Glaukos Corp,
Laguna Hills, CA, USA) have been shown to effectively lower IOP.2*18 This L-shaped
device, typically inserted in the nasal quadrant, transverses the juxtacanalicu-
lar tissue and TM and is believed to create a low-resistance channel between the
anterior chamber and SC. This low-resistance channel increases aqueous humor
outflow, and decreases IOP as a result. While it is likely that insertion of the iStent
will alter the morphology of SC at the site of implantation, introduction of a localized
low-resistance outflow pathway may alter the morphology of the SC elsewhere in
the eye as the pattern of outflow is altered.

Previously, we have been able to image the primary aqueous humor outflow
system in living human eyes, and observe decreased SC cross-sectional area
(SC-CSA) in response to acutely elevated IOP.**%! Furthermore, the SC-CSA is known
to decrease in patients with primary open-angle glaucoma.’®*223 It is not known if
iStent insertion relieves SC-CSA diminution at the site or implant, or, exacerbates
it elsewhere. The purpose of this study was to investigate the effects of iStent
insertion on outflow system morphology using spectral domain optical coherence
tomography (SD-OCT Bioptigen, Research Triangle Park, NC, USA), both at the site
of implantation within the nasal quadrant, and in the opposing temporal quadrant.

2. Methods

All subjects were recruited in accordance with the tenets of the Declaration of
Helsinki and the United States Health Insurance Portability and Accountability
Act. This study was approved by the institutional review board of the University of
Colorado (CO, USA), and all subjects provided written informed consent prior to
participation.

2.1 Subjects

Subjects were enrolled at the University of Colorado Eye Center. Patients undergoing
placement of iStent Trabecular Micro-Bypass device for primary open-angle
glaucoma were recruited for this study. Subjects were imaged by SD-OCT before
and after iStent. Images were obtained from both the nasal quadrant adjacent to
iStent insertion, and also the temporal quadrant 180° from the insertion site. With
the exception of one patient, all postoperative images were obtained within the
one-month postoperative period.

2.2. iStent placement
All iStent insertions in this series were performed by glaucoma surgeons on the
faculty of The Rocky Mountain Lions Eye Institute, University of Colorado Health
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Sciences Center. Phacoemulsification with intraocular lens implantation was
performed through a temporal corneal incision, with subsequent implantation of
the iStent device in the nasal quadrant. The device was introduced through the
temporal corneal incision and inserted through the TM and into SC via ab interno
gonioscopy guidance. iStent was placed in the nasal quadrant in each eye; at the 3-4
o’clock position in right eyes and at 8-9 o’clock in left eyes.

2.3. Measurement of SC parameters

To ensure image consistency, all SD-OCT images were obtained in an office setting
within the University of Colorado Eye Center and using the same scanner. Nasal and
temporal quadrants were both imaged before and after iStent placement. Images
were subsequently processed using 3D neighborhood averaging and contrast
limited adaptive histogram equalization to improve discriminative resolution of SC
and other outflow structures.? To account for variability of SC and outflow structure
morphology, each measured parameter was obtained by taking an average of 10
consecutive, evenly spaced, measurements over a 1 mm segment of each 4 mm
scan. Parameters were measured using FIJI (ImageJ, http://imagej.nih.gov/ij)
image-processing software.

To measure TM thickness, we employed a previously described technique of
fitting three perpendicular measurements from the anterior, middle, and posterior
aspects of SC to the anterior chamber.?®* These three measurements were averaged,
producing one measurement of TM thickness. SC-CSA was measured via manual
segmentation,” and SC length was measured via a single linear measurement of the
SC anterior-posterior axis (Fig. 1). Lastly, SC inner-to-outer wall distance (SC-10D)

Fig. 1. (A) SD-OCT image of a living human eye. (B) Measurement of SC parameters: (a) three
perpendicular measurements of TM thickness from anterior, middle, and posterior of SC
to the anterior chamber; (b) SC-CSA; and (c) SC length measured via linear measurement
of SC anterior-posterior axis.
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was calculated by dividing SC-CSA by SC length. Complete blinding of the measuring
process was not possible, as the iStent device was visible in postoperative scans of
the nasal quadrant.

2.4, Statistical analysis

Statistical analysis was performed using the R Language and Environment for
Statistical Computing software (version 3.2.2). Preoperative and postoperative SC
and TM parameters were compared using a linear mixed-effects model. Separate
comparisons were made for both the nasal and temporal quadrants. To compare an
average outflow response across the limbus, a total value of each preoperative and
postoperative parameter was also calculated. Continuous variables were compared
using paired t-test. Statistical significance was defined as P < 0.05.

3. Results

Eight eyes from six patients with primary open-angle glaucoma were included in the
analysis, four female and two male. Mean patient age was 75.5 years (range: 65 to
90 years). Patients underwent iStent placement between October 2012 and August
2014. Preoperative imaging was obtained a median of 7 days prior to surgery (range:
0 days to 31 days), and postoperative imaging was obtained a median of 8 days after
surgery (range: 1 to 50 days).

3.1. I0P and medications

Median I0P and number of ocular anti-hypertensive medications did not vary con-
siderably throughout the study period (Table 1). One patient (1 eye) failed to return
for IOP measurements at months 3, 6, and 12.

3.2. TM thickness

There was no consistent change in TM thickness following iStent insertion. No
significant change in TM thickness was observed in either the nasal or temporal
quadrant, and likewise there was no significant change in overall total TM thickness
(Table 2).

Table 1. Patient response to iStent insertion over one year

12(11-15) |13.5(11-22) 13 (9-14)

2(1-3) - 1(0-3) 1(0-3) 1(0-3)

IOP: intraocular pressure
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Table 2. Changes in SC and TM morphology following iStent placement

3,321.08 (1,464.66)

4,570.92 (1,212.91)

1,039.12

3,398.39(1,136.91)

4,743.45 (1,323.24)

1,345.06

3,242.76 (1,847.33)

4,312.14 (1,160.34)

580.22

226.68 (51.80)
248.79 (27.04)

264.30 (54.17)
285.03 (53.00)

36.24

204.57 (63.23) 233.20 (44.41)

187.51 (69.46)
180.83 (52.73)

194.20 (87.90)

222.29 (119.20)
247.29 (142.66)

184.78 (74.72)

66.46

14.37 (3.63)
13.47 (3.23)
15.26 (4.08)

17.18 (2.51)
16.43 (2.67)
18.32 (2.05)

2.961
145

CSA: cross-sectional area; 10D: inner-to-outer wall distance; SC: Schlemm’s canal; SD:
standard deviation; TM: trabecular meshwork
*indicates P=0.01; f indicates P = 0.04; # indicates P =0.05

3.3. SC parameters

Overalltotal SC-CSAincreasedfollowingiStentinsertion (P=0.05). Whenexamining
each quadrant individually, an increasing, but not statistically significant, trend
in SC-CSA was observed in both the nasal and temporal quadrants (P = 0.10
and P = 0.45). There were no significant changes in SC length overall (P = 0.18).
Furthermore, nosignificant changes were observed in either the nasal ortemporal
quadrant individually (P=0.22 and P = 0.64, respectively) (Table 2).

An overall trend of increasing SC-IOD was observed after iStent insertion. Total
SC-10D and nasal quadrant SC-I0OD increased significantly (2.35 micrometers;
P=0.01 and 2.96 micrometers; P = 0.04). There were no significant changes in
temporal quadrant SC-10D following iStent insertion (1.45 micrometers; P = 0.24)
(Table 2).
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4, Discussion

We found that insertion of the iStent micro-bypass device significantly increased
the width of SC, as measured by the SC-I0OD parameter, in the nasal quadrant
adjacent to the point of insertion. Additionally, a non-significant trend of
increasing SC-CSA was observed within the nasal quadrant. There were no
significant changes to SC parameters in the temporal quadrant observed. This
may suggest that introduction of a local region of reduced outflow resistance
within the nasal quadrant does not alter outflow structures elsewhere in SC.

Bahler et al. have shown that insertion of a single iStent device increases ocular
outflow facility of normal enucleated eyes by 84%.% Similarly, Fernandez-Barri-
entos et al. demonstrated an increase in outflow facility by 157% in living human
eyes following insertion of 2 iStent devices.”” Yuan and colleagues have mathe-
matically modeled outflow facility following iStent insertion, and predicted that
TM bypass may result in increased SC pressure, reflecting that of the I0P. This
increased pressure may then cause dilation of SC and higher flow rates within
the SC and downstream collector channels, resulting in the observed increased
outflow facility.?® The present study suggests that bypass of the TM may in fact
dilate the SC locally, perhaps due to increased pressures from aqueous humor
inflow. As previously demonstrated, the SC is a dynamic structure, collapsing
in response to glaucoma and acutely elevated IOP.2*%2223 Ag these conditions
promote collapse of SC structures, increasing inflow and pressure within the SC
may promote local dilatory effects.

The dilatory effect of iStent implantation has been noted in a published case
study. Gillmann et al. found a SC diameter of 390 micrometers after implanta-
tion of two devices in a 74-year-old female patient.?® The authors compared their
finding to the observed average SC diameter of 122 um, suggesting a device
effect and not an idiopathic finding. While the effect of implantation appears to
be large, note that the SC diameter was compared to a normative average SC
diameter of 122 micrometers, and not a pre- vs post-surgery comparison. Also,
the authors used two devices, as compared to the single device implantation
employed in the present study. Nevertheless, the observation of larger-than-ex-
pected SC diameter supports the hypothesis that iStent implantation has a
favorable impact on outflow structure morphology.

We consider an alteration of outflow morphology to be favorable if it is
associated with increased aqueous humor outflow facility. In a recent study of
distal outflow structure filling before and after iStent implantation, Huang et al.
observed subjective improvements in the filling of outflow structures by angio-
graphic methods.*® Using indocyanine green (ICG) to establish baseline flow
patterns, and fluorescein to describe post-implant filling patterns, the authors
found improved filling patterns regions characterized by poor filling at baseline,
as well as those characterized by faster baseline filling. This suggested that iStent
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implantation had a favorable effect on outflow whether implanted in regions
of low or high baseline.?® Taking these findings and those of the present study
together, there appears to be structure/function agreement between alterations
in outflow morphology within SC, and outflow as represented by angiography
immediately after device implantation. However, these findings are unable to
predict if this synergistic structure/function relationship persists long-term.

An interesting finding from this study was the trend of increasing temporal SC
parameters following iStent insertion. As previously mentioned, we hypothesized
that iStent may result in SC dilation in regions adjacent to the nasal insertion site.
As aqueous humor outflow facility increases in this region, we predicted a collapse
in outflow morphology in more distant regions. This prediction was based on the
assumption that aqueous humor would drain predominantly from the dilated
regions closest to the iStent device and with the highest outflow facility. As a
result, we predicted that distant SC regions may experience lower pressures
and ultimately collapse. This, however, was not observed. It is possible that SC
patency is either maintained or increased circumferentially across the entirety of
the ocular limbus. Previous work has described the presence of myofibroblast-like
cells and direct insertions of the ciliary muscle within the TM.3%32 Both relaxation
of these myofibroblast-like cells and contraction of the ciliary muscle can reduce
outflow resistance, and it may be possible that these structures play a role in
maintaining the patency of the distal outflow structures relative to the point of
iStent insertion.

This study had several limitations. First, this study included a small patient
sample from a single institution, which may affect the generalizability of its
findings. Additionally, our protocol did not dictate a specific time window
for which patients were required to obtain postoperative imaging. In order
to maximize recruitment, all available post-implant visits were used. Despite
these limitations, a statistically significant difference in SC-I0OD was detected in
the nasal quadrant, suggesting that iStent opens the SC adjacent to its point of
insertion. Another potential limitation of this study is the ability of current SD-OCT
to discriminate the smallest structures of SC with adequate resolution. Attempts
to improve this discriminative ability and resolution of commercially available
SD-OCT were made through the technique of averaging, as has been demon-
strated in previous studies.'®?* Despite potential error in estimation of true SC
parameters such as SC-CSA, SC length, and ultimately, the calculation of SC-10D,
the limited resolution of commercial SD-OCT capabilities were able to detect a
significantincrease in SC-10D in the nasal quadrant following iStent insertion. This
study serves as a starting point for understanding the important morphological
effects surgically implanted devices such as iStent have on the living human eye.
Lastly, our study was limited by the natural variability of SC across its circum-
ferential course around the eye. Because the SC is not uniform circumferentially
around the eye, changes in SC parameters, both nasally and temporally, may vary
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individually with the location of iStent placement. Furthermore, measurement
of SC parameters at one location may considerably differ from other measure-
ments taken nearby. To minimize this potential error, we employed an average
of consecutive, equally spaced, measurements across a 1 mm sample in order to
obtain each SC parameter, an important technique we have previously demon-
strated.’®* Thus, each measurement was not a random sample of each parameter,
but an average of these parameters across a 1 mm section. Ideally, in order to fully
ascertain the mean response of SC parameters following iStent, a 360° scan of the
entire limbus and SC would need to be developed.

5. Conclusion

iStent implantation significantly increases SC-IOD in the nasal quadrant, while
leaving structures in the temporal quadrant unaffected. These results could
influence the surgical decision of implantation in more than one quadrant, as
previously suggested. Indeed, multiple devices may be able to increase dramat-
ically the IOD in other parts of the TM circumference and thus facilitate aqueous
humor outflow. Looking at the collector channel location and adjusting implan-
tation to the individual SC’s and distal outflow structure morphology might be a
valuable approach for future studies and clinical outcomes.
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Abstract

Purpose: To examine the relationship between the cardiovascular status and
variations in optical coherence tomography (OCT)-derived parameters of the
peripapillary and macular tissues, and macular vascular flow area measured by
optical coherence tomography angiography (OCTA) in healthy subjects.

Design: Prospective, open-label, non-randomized clinical study.

Methods: Twenty one eyes of 21 healthy subjects were analyzed using a swept-
source device, including OCT and OCTA acquisitions. Cardiovascular changes
were investigated by performing a practical hand-grip test (HGT). Blood pressure,
heart rate, OCT and OCTA structural and vascular changes were measured and
analyzed before and after the HGT-induced exercise.

Results: The mean patient age was 34.0 (+ 15.2) years. While both diastolic and
systolic blood pressures increased significantly after exercise (p < 0.001 and
p= 0.003, respectively), the heart rate did not show a significant increment
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(p=0.182). OCT structural parameters of the optic nerve did not change sig-
nificantly. Instead, a significant redistribution of choroidal thickness (CT) was
observed in the macular region, with a significant reduction (-6.5%, p = 0.001)
in the outer-nasal macular sector after exercise. OCTA acquisitions did not show
changes in the vascular density of both the superficial retinal layer and deep
retinal layer.

Conclusions: We demonstrated that HGT-induced exercise can moderately elevate
blood pressure without detectable effects on OCTA-derived parametersin healthy
young subjects. Moreover, it produced a significant redistribution of CT. Further
studies are needed to better explain the possible role of HGT in the characteriza-
tion of the pathophysiology of ocular diseases associated with abnormalities of
the vascular function such as glaucoma, age-related macular degeneration, and
diabetic retinopathy.

Keywords: choroidal thickness, exercise, hand-grip test, ocular blood flow, optical
coherence tomography, retinal vessels

1. Introduction

The retina represents one of the most metabolically active tissues in the body,
since it receives a double blood supply deriving from both the retinal and
choroidal circulations.* The growing interest in studying the retinal and choroidal
structure and blood flow relies on the possibility of further understanding the
pathophysiology of potentially blinding disorders such as age-related macular
degeneration, glaucoma, and diabetic retinopathy. Nowadays, optical coherence
tomography (OCT) represents a widely used non-invasive imaging technique to
assess changes in the structure of the different anatomical regions of the retina
caused by pathologic processes. Several imaging methods are also available to
assess the retinal and choroidal blood flow; however, to date, none has been
recognized as gold standard.** Laser Doppler flowmetry (LDF) is a non-invasive
technique that measures the Doppler shift caused by the movement of erythro-
cytes.> Several studies analyzed the different factors influencing choroidal blood
flow measured by LDF during isometric exercise, showing the complex regulatory
mechanisms associated with variations in mean arterial pressure (MAP),
intraocular pressure (IOP), and ocular perfusion pressure (OPP).%" Furthermore,
laser speckle flowgraphy is another novel non-invasive technique based on
the interference phenomenon, and it has shown reproducible data and a good
reliability profile with LDF in the study of choroidal blood flow.® Doppler optical
coherence tomography (Doppler-OCT) is another diagnostic tool studied for the
retinal and choroidal analysis; however, further in vivo studies are needed in
order to better clarify its clinical reliability.°
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Optical coherence tomography angiography (OCTA) is a novel, non-dye-based
imaging technique for visualization and assessment of the retinal vasculature.’**2
Alnawaiseh et al. were the first to use OCTA to evaluate the variations induced by
exercise in the retinal vascularization of healthy subjects. The authors found a
significant change in flow densities associated with systemic cardiovascular mod-
ifications (blood pressure [BP]).* Understanding the relationship between the
patient’s cardiovascular status and OCT/OCTA measurements is meaningful to
the clinician because altered cardiovascular status may affect the measurements
of the exam, potentially leading to misinterpretation of the results. Moreover, a
hand-grip exercise that dynamically changes the results of OCT/OCTA could help
to elucidate the pathophysiology of ocular diseases as recently showed for central
serous chorioretinopathy, where an impairment of retinal vessel autoregulation
was reported.*

In this study, we investigated the changes induced by a practical hand-grip test
(HGT) on the OCT-derived parameters of the peripapillary and macular tissues and
on the macular vasculature measured by OCTA in healthy subjects.

2. Methods

2.1. Baseline visit

This study enrolled healthy volunteers of both sexes all with ages above 18 years
and without any systemic or ocular disease. The research was conducted at
Clinica Oculistica, Ospedale Policlinico San Martino - IRCCS, Italy from January to
March 2018. All procedures followed the tenets of the Declaration of Helsinki and
informed consent was obtained from all the subjects. All the subjects completed a
full ophthalmological examination, including best-corrected visual acuity (BCVA),
slit-lamp examination, IOP measurement with Goldmann applanation tonometry.
Optical biometry by Lenstar LS 900 (Haag-Streit AG, Koniz, Switzerland) was used to
measure the axial length and central corneal thickness. Pupil dilation was obtained
with tropicamide 1% eye drop (Visumidriatic, Visufarma Spa, Italy) and fundoscopy
was performed using a 90-diopter hand-held lens. Eyes with a history of previous
intraocular surgery as well as subjects affected by any systemic disease, diabetes,
hypertension and other ocular or systemic disorders known to impair the diagnostic
procedures were excluded. Eyes were also excluded if they had BCVA worse than
0.10 LogMAR and a refractive error outside the range -6.00 to +3.00 D. Each subject
was asked to refrain from smoking and caffeine intake for at least 60 minutes before
any examination to minimize the influence of these substances on the cardiovas-
cular parameters.’ Blood pressure (BP) and heart rate (HR) were measured using
an automated sphygmomanometer (HEM-907, Omron Europe B.V, The Netherlands)
with subjects in a seated position, after at least a five-minute resting period. The
resting BP value was considered as the average of two readings taken at least five
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minutes apart in the same arm. The arm selected for the measurements was the
non-dominant and the sphygmomanometer wrist was set at the level of the heart.
One qualified eye was randomly selected as the study eye, and underwent OCT and
OCTA assessment (details below).

2.2.0CT

Asingle, wide-field, swept-source OCT scan (DRI OCT-1 Atlantis, Topcon, Inc., Tokyo,
Japan) was completed. The wide-field SS-OCT scan consists of a9 x 12 mmrectangle
that covered both the macular and disc regions and is formed by 256 b-scans, each
with 512 a-scans. Only scans with an image quality index above 40 were considered
for analysis. All images were reviewed for segmentation errors. Circumpapillary
retinal nerve fiber layer (cpRNFL) and choroid thickness were extracted using
the OCT instrument’s software in the following quadrants and sectors: temporal,
temporal-superior, temporal-inferior, nasal, nasal-superior, and nasal-inferior.
Retinal and choroidal thicknesses were analyzed accordingly with the nine macular
sectors defined by the Early Treatment Diabetic Retinopathy Study (ETDRS) (center,
inner-temporal, inner-superior, inner-nasal, inner-inferior, outer-temporal, out-
er-superior, outer-nasal, and outer-inferior).

2.3.0CTA

OCTA scans were acquired immediately after structural OCT, with the same
instrument. The scans were taken from a 4.5 x 4.5 cube, with each cube consisting
of 320 clusters of four repeated b-scans centered on the fovea. The automated layer
segmentation performed by the OCT instrument software (IMAGEnet 6, Topcon)
displayed en-face images of the microvasculature of the superficial retinal layer
(SRL) and deep retinal layer (DRL) in the central region and four quadrants (superior,
inferior, nasal, and temporal). The instrument’s segmentation software defines the
en-face slab for the SRL from 2.6 um beneath the internal limiting membrane to 15.6
pum beneath the interface of the inner plexiform layer and inner nuclear layer (IPL/
INL). The DRL slab was considered from 15.6 um beneath the IPL/INL to 70.2 pm
beneath the IPL/INL. All images were reviewed for segmentation errors for the SRL
and DRL. Vascular densities of the SRL (vd-SRL) and DRL (vd-DRL) were calculated
using the instrument’s software.

2.4. Hand-grip exercise and OCT measurements

The experimental protocol was adapted from the work of Cardillo Piccolino et al.**
After cardiovascular and OCT measurements at rest, the HGT was then performed
on the dominant side by using a Jamar hand dynamometer (Lafayette Instruments,
Lafayette, IN, USA). The subject was asked to squeeze the handle three times with
their maximum hand strength, and 30% of the mean of the measurements was
recorded. Then, the subject was asked to performthe hand-grip exercise maintaining
30% of their maximum hand strength for 3 to 5 minutes. OCT and OCTA scans were
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performed in the same eye of the resting measurements after two minutes from the
start of the isometric effort. BP and HR were also measured.

2.5. Statistical analysis

In descriptive statistics, variables were summarized as means and standard
deviation. Comparisons between resting and exercise values for each parameter
were performed with the Wilcoxon signed-rank test. P values less than 0.05 are
considered statistically significant. Because multiple tests were performed of the
same dataset, the Benjamini-Hochberg procedure was used to correct for the false
discovery rate to avoid that p values less than 0.05 were purely by chance. Com-
puterized statistical analyses were performed with STATA software (version 15.1,
STATACorp, TX, USA).

3. Results

We analyzed the data of 21 eyes of 21 subjects. All the OCT and OCTA scans had
an adequate quality (image quality index > 40), and no segmentation errors were
detected. Table 1 summarizes the demographics and ocular characteristics of the
enrolled healthy subjects. The mean (t standard deviation) age was 34.0 (+ 15.2)
years and 66.7% were women. The dominant hand, which performed the HGT, was
the right for 18 (85.7%) subjects. Hence, only 3 (14.3%) subjects had BP assessment
in the right arm. Table 2 shows the changes in the cardiovascular parameters before
and during HGT. Both diastolic and systolic BP significantly increased, whereas the

Table 1. Demographics and ocular characteristics of the study subjects

34.0 (£15.2)
14 (66.7%)
12 (57.1%)
13.6 (+2.5)
545 (+ 30)
23.6 (+0.8)
-0.85 (+2.13)
0.00
33.7(+8.6)
18 (85.7%)

CCT: central corneal thickness; IOP: intraocular pressure; N: number of eyes
Data are number (%) or mean (+ SD).
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Table 2. Cardiovascular changes of the study subjects

76.3 (+8.6) 88.9 (+11.7) +12.6 (+10.5)
1232 (£15.3) [135.2(+19.0) |[+12.0(+16.3) |0.003
84.3 (£19.2) 89.1 (+20.8) +4.8(+13.6) 0.182

BP: blood pressure; bpm: beats per minute
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Fig. 1. The effect of exercise on diastolic blood pressure.
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Fig. 2. The effect of exercise on systolic blood pressure.
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HR increment was not statistically significant. Figures 1 and 2 show the effect of
exercise on diastolic and systolic BP. The majority of subjects were located above
the ‘no effect’ line. One and four subjects were located below the ‘no effect’ line for
the diastolic and systolic parameter, respectively. Mean percentage changes during
exercise were +16.5% and +9.7% for diastolic and systolic BP, respectively. Table 3
shows the structural changes in the cpRNFL and choroidal thickness (CT) assessed
via OCT. After correction for the false discovery rate, none of the structural OCT
parameters of the optic nerve changed significantly. When analyzing the structural
changes of the retinal and choroidal tissues in the macular region (Table 4), we
observed a statistically significant redistribution of CT. Namely, the outer-nasal
sector showed a mean reduction of -6.5% (p = 0.001) during the isometric exercise.
As shown in Table 5, no significant vessel density changes in the SRL and DRL were
measured by OCTA.

Table 3. Circumpapillary retinal nerve fiber layer and choroidal thickness assessed by optical
coherence tomography

0.766

0.048

0.1499
0.1243
0.9609
0.1647
0.4538
0.3179
0.3321
0.1436
0.4803
0.6498

cpRNFL: circumpapillary retinal nerve fiber layer thickness; cpChoroid: circumpapillary
choroid
Data are mean (SD).
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Table 4. Retinal and choroidal thicknesses in the macular region assessed by OCT

305 (£ 5) +1(%3) 0.1128
316 (+12) | +8(£38) 0.3153
317 (£ 11) +2(+9) 0.3473
314 (+13) | +9(x42) 0.3378
263(+11) [-1(x7) 0.7182
274 (+ 8) +6 (£25) 0.2788
290 (+10) |[-2(x8) 0.3756
269 (£10) | +8(x26) 0.1849
280 (+9) +1(+14) 0.7045
278 (+ 65) -2(+7) 0.2259
264 (+70) -1(+14) 0.7124
243 (£ 71) +1(x9) 0.5662
278 (+65) +1(x11) 0.6760
264 (+52) |[-2(x7) 0.2812
253(+68) |[-2(x9) 0.4247
189 (+73) | +1(+5) 0.4138
246 (£58) -16 (+20) 0.0014*
103 (+11) | -3(x8) 0.1277

*P-value remained statistically significant after correction for the false discovery rate. Data
are mean (SD).
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Table 5. Macular vessel density assessed by OCTA

(+4.1) |47.2(*53) |[-0.1(x6.5) |0.9428
.5(+£3.5) 16.9 (+4.3) +0.4(£2.3) |0.4324
9(+3.3) |45.1(x2.5) |+2.3(x2.7) |0.0127

(£2.7) |46.8(x2.6) |[+0.3(x2.6) |0.6206
0(+2.6) |40.5(x2.1) |+0.5(x2.5) |0.3847
4(+8.0) |51.6(x2.4) |-08(+8.2) |0.6636
3(+4.4) |16.2(x4.3) |+0.9(x3.7) |0.2656
A4(+49) |497(3.6) |-07(+3.5) |0.5506
0(x2.6) |49.0(x2.6) |0.0(+x3.3) |0.9847
6(£2.0) |43.1(x1.9) |-0.4(x2.5 |0.4429

vd-DRL: vessel density of the deep retinal layer, %; vd-SRL: vessel density of the superficial
retinal layer, % Data are mean (SD).

4, Discussion

In the present study, we tested the hypothesis that perturbation of the cardiovas-
cular status caused by an isometric exercise significantly affects the structural and
vascular OCT measurements. We found that only slight changes in the CT in the
macular region occurred during the exercise.

Recently, Cardillo Piccolino et al. applied a similar methodology to demonstrate
an increase of retinal blood flow in central serous chorioretinopathy patients.
They also found no significant changes in the control group of age-matched
healthy subjects using 85-kHz spectral-domain OCT with a wavelength of 870 nm.**
Conversely to the Cardillo Piccolino’s study, we used 100-kHz swept-source OCT
with a wavelength of 1050 nm, allowing better penetration of light into the choroidal
tissue and thus, better delineation of the sclero-choroidal junction and reliable CT
measurements.'® Swept-source OCT allows automatic analysis of CT in the peripap-
illary and macular area, which seems to be related to choroidal blood flow.'" After
the isometric exercise, the redistribution of choroidal blood flow appears to cause
the reduction of the CT detected by swept-source OCT.

In healthy eyes, retinal blood flow is highly autoregulated by an intrinsic
mechanism that changes the myogenic tone accordingly to the perfusion pressure,
whereas choroidal circulation is mainly controlled by the extrinsic autonomic
innervation.’®2° Namely, the reduction in choroidal blood flow is driven by the
sympathetic nervous system, while the increases are driven by the parasympathetic
nervous system.?! The HGT can cause a reduction of the parasympathetic nervous
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system, followed by an increase of sympathetic stimulation.?? As shown in Figures
1and 2, the HTG elicited an increase in diastolic and systolic BP in the vast majority
of subjects. However, even for subjects whose BP does not increase, the HTG can
cause changes in the autonomic nervous system which can affect the ocular blood
flow. Changes in the autonomic innervation of the choroid elicited by the HGT may
explain the slight but significant reduction in CT observed in the present study.
Using LDF, Bata et al. also found a reduction of choroidal blood flow during HGT
in a limited number of individuals of a cohort of healthy subjects and glaucoma
patients.??

In a cohort of 40 healthy subjects, Kim et al. demonstrated a reduction of the
vd-DRL after 20 minutes of maximal physical exercise consisting of riding a training
bike reaching 85% of maximum theoretical HR.* The strength of this work is that
Kim et al. obtained changes detectable by OCTA. However, this exercise could be
impractical in the clinical setting compared to the HGT, which is relatively easy to
performandhasbeenvalidatedin manyclinicalstudies.**?*%-2" Alnawaiseh et al. also
showed a reduction of the peripapillary and parafoveal flow density immediately
after a specific training program that included sit-ups, push-ups, squats, lunges, and
rope skipping.!®* Both the intensive program and the training bike exercise reported
in the previously cited studies have caused a greater elevation of BP compared to
our study (after exercise systolic pressure, mmHg: 141.8 + 10.1'%; 167.8 + 13.8* vs
135.2 +19.0, respectively).

This study is not without limitations. One limitation was the lack of 10P
measurement during the exercise since I0P is affected by physical exercise.?®
However, a 3-to-5 minute HGT seems unlikely to cause a considerable change in
IOP, and accordingly, in OPP. Additionally, it is important to highlight that the mean
age of our study population was 34 years (+ 15.2). The results of our study cannot
therefore be generalized to older subjects, since changes in the physiologic cardio-
vascular response to exercise occur with the aging process. The effect of aging on
the relationship between exercise, cardiovascular system, and ocular OCT-derived
parameters need therefore to be further investigated. Further studies are also
needed to investigate the role of gender. Another limitation is the study’s small
sample size. Finally, studies are needed to compare the effect of exercise on OCT-
and OCTA-derived parameters not only in healthy subjects, but also in patients
affected by different ocular diseases.

In conclusion, our study showed that the hand-grip exercise is able to moderately
elevate BP without detectable effects on OCTA-derived parameters in healthy
subjects. We also showed that an easy to perform hand-grip exercise is able
to produce small but significant effects on CT. In healthy subjects, a moderate
elevation of BP seems unlikely to affect OCTA measurements, whereas it can affect
CT. In subsequent studies, the HGT could be used to better define the pathophysiol-
ogy of ocular diseases considered to be associated with impaired vascular function
such as glaucoma, age-related macular degeneration, and diabetic retinopathy.
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