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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



6 L. Carichino, S. Cassani and S. Lapin et al.

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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