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Editorial

Dear Reader,

It is with great pleasure we welcome you to the inaugural issue of the Journal for
Modeling in Ophthalmology! It is our shared vision to present a dynamic multi-disci-
plinary approach towards solving the enigmatic causes of the life altering diseases
of blindness.

Throughout our careers in medicine and mathematics, we have both realized that
the current echo chambers of singular approaches to medicine and mathematics
have produced self-limited contributions to science and medicine. It is likely that
many answers to outstanding questions in vision loss are sitting on the shelves of
clinical researcher’s offices, while the tools to unlock them unknowingly exist across
the street with modeling experts in the schools of science or engineering. “Big data
analysis” is an innovative approach being brought into many facets of business and
computer science, however the barriers of tradition, self-selection, and specializa-
tion have impaired the medical community’s embrace of these concepts. In a sea of
specialized journals, which concentrate solely on clinical or abstract paradigms, our
approach is to bridge the gap between theoretical and applied sciences to improve
understanding of ocular disease processes, identify new biomarkers, develop
advanced screening tools for ocular diseases, and to uncover new therapeutic
targets for improved disease management and outcomes.

Advancements in imaging and medical education have identified many biological
processes involved in ocular disease pathophysiology. The exact mechanisms
involving many identified risk factors and physiological parameters, however,
remains insufficiently described. The tired standard statistical approaches to inter-
preting clinical data continues to provide incremental contributions to understand-
ing ocular pathology, but true breakthroughs to existing hurdles in medicine require
a novel collaborative approach.

Dynamic mathematical modeling has begun to reach new levels of applicability and
holds the potential to reveal previously unseen synergies of risk or protection within
individuals. Many tissues in the eye cannot be visualized with current technolo-
gies, and simultaneous measurements of multiple factors are not possible, leaving
unanswered questions and limited advancement in clinical understanding of the
causes of ocular diseases. Theoretical approaches to solving these issues have a
tremendous potential. For instance, advances in dynamic mathematical modeling
have recently allowed for the exploration of glaucoma risk factor interconnectivity;
providing further insight into glaucoma pathophysiology and eventually may allow
for individualized screening and improved patient-specific treatment options.



Editorial 5

It is with our shared vision of a multi-disciplinary collaborative approach to
preventing ocular disease and blindness that we invite you to join our team. Math-
ematicians, physicians, statisticians, computer scientists, engineers, physicists,
research scientists, and all who seek a fresh approach to dynamic analysis of ocular
diseases are joining together to solve the unanswered questions of vision loss. We
are excited to invite you to join us, collaborate with us, and bring your individual
expertise to the Journal for Modeling in Ophthalmology where the best ideas in
medicine are brought together with the most advanced modeling and big data
analysis available to prevent blindness.

Yours truly,

Alon Harris and Giovanna Guidoboni
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Mathematical modeling and
glaucoma: the need for an
individualized approach

to risk assessment

Alice Chandra Verticchio Vercellint?, Alon Harris!, Jareau Vance Cordell!, Thai Do!,
James Moroney?, Aditya Belamkar?, Brent Siesky*

IDepartment of Ophthalmology, Indiana University School of Medicine, Indianapolis,
IN, USA; 2University Eye Clinic, IRCCS Policlinico San Matteo, Pavia, Italy; *Michigan
State University School of Medicine, Grand Rapids, MI, USA

Abstract

Primary open-angle glaucomais a chronic optic neuropathy characterized by retinal
ganglion cell loss and subsequent visual field impairment. Elevated intraocular
pressure remains the only treatable and modifiable risk factor and vascular
impairment has been demonstrated in glaucomatous patients. New research has
uncovered varying and often contradictory data suggesting more than just a casual
correlation with ethnicity, diabetes, gender, obesity and age. Little is known about
each variables’ contribution to the etiology of glaucoma and how their presence
or absence with other risk factors potentiate or reduce an individual’s overall risk.
The realization that glaucoma is more than a simple, binary disease necessitates
a next-generation mathematical model with the capability to integrate individual
patient characteristics and clinical risk factors to predict its formation and
progression.

Key words: blood flow, disease progression, mathematical modeling, primary
open-angle glaucoma, risk factors

Correspondence: Alon Harris, MS, PhD, FARVO, Director of Clinical Research, Lois Letzter
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Mathematical modeling and glaucoma I

1. Introduction

Glaucoma is the second leading cause of blindness.* Primary open-angle glaucoma
(POAG) is characterized by progressive retinal ganglion cell death and irreversible
visual field loss. To date, intraocular pressure (IOP) is the only modifiable risk factor.*
Despite aggressive medical and surgical treatment, a high percentage of individuals
with normal IOP continue to experience disease progression and visual field
loss.2*® The observed progression of POAG despite aggressive IOP management
suggests that glaucoma is a multifactorial disease with inadequate surveillance
and management.’® Previous clinical studies have shown changes in blood flow in
retinal, choroidaland retrobulbar circulationsin POAG.}*120Over the last few decades,
additional risk factors for POAG have been discovered which include advanced age,
ethnic background, family history of glaucoma, decreased central corneal thickness
(CCT), higher vertical cup-to-diskratios (CDR) of the optic disc, and increased pattern
standard deviation (PSD) values on Humphrey automated perimeter at baseline.*®
Other patient characteristics including diabetes mellitus (DM), gender, and obesity
have been correlated with variation in glaucoma development and differences in
glaucoma progression. The mechanisms by which these factors contribute to POAG
pathophysiology are still largely unknown. It remains unclear which of these factors
are causes or consequences of the disease and whether combinations of different
factors yield similar risk for POAG. Without significant advancement in the current
understanding of the pathogenesis of glaucoma, the impact of this irreversible
blindness on the quality of life worldwide will continue unabated. Due to the het-
erogeneity of the pathophysiology of glaucoma, it is critical to develop a mathemat-
ical model to characterize the probability of glaucoma development and changes in
progression based on patient-specific risk factors and known predictive markers of
glaucoma development.

1.1. Aqueous humor physiology

Aqueous humor is produced by the non-pigmented epithelium of the ciliary body
in the posterior chamber. From there, it flows into the anterior chamber and
exits through the trabecular meshwork and Schlemm’s canal or the uveoscleral
pathway.* This traditional model has influenced both our clinical approach and
treatment of glaucoma for decades. In highlighting the intrinsically complex
interplay of intraocular pressure homeostasis, emerging research in aqueous humor
dynamics demonstrates the presence of a third modifiable outflow pathway.!*¢
This additional outlet involves ocular lymphatics, a tissue previously believed to be
absent in the eye, within the ciliary body itself. While serving as a potential target
for future pharmacological manipulation, this discovery further emphasizes the
need for a robust mathematical model that can be dynamically customized and
implemented as our understanding of glaucoma evolves.
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1.2. Ophthalmological examination in the clinical practice

The ophthalmological examination is a standard tool in ascertaining crucial
information about the overall condition of the patient. The eye is often the first part
of the body involved in systemic diseases; as a consequence, the ophthalmologist is
frequently the first specialist to diagnose a systemic pathology. In particular, several
ophthalmic clinical measurements have an important relevance in this field.”” The
assessment of visual acuity can be used asa tool for early diagnosis of diabetic status:
a decrease in the visual acuity caused by a myopic shift of the refraction can be for
example the first sign of diabetes that causes an increase of the level of the sugar in
the aqueous humor. The examination of the fundus oculi, another important part of
the ophthalmological examination, can also be informative. In fact, the vessels of
the retina represent the only ones in the whole body that can be observed directly
and non-invasively by the physician, which can be used to ascertain systemic vessel
health. In this sense, the diagnosis and follow up of important systemic conditions,
such as diabetes and hypertension, is realized by the periodical examination of the
fundus oculi at the slit lamp. Importantly, the retina and the nerve fibers of the optic
nerve derived embryological from the neural tube and the eye can be considered as
a natural protrusion of the brain. Therefore, neurological disorders can have their
first manifestation in the eye. For instance, optic neuritis is frequently the initial sign
of multiple sclerosis. Other neurological diseases, such as brain tumors or cerebral
ischemia, can be diagnosed with visual field examination, another noninvasive tool
that ophthalmologist use in their clinical practice.

In conclusion, important parts of the ophthalmic exam, such as the evaluation
of visual acuity, fundus examination through slit lamp and visual field assessment,
are noninvasive tools to aid the physician in performing a comprehensive medical
evaluation to determine the overall health of an individual.

1.3. Mathematical modeling and glaucoma
Mathematical modeling consists of translating ‘real-world problems’ into math-
ematical equations whose solutions simulate the behavior of a physical system.®
Statistical analysis of experimental and clinical data is one of the most common uses
of mathematics in medicine. In the context of glaucoma, mathematical modeling
has been used to characterize mechanical response of the optic nerve head (ONH)
with variation in IOP, scleral tension and cerebrospinal fluid pressure (CSFP), as well
as hemodynamic changes in ocular blood flow and regulation in retinal, choroidal,
and ONH vascular beds.’® Several analytical models attempted to characterize
glaucoma progression based on biomechanical changes of the eye, such as scleral
thickness, retinal nerve fiber layer (RNFL) thickness and visual functional data.**
In this review, we will summarize the role of various heterogeneous, confounding
factors (ethnicity, diabetic status, gender, obesity, and age) in the pathophysiolo-
gy of glaucoma, including recent results obtained by our research team in a pilot
analysis of POAG patients over a five-year period. Therefore, we will demonstrate
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the necessity of comprehensive mathematical modeling capable of predicting the
natural course of disease progression, which holds the promise for individualized
patient care by incorporating specific characteristics lacking in current models to
date.

2. Materials and methods

Electronic databases utilized in the search strategy for journal articles included
Pubmed, Google Scholar and Web of Science. Journal article inclusion criteria
were based on open-angle glaucoma risk factors for the following populations:
European descent, African descent, diabetes, gender, obesity and age. The exclu-
sionary criteria implemented included non-African and non-European ancestry
and ophthalmic diseases of intraocular pressure etiology other than open-angle
glaucoma. Key words used in search strategy consisted of primary open-angle
glaucoma, ethnicity, diabetes, gender, obesity, body-mass index, age, intraocular
pressure, risk factors, glaucomatous progression, treatment, mathematical model,
optic-head morphology, visual acuity, ocular perfusion pressure and capillary blood
flow. Articles were also assessed for open-angle glaucoma diagnostic and treatment
paradigms in order to the survey the current literature for up to date methodologies
and approaches. Search parameters for article publication date were configured to
extrapolate the most recent findings.

2.1. Risk and prognostic factors

2.1.1. Ethnicity
Ethnicity is a known modifier of POAG.! Studies have indicated increased incidence
and prevalence of POAG in people of African descent (AD) compared to those of
European descent (ED).}*?>?" These patients have increased risk of developing POAG
atan earlier age and their disease progression is often more rapid.?®3! Furthermore,
structural differences in persons of AD include thinner corneas, higher percentage
of reported DM, high blood pressure and a worse pattern of mean deviation and PSD
for standard automated perimetry fields.3*3235 Despite studies demonstrating the
differences in the development and disease progression of POAG between persons
of AD and ED, the mechanisms underlying this disparity have yet been elucidated.
In previous publications, our research group has demonstrated that AD partici-
pants with POAG had statistically significant lower retrobulbar blood flow velocities
than participants of ED, including lower ophthalmic artery end diastolic velocity,
central retinal artery peak systolic velocity, temporal posterior short ciliary arteries
peak systolic velocity, and nasal posterior short ciliary arteries peak systolic
velocity.*® Individuals of AD with POAG have been reported to also have higher
systolic and diastolic blood pressures than their ED counterparts, including within
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the aforementioned data set.3¢3" Although the studies did not focus on causation
of these blood pressure differences, the higher systemic blood pressure in the
AD cohort with lower localized blood velocity in ocular tissues suggests constric-
tion may be occurring rather than lower delivery force. Whether the systemic and
hemodynamic variation in retrobulbar blood flow observed in subjects of AD is due
to racial ethnicity alone or in combination with other parameters, such as increased
association with DM and systemic hypertension, remains unknown.30-323

To further clarify the relationship between ethnicity and POAG disease
progression, our team analyzed data from a five-year observational study
comparing patients of AD and ED. We identified statistically significant differences
in the changes from baseline to five years follow-up in the nasal posterior short
ciliary arteries end diastolic velocity (p = 0.0430) between participants of AD and
ED. Furthermore, measurement of retinal capillary blood flow by Heidelberg retinal
flowmetry showed an increased area of avascular retinal tissue in subjects of AD
(p = 0.0436) compared to ED. Baseline inferior RNFL thickness assessed by optical
coherence tomography was found to be predictive of structural progression in
patients of ED (p = 0.0048) but not of AD (p = 0.6955), with a statistically significant
difference between groups (p = 0.0379). The results of previous studies and from
our research team suggest that POAG patients of AD have lower retrobulbar blood
flow and more retinal capillary dropout associated with their disease progression
compared to POAG patients of ED. Whether the observable differences in ocular
blood flow between the patient populations is solely dependent on race only or in
combination with other parameters remains unclear. The complexity in the hetero-
geneity of the disease presentation emphasizes the significance of an integrative
mathematical model that is capable of incorporating race, in conjunction with other
known patient’s characteristics, to assist clinicians in predicting patient’s specific
disease progression.

2.1.2. Diabetes

The association between DM and POAG has been widely investigated; however, the
underlying pathophysiology remains poorly understood.*® Several large-scale pop-
ulation-based cohort studies have reported that DM is a significant risk factor for the
development and progression of POAG.**** While others, including the Rotterdam
Study, have shown baseline DM status is not predictive of POAG development at
6.5-year follow-up.* One postulate is that increased CCT in diabetic patients leads
to increased IOP, which, in and of itself, is a major risk factor for POAG progression.*
There is also evidence that diabetes and elevated IOP together cause increased
retinal ganglion celldeath.** Diabetes mayalsolead toincreased risk of POAG through
dysfunctional optic nerve vessels and oxidative damage.* To further complicate
matters, there is a difference in glaucoma development and progression depending
on whether the individual has type-1 diabetes (TLDM) or type-2 diabetes (T2DM).
Patients with TLDM have 5.94 times greater risk of developing secondary glaucoma



Mathematical modeling and glaucoma 11

while patients with T2DM demonstrate a 4.43 times greater risk.** Additionally,
POAG is more common in patients with non-proliferative diabetic retinopathy than
in patients with pre-proliferative or proliferative diabetic retinopathy.*®

Emerging evidence suggests that impaired ocular perfusion pressure (OPP) and
regulation of retinal blood flow observed in diabetic patients contributes to glau-
comatous progression.*® Central retinal artery peak systolic velocity is lower in
DM, which correlates to reduce OPP.*¢ A negative correlation also exists between
retrobulbar blood flow and retinal circulation in DM patients but is absent in non-di-
abetic patients.*

Asseeninthestudies aforementioned, the role of DM in the onset and progression
of glaucoma has not been clearly elucidated. Further to the above-mentioned
analysis, our research group investigated the role of retrobulbar and capillary
blood flow in diabetic glaucoma patients over a 5-year period. In the analysis
of retrobulbar blood flow assessed with color Doppler imaging, a statistically
significant difference from baseline to five-year follow-up was demonstrated in the
resistivity index of the ophthalmic artery (p = 0.0017) and central retinal artery (p =
0.0482) between patients with DM compared to those without DM. In addition, the
evaluation of the capillary blood flow realized by the Heidelberg retinal flowmetry
showed that the area of retinal avascularity at baseline was a predictive factor of
structural progression of the disease after five years in glaucoma patients with
DM (p = 0.0297) but not in those without (p = 0.5924), with a statistically significant
difference between the two groups (p = 0.0352).

Knowing the complexity of the correlation between DM and POAG and the con-
tradictory results of the studies mentioned above, a mathematical model able to
incorporate the diabetic status of the patient could aid clinicians in the decision
making process to diagnose and manage the disease with an individualized
approach.

2.1.3. Gender
Various bodies of glaucoma research have shown incongruent results with respect
to analyzing gender disparities. The Blue Mountain Eye Study showed a higher
POAG prevalence among women while the group Rudnicka-Ashby et al. (2006),
found male participants were more likely to develop open angle glaucoma.*™* The
Framingham and Beaver Dam Eye Studies found that gender was not a risk factor in
the development of glaucoma.*-¢

To date, clear differences in retrobulbar blood flow and its role in glaucoma
between men and women have been presented, while others have failed to
establish any clear correlation altogether. One study found that men had higher
peak systolic velocities, end diastolic velocities, resistive index and pulsatile index
(P1) in the ophthalmic artery compared to women. In the same group, women had
higher peak systolic velocity, end diastolic velocity, resistive index and Pl in the
short posterior ciliary arteries compared to men. Interestingly, these results were
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more significant in the younger groups than in the older groups.*! Yet another group
who measured the hemodynamic parameters of retrobulbar vessels found no sta-
tistically significant difference.>? In an attempt to unveil the intricacies associated
with gender differences, Harris-Yitzhak et al. (2000), showed how young women
and postmenopausal women receiving estrogen exhibited reduced resistive indices
when compared to postmenopausal women not receiving estrogen.*® Younger
women showed greater peak systolic velocity and end diastolic velocity in the short
posterior ciliary arteries versus both postmenopausal groups. Conversely, another
study found no difference in retinal or retrobulbar blow flow measurements in
comparing the effects of Raloxifene on postmenopausal women.>* Retrobulbar
blood vessel caliber analysis in several large studies failed to reveal any differences
between males and females.>**¢ These findings suggest the importance of sex
hormones as viable candidates to explain retrobulbar blood flow differences among
men and women.

In response to the previous contradictory studies, we recently identified, utilizing
color Doppler imaging to measure blood flow velocities in POAG patients, a statisti-
cally significant difference between gender in the change from baseline to five-year
follow-up in the ophthalmic artery end diastolic velocity (p = 0.0241) and central
retinal artery resistive index (p = 0.0496). In addition, the central retinal artery
(CRA) peak systolic velocity (PSV) and end diastolic velocity (EDV) were found to
be baseline predictive factors of structural progression in open-angle glaucoma
patients after five years in males (CRA PSV: p =0.0076; CRA EDV: p = 0.0131), but not
females, (CRA PSV: p = 0.5459; CRA EDV: p = 0.0604) with a statistically significant
difference between the two groups (CRAPSV: p=0.0113; CRAEDV: p =0.0020). These
results further validate gender as an important characteristic in our ever-evolving
glaucoma model and illustrate its capricious nature between men and women.
While monitoring the blood flow velocities in the ophthalmic artery of males to
quantify and track disease burden was highly significant, no equivalent marker was
found in women. The likely mechanism for such varying and confusing study results
will likely be revealed when mathematical modeling is capable of simulating the
multifactorial nature of open angle glaucoma at a personalized level.

2.1.4. Obesity

The rising prevalence of obesity in the United States continues to reach epidemic
levels.*® Correlational analysis from several epidemiological studies presents
conflicting data.**® To date, the precise relationship between obesity and
glaucoma progression remains unclear. In one study, systemic changes associated
with obesity and metabolic syndrome, such as insulin resistance and systemic
hypertension, were shown to be positively correlated with IOP elevation, which is
a risk factor for glaucoma development.®* It was hypothesized that high systemic
blood pressure increases ultrafiltration of the aqueous humor, whereby increasing
IOP. In a different retrospective study, primarily of ED individuals, increased BMI
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(body mass index) was shown to have neuroprotective effects against glaucoma
progression. The study postulated that an increase in translaminar pressure,
indicative of IOP and CSFP differences, damages the optic nerve and contributes
to glaucomatous optic neuropathy. High CSFP may reduce translaminar pressure,
which in turn reduces the risk of glaucoma.%-% Results published by our research
team agreed are congruent with findings in Berdahl et al. (2008).55-°¢ We showed that
there was a negative correlation between IOP and OPP in overweight (BMI 25-30)
and obese (BMI >30) patients; this relationship was not seen in patients with normal
BMI (<25).6" The variation in the results of previous publications further obscures the
relationship between weight and POAG development.

Building upon previous studies on obesity and glaucoma progression, we
analyzed our 5-years prospective study according to patient’s weight. We observed
statistically significant changes between patients of normal weight and obese
patients from baseline to 5 years follow-up in the following parameters: temporal
posterior short ciliary arteries peak systolic velocity (p=0.0118), cup area (p=0.0370),
vertical CDR (p=0.0365), macular thickness inner temporal (p=0.0110) and cup
volume (p=0.0083). When the overall data was analyzed, without consideration
of weight, the change in temporal posterior short ciliary arteries peak systolic
velocity was not statistically significant. This suggests the necessity of analyzing
epidemiological data with patient-specific factors to reveal their correlational rela-
tionship. Moreover, our result on the vertical CDR is varied from a prior publication
by Pedro-Egbe et al. (2013), which showed no statistically significant correlation
between vertical CDR and BML.%¢ Moreover, the baseline BMI category (obese versus
normal weight) was a predictive factor of glaucoma structural progression after
five years (p = 0.0435). We speculate that factors, such as patient’s racial ethnicity,
diabetes, gender, weight, and age, may have contributed to the differences reported
in previous studies.

Given the diverse results from these various studies, including results from
our team, the relationship between obesity and glaucoma progression remains
unsettled. To clarify the effect of obesity on POAG development and progression,
further advancement in current mathematical models is necessary to integrate
multiple demographic parameters to predict disease progression.

2.1.5. Age

Several longitudinal population-based studies have shown that age is a risk factor
for the development of POAG in healthy subjects.*>%™ The risk of developing
glaucoma in subjects who were one year older at baseline was higher by 4% in
the Barbados Incidence Study of Eye Diseases and by 6% in the Rotterdam Eye
Study.**® In the Melbourne Visual Impairment Project subjects aged 40-49 years
old at baseline had a 12-fold lower five-year risk of developing POAG compared to
subjects with an age of 70-79 years old at baseline.™ Older age is also a predictive
baseline factor associated with the development of POAG in patients with ocular
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hypertension, as demonstrated in the Ocular Hypertension Treatment Study and
in the European Glaucoma Prevention Study.”>™ Finally, results from the Early
Manifest Glaucoma Trial have shown that older age at baseline is also a prognostic
factor for the progression of POAG.™

Knowing the importance of the patient’s age not only as a risk factor for the onset
of glaucoma but also as a prognostic factor for the disease progression, the role
of retrobulbar blood flow in patients with POAG of different ages over a five-year
period was investigated in our pilot analysis. The peak systolic velocity (p = 0.0140)
and the end diastolic velocity (p = 0.0373) of the ophthalmic artery and the end
diastolic velocity of the temporal posterior ciliary arteries (p = 0.0086) were found
to be statistically different between subjects aged = 65 compared to subjects aged
< 65 as predictive factors of functional progression. Furthermore, we found that
baseline age was a predictive factor of functional glaucoma progression after five
years (p =0.0098).

As shown by the aforementioned large population studies and by the recent
findings of our research group, age is an important factor in the natural history
of glaucoma, playing a well-established role in the disease development and
advancement. The formulation of a dynamic mathematical model including
subjects’ age is clearly needed to allow clinicians to have a tailor approach in the
diagnosis and treatment of their glaucomatous patients.

3. Conclusion

Our review of previous research shows that POAG patients of varying race, diabetic
status, gender, obesity, and age differ in terms of their initial presentation and
subsequent progression. The manner in which these systemic and ocular physiolog-
ical parameters change, both in terms of structure and function, are highly variable
in disease progression. Additional studies will allow the creation of a dynamic model
needed to understand the highly complex interactions between each of the afore-
mentioned variables, as well as their role in the pathogenesis and natural history of
glaucoma.

Mathematical modeling in medicine is often utilized for its intrinsic ability to
use the predictive values of known risk factors to forecast the development of
certain diseases. Such algorithms have been employed to characterize glaucoma
progression based on biomechanical changes of the eye and its ocular hemody-
namics. However, efforts to quantify the complex nature of these systemic factors
to provide comprehensive modeling of glaucoma development and progression
are incomplete and ongoing. Based on our summarized results in this review, we
advocate for the need to establish mathematical modeling so that the predictive
values of known risk factors can be used to correctly identify patients with the
highest risk of developing glaucoma. This comprehensive dynamic model will
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include vital demographic characteristics, such as race, diabetic status, gender,
obesity, and age that will allow physicians the ability to confidently provide clear,
individualized, evidence based approach for each of their patients.
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Can diagnostic accuracy for early
glaucoma be improved in Japanese?
A trial with a potential new
parameter of the RTVue OCT
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Abstract

Aim: To evaluate the diagnostic accuracy of the ratio of circumpapillary retinal nerve
fiber layer thickness (cpRNFLT) to macular outer retinal thickness (R/O ratio) and
the ratio of ganglion cell complex (GCC) thickness to outer retinal thickness (G/O
ratio) measured with the RTVue-100 Fourier-domain optical coherence tomograph
for detecting early glaucoma in Japanese eyes.

Methods: Forty-seven healthy control, 31 preperimetric and 70 early perimetric
glaucoma eyes. We used cpRNFLT and macular retinal thickness measurements to
calculate new ratio parameters, and to compare their diagnostic accuracy to those
of the manufacturer-provided parameters of the RTVue-100. The ability of each
parameter to diagnose glaucoma was examined by comparing the area under the
receiver-operating characteristics curve (AUROC).

Results: AUROC values for the healthy vs. preperimetric glaucoma comparison were
0.842, 0.859, and 0.925 for average cpRNFLT, average R/O ratio, and average G/O
ratio, respectively. For the healthy vs. early perimetric glaucoma comparison the
AUROC values were 0.927, 0.933, and 0.979 for cpRNFLT, R/O ratio, and G/O ratio,
respectively. Diagnostic accuracy of the R/O ratio and cpRNFLT did not differ signifi-
cantly (P >0.05). Diagnostic accuracy for the G/O ratio was significantly greater than
the cpRNFLT in early glaucoma (P <0.05).

Conclusions: Use of the G/O ratio isrecommended for the detection of early glaucoma
in Japanese eyes.
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1. Introduction

In the last decade, Fourier-domain optical coherence tomography (FD-OCT) has
gained importance for detecting glaucoma.’® A decrease in the circumpapillary
retinal nervefiber layerthickness (cpRNFLT) isfrequently detected inthe early stages
of glaucoma,** although the normal cpRNFLT range is wide: it varies between 79.5
and 131.4 um, and its overlap with cpRNFLT in preperimetric glaucoma (reported
range: 60.2 to 114.4 um) is considerable.” The variability of cpRNFLT in normal eyes
is likely influenced by the axial length, refractive error, age, disc size, image quality,
and race.®*3 In addition, it has been shown that various manufacturer-provided
and investigator-generated FD-OCT parameters perform differently in Japanese
and Caucasian eyes.’®**! Japanese eyes, like many Asian eyes, are have higher axial
length and therefore they are typically more myopic than Caucasian eyes.*® This can
be considered as a reason of the different relationship between macular ganglion
cell complex (GCC) thickness and macular outer retina thickness (OR) thickness
in Japanese and Caucasian eyes: GCC and OR thickness correlate significantly in
Japanese eyes, but they do not correlate Caucasian eyes.** Therefore, to further
increase the diagnostic value of FD-OCT for detecting early glaucoma in Japanese
patients, we investigated novel FD-OCT parameters and parameter ratios with
smaller normal ranges'” and compared them with the standard FD-OCT parameters
for clinical usefulness. We recently reported that the GCC to total retinal thickness
ratio (the G/T ratio) is useful for diagnosing perimetric glaucoma in Japanese eyes
with myopia.’” Furthermore, since GCC thickness correlated significantly with OR
thickness in normal eyes and glaucoma, the GCC to OR thickness ratio (the G/O
ratio) is a suitable parameter to account for variation in the OR thickness, and the
G/O ratio has a smaller normal range.'”'® These parameters are not affected by
the axial length.*® Since cpRNFLT and GCC thickness decrease in glaucoma and OR
thickness is not affected by the glaucomatous ganglion cell and axon loss,*"8:202!
in the present study, we investigated whether the thickness ratio of cpRNFLT and
OR (R/O ratio) and the G/O ratio offer an advantage over the existing manufactur-
er-provided FD-OCT parameters for detecting preperimetric and early perimetric
glaucoma.

2. Materials and methods

In total, 148 consecutive Japanese subjects (47 normal patients and 101 patients
with primary open-angle glaucoma) examined between October 2009 and March
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2013 at the Toho University Ohashi Medical Center Department of Ophthalmology
(Tokyo, Japan) were retrospectively selected from a research database. One eye in
each subject was randomly selected as the study eye. The Toho University Ohashi
Medical Center Institutional Review Board for Human Research approved the study
protocol (No.12-87), and the study conduct adhered to the tenets of the Declaration
of Helsinki.

All study participants underwent a complete ophthalmologic examination that
included visual acuity testing (with determination of refractive error), slit-lamp
biomicroscopy, gonioscopy, Goldmann applanation tonometry, and dilated ste-
reoscopic fundus examination. Noncycloplegic refraction was measured using an
auto-refracto/keratometer (ARK-530A; Nidek, Aichi, Japan). Refraction data were
converted to the spherical equivalent, defined as the spherical power (in diopters)
plus half the cylindrical power. Visual fields were considered reliable when fixation
losses were < 20% and false-positive and false-negative rates were < 15%. An
abnormal visual field result was defined as an abnormal range on the glaucoma
hemifield test, a pattern standard deviation of < 5%, or three abnormal points (<
5% probability of being normal), with one point having a pattern deviation of < 1%.

To be included in the normal eye group, healthy control subjects had to have
normal intraocular pressure (IOP; <21 mmHg) and normal optic nerve head (ONH)
appearance, open anterior chamber angles, a normal and reliable visual field test
result on the Swedish interactive threshold algorithm (SITA) 24-2 standard test of
the Humphrey Field Analyzer (HVF, Humphrey-Zeiss Systems, Dublin, CA), a best-cor-
rected visual acuity of 20/20 or better, a refractive spherical error between +3.00
and -6.00 diopters, and a refractive cylindrical error of < 3.0 diopters. An eye was
considered to haveanormal optic nerve head if the stereoscopic fundus examination
revealed a vertical cup-to-disc ratio of <0.7 (although in Japanese eyes the disc area
is similar to that in European eyes, the cup-to-disc ratio of healthy Japanese eyes
is usually higher than that of healthy Caucasian eyesl10), a uniform neuroretinal
rim, no retinal nerve fiber layer (RNFL) defects, and no optic nerve abnormalities
(e.g., diffuse or localized rim thinning, disc hemorrhage, or an interocular difference
in vertical cup-to-disc ratio > 0.2). The subjects were not included if they had a
possible history of elevated 0P (e.g., iridocyclitis, trauma), intraocular eye disease,
or any other condition that may have affected the visual field (e.g., pituitary lesions,
demyelinating diseases, diabetic retinopathy). Subjects were also excluded if they
had a history of intraocular surgery or retinal laser procedures.

For inclusion in the early perimetric glaucoma group, patients had to have a
best-corrected visual acuity of 20/20 or better, a refractive spherical error between
+3.00and-6.00 diopters, arefractive cylindrical error of < 3.0 diopters, open anterior
chamber angles (determined with gonioscopy), glaucomatous optic neuropathy
(GON) and corresponding HVF abnormalities (mean deviation (MD) value up to
-6 dB) on reliable and reproducible SITA 30-2 test, and the diagnosis of primary
open-angle glaucoma or normal-tension glaucoma. GON was defined as neuroret-
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inal rim narrowing at the optic disc margin with notching, excavation, or a visible
RNFL defect.

For inclusion in the preperimetric glaucoma group, patients had to have a
best-corrected visual acuity of 20/20 or better, a refractive spherical error between
+3.00 and -6.00 diopters, a refractive cylindrical error of < 3.0 diopters, open
anterior chamber angles (determined with gonioscopy), and GON and normal
HVF results on reliable and reproducible SITA 30-2 test. Both preperimetric and
perimetric glaucoma patients were excluded if they had any retinal pathology, neu-
rological disease, diabetes, or a history of retinal laser or intraocular procedures.
We included patients with glaucoma who had already commenced treatment with
ocular hypotensive drugs.

2.1. Macula and retinal nerve fiber layer imaging

The FD-OCT measurements were performed using the RTVue-100 OCT (software
version 4.0.5.39; Optovue Inc., Fremont, CA, USA), which employs a scan beam with
a wavelength of 840 + 10 nm. After pupil dilation, a well-trained operator obtained
high-quality OCT images. Only scans with a signal strength index of > 45 were
included in analyses. Measurements of cpRNFLT and macular parameters in each
participant were obtained on the same day.

The ONH protocol was designed for measuring cpRNFLT. The total time required
to acquire a single scan was 0.55 seconds. Using the OCT-generated fundus image
(video baseline protocol), the ONH contours were manually traced. The cpRNFLT
was then automatically measured by the instrument’s software at a diameter of 3.45
mm around the center of the optic disc. A total of 775 A-scans were obtained along
this circle. Subjects were excluded if peripapillary atrophy extended outside the
OCT measurement circle. The cpRNFLT parameter represents the mean thickness
of RNFLT measurements made around the 360° circle, and the superior hemisphere
and inferior hemispheres, respectively.

The GCC scanning protocol was used to determine the GCC thickness (measured
from the inner limiting membrane (ILM) to the outer inner plexiform layer (IPL)
border), total retinal thickness (measured from ILM to the outer retinal pigment
epithelium (RPE) border), OR thickness (measured from the outer IPL border to
the outer RPE border), global loss volume (GLV), and focal loss volume (FLV) in the
macula. The GCC protocol consisted of 15 vertical line scans over a 7x7-mm square
region. To achieve optimum imaging coverage within the temporal region, the GCC
protocol scan was centered one mm temporal to the center of the fovea. The area
within a 0.75-mm radius from the center of the fovea was also excluded. During the
scanning period, the GCC protocol captured 15,000 data points within 0.6 s. The
GCC scan created a six-mm map corresponding to approximately 20° of HVF, and the
average GCC thickness, total retinal thickness, and OR thickness were calculated
over the three measurement regions (global, superior, and inferior hemisphere).
GLV and FLV are two software-provided RTVue-100 OCT parameters calculated from
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the GCC scan. Detailed descriptions of these analytic methods have been reported
previously.”?? In brief, GLV measures the average amount of GCC loss over the entire
GCC map and is based on the fractional deviation (FD) map. FLV measures the
average focal loss over the entire GCC map and is based on both FD and pattern
deviation maps. AllHVF and OCT tests were conducted within a three-month period.

2.2. Ratio parameters
The G/O and G/T ratios were calculated using the following published formulas:*®

GCC thickness
macular OR thickness

GCC thickness
macular total retinal thickness

G/O0 ratio (%) = (

) x 100

G/T ratio (%) = (

) x 100

The novel R/O ratio parameter was calculated using the following formula:

CpRNFLT

R/ ratio (%) = (macular ORthickness)

x 100

2.3. Statistics

The demographic characteristics were compared between the groups with the
X2 test and with the Tukey-Kramer test. The RTVue-100 OCT measurements were
compared between the groups using a combination of the analysis of variance and
the Tukey-Kramer test. Pearson’s correlation coefficients were used to characterize
the relationships between the RTVue-100 OCT parameters and OR thickness and
between the RTVue-100 OCT parameters and the refractive spherical equivalent.
Receiver-operating characteristic (ROC) curves were used to determine whether
each variable could differentiate between glaucomatous and normal eyes. The
ROC curve describes the trade-off between sensitivity and specificity. An area
under the ROC curve (AUROC) of 1.0 represents perfect discrimination, whereas
an AUROC of 0.5 represents only chance discrimination. MedCalc (version 12.3.0,
MedCalc Software, Mariakerke, Belgium) was used to draw and compare the ROC
curves; all other statistical analyses were performed using SPSS statistical software
(version 20.0, SPSS Inc., Chicago, IL, USA). Data are reported as the mean + standard
deviation (SD); the statistical significance was defined as P <0.05.

3. Results

The normal group comprised 47 eyes of 47 healthy subjects. Thirty-one eyes of 31
patients and 70 eyes of 70 patients were included in the preperimetric and early
perimetric glaucoma groups, respectively. The demographics of the participants
are summarized in Table 1. There were no significant differences in sex distribution,
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Table 1. Demographics and clinical characteristics of study subjects.

Normaleyes | Preperimetric Early perimetric P value
(n=47) glaucoma (n=31) | glaucoma (n=70)
Gender 0.072
Male
(subjects) 26 10 26
Female
(subjects) 2 L 44
Age 52.4+11.1 57.4+9.8 55.5+12.1 0.114°
(years)
Spplieiiiea) -1.30+1.91 1.68+2.23 2.09+2.45 0.177°
equivalent (D)
IOP
14.8+2.7 13.4+2.4 16.1+3.5 <0.001
(mmHg)
?gg)'" HFA 0.35+1.06 0.10+1.08 2.83+1.80 <0.001*
deBD) n HFA 1.42+0.25 1.88+0.27 6.95+3.10 <0.001*

Data are presented as mean + standard deviation. ®indicates x? test; "indicates variance
with the Tukey-Kramer test; 'indicates preperimetric glaucoma vs. early glaucoma, P <
0.001; * indicates normal vs. early glaucoma, P<0.001, preperimetric glaucoma vs. early
glaucoma, P<0.001; D = diopter; IOP =intraocular pressure; MD = mean deviation; HFA=
Humphrey Field Analyzer; PSD = pattern standard deviation.

age, or refraction among the groups. The early perimetric glaucoma group had a
significantly higher IOP than the preperimetric glaucoma group, and significant
differences in the visual field MD and pattern standard deviation were observed
among the groups.

The standard RTVue-100 OCT parameter values and ratio parameter results are
summarized in Tables 2 and 3, respectively. No significant difference was observed
between the groups for the average OR thickness (P = 0.895). In contrast, the GCC
thickness, total retinal thickness, and average cpRNFLT decreased with increasing
disease severity. FLV, GLV, the G/O ratio, the G/T ratio, and the R/O ratio all signifi-
cantly differed among the study groups (P < 0.001). The OR thickness correlated
significantly with cpRNFLT in normal eyes (r = 0.401, P = 0.005) but not in preperi-
metric and early perimetric glaucoma eyes (Table 4). Significant correlations were
observed between the spherical refractive equivalent and cpRNFLT (r = 0.343, P =
0.018) and between the spherical refractive equivalent and R/O ratio (r = 0.364, P
=0.012). In contrast, no correlation was observed between the spherical refractive
equivalent and OR thickness (r=0.006, P = 0.968).
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Table 2. Optical coherence tomography parameters in each study group.

. . Early
Normal eyes Preperimetric perimetric P value
glaucoma glaucoma (ANOVA)

GCC thickness (um)

Average 94.9+7.6 83.7+5.4 78.8+6.6 <0.001"

Superior hemisphere 94.8+7.9 86.6+7.4 83.2+9.3 <0.001*

Inferior hemisphere 95.0+7.7 80.7+6.5 74.5+10.2 <0.001"
Total retinal thickness (um)

Average | 264.7+14.2 253.9+8.4 248.7+11.4 <0.001%
Quter retinal thickness (um)

Average 169.8 £8.7 170.4+5.4 169.9+6.8 0.895

Superior hemisphere 171.6 +8.7 171.9+54 171.1+74 0.826

Inferior hemisphere 168.0+8.9 168.9+5.6 168.6+6.9 0.854
FLV (%) 0.85+0.94 4.41+2.36 8.72+3.83 <0.001"
GLV (%) 6.65+4.73 15.68 £5.09 20.29+6.15 | <0.001
CPRNFLT (um)

Average 102.0+8.9 89.7+8.2 84.4+8.1 <0.001"

Superior hemisphere 102.4+10.6 [91.3+11.6 87.7+13.3 <0.001%

Inferior hemisphere 101.6+9.0 88.1+8.7 81.1+8.4 <0.001

Data presented as mean + standard deviation. " normal vs. preperimetric glaucoma group
and preperimetric glaucoma vs. early glaucoma group statistically different (Tukey-Kramer

test); * normal vs. preperimetric glaucoma group statistically different and preperimetric

glaucoma group vs. early glaucoma group not statistically different (Tukey-Kramer test);
ANOVA = analysis of variance; cpRNFLT = circumpapillary retinal nerve fiber layer thickness;
FLV =focal loss volume; GCC = macular ganglion cell complex; GLV = global loss volume.
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Table 3. Ratio parameter values in the three study groups.

Normal eyes Preperimetric E:::Ynetric Pvalue
Y glaucoma P (ANOVA)
glaucoma
G/0O ratio (%)
Average 55.91+3.69 49.13+3.15 46.41 +3.54 <0.001"
G/T ratio (%)
Average 35.82+1.50 32.94+1.46 31.66+1.67 <0.001"
R/0O ratio (%)
Average 60.09 £4.94 52.72 +5.58 49.78 +4.99 <0.001"
Superior 59.68 £5.79 53.22+7.42 51.36+7.87 <0.001%
hemisphere
Inferior 60.53£5.27 52.33+£5.76 48.20+5.25 <0.001"
hemisphere

Data presented as mean + standard deviation. " normal vs. preperimetric glaucoma and
preperimetric glaucoma vs. early glaucoma statistically different (Tukey-Kramer test);
#normal vs. preperimetric glaucoma statistically different and preperimetric glaucoma
vs. early glaucoma not statistically different (Tukey-Kramer test); ANOVA = analysis of
variance; G/O ratio = ganglion cell complex (GCC) thickness/outer retinal (OR) thickness
ratio; G/T ratio = GCC thickness/total retinal thickness ratio; average R/O ratio = average
circumpapillary retinal nerve fiber layer thickness (cpRNFLT)/average OR thickness ratio;
superior hemisphere R/O ratio = superior hemisphere cpRNFLT /superior OR thickness;
inferior hemisphere R/O ratio = inferior hemisphere cpRNFLT/inferior OR thickness.
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Table 4. Correlation between macular outer retinal thickness and circumpapillary retinal
nerve fiber layer thickness measurements.

Preperimetric Early perimetric
Normal eyes
glaucoma glaucoma
r | P r | P r | P
Average outer
retinal thickness
Average cpRNFLT | 0401  [0.005 |-0225  |0224  |0.058 |0.634
Superior outer
retinal thickness
Superior
hemisphere 0.363 0.012 -0.229 0.214 0.066 0.585
CpRNFLT
Inferior outer
retinal thickness
Inferior
hemisphere 0.337 0.021 -0.153 0.411 0.019 0.875
CpRNFLT

Values printed in bold are statistically significant (P < 0.05). GCC = macular ganglion
cell complex; cpRNFLT = circumpapillary retinal nerve fiber layer thickness; r =Pearson
correlation coefficient.

Table 5 summarizes the AUROC results for the established global RTVue-100
OCT parameters and the R/O ratio. The highest AUROC values were observed for
FLV (0.941, 0.996, and 0.979 for preperimetric, early perimetric glaucoma, and all
glaucoma, respectively). The G/O ratio also favorably discriminated the groups (the
AUROC values for preperimetric, early perimetric glaucoma, and all glaucoma were
0.925, 0.979, and 0.962, respectively). The AUROC for FLV was significantly greater
than that for cpRNFLT in both glaucoma groups. In the early perimetric glaucoma
group and for all glaucoma eyes the AUROCs for the G/O ratio and G/T ratio were sig-
nificantly greater than those for cpRNFLT and the R/O ratio (P <0.05). At a specificity
of 290%, GLV had the highest sensitivity in the preperimetric group, and FLV had the
highest sensitivity in the early perimetric glaucoma group. The G/O and G/T ratios
had the second highest sensitivity at a specificity of = 90% in the preperimetric
group. AUROCs for the hemisphere cpRNFLT and the corresponding R/O ratios are
shown in Table 6.
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Table 5. Area under receiver operating characteristic curves and sensitivity at a fixed
specificity.

Normalvs.
. . Normal vs. early
preperimetric . . Normal vs. all glaucoma
perimetric glaucoma
glaucoma
AUROC Sn/Sp AUROC Sn/Sp AUROC Sn/Sp
(Sp=90%) (Sp=90%) (Sp=90%)
é‘éecrage 0.896 74.19/ 0.961 91.43/ 0.941 86.14/
. +0.04 91.49 +0.02 91.49 +0.02 91.49

thickness
FLV 0.941 74.19/ 0.996 98.57/ 0.979 91.09/

+0.02° 91.49 +0.003% 95.74 +0.009% 91.49
GLV 0.907 80.65/ 0.967 97.14/ 0.949 92.08/

+0.04 91.49 +0.02 91.49 +0.02 T 91.49
Average | 0.925 77.42/ 0.979 95.71/ 0.962 90.10/
G/Oratio | £0.03 91.49 +0.01° 91.49 +0.01§ 91.49
Average | 0.921 7742/ 0.979 95.71/ 0.961 90.10/
G/T ratio | +0.03 91.49 +0.01° 91.49 +0.01° 91.49
Average | 0.842 41.94/ 0.927 75.71/ 0.901 65.35/
CpRNFLT | £0.05 91.49 +0.02 91.49 +0.03 91.49
Average | 0.859 67.74/ 0.933 80.00/ 0.910 76.24/
R/O ratio | £0.05 91.49 +0.02 91.49 +0.02 91.49

Data presented as mean + standard error. " P<0.05 for average cpRNFLT comparison; # P
<0.01 for average cpRNFLT and R/O ratio comparisons; °P < 0.05 for average cpRNFLT and
R/O ratio comparisons; AUROC = area under receiver operating characteristic curve; Sn =
sensitivity; Sp = specificity; GCC = macular ganglion cell complex; FLV = focal loss volume;
GLV = global loss volume; cpRNFLT = circumpapillary retinal nerve fiber layer thickness;
G/0 ratio = GCC thickness to outer retinal thickness ratio; G/T ratio = GCC thickness to total
retinal thickness ratio; R/O ratio = cpRNFLT to outer retinal thickness ratio.
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Table 6. Comparison of area under receiver operating characteristic curves between the
corresponding sector cpRNFLT and R/O ratio parameters.

Normal vs. preperimetric Normal vs. early perimetric

glaucoma glaucoma

CpRNFLT R/O ratio P CpRNFLT R/O ratio P
Average 0.842+0.05 | 0.859+0.05 | 0.466 | 0.927+0.02 0.933+0.02 0.659
SUpEror 1 5 770.40.06 | 0.774+0.06 | 0.838 | 0.806+0.04 | 0.798+0.04 | 0.646
hemisphere
L7 0.865+0.04 | 0.861+0.04 | 0.854 |0.949+0.02 |0.956+0.02 |0.417
hemisphere

Area under the receiver operating characteristic curve data presented as mean + standard
error. cpRNFLT = circumpapillary retinal nerve fiber layer thickness; R/O ratio = cpRNFLT to
outer retinal thickness ratio.

4, Discussion

In the present study, we evaluated a potential novel RTVue-100 OCT parameters,
the R/O ratio and the G/O ratio, for its diagnostic accuracy in preperimetric and early
perimetric glaucoma in Japanese eyes. This investigation was conducted because
the detection of early perimetric and particularly preperimetric glaucoma, with the
FD-OCT instruments, has been consistently reported as suboptimal, for various
populations.?>?® In very early stages of glaucoma, the decrease of cpRNFLT, the
most frequently used OCT parameter in glaucoma diagnostics, is relatively small,
and therefore cpRNFLT may remain within the corresponding normal range. In order
to increase the discrimination between normal eyes and eyes with early structural
damage more sensitive parameters are needed. It has been shown that OCT
parameter ratios have narrower normal ranges than non-ratio type parameters.’”
This is why in the current investigation R/O and G/O ratios were evaluated for their
diagnostic accuracy in early and preperimetric glaucoma.

It has been shown that cpRNFLT decreases during glaucomatous ganglion cell
and axon loss, while OR thickness remains uninfluenced by glaucoma.'”1820:21
Therefore, we hypothesized that in case a positive correlation between cpRNFLT
and OR thickness is observed in normal eyes, a decrease of the normal range of
R/O ratio can be expected for preperimetric and early perimetric glaucoma, and this
may potentially be applicable for the detection of early glaucoma.
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In fact, we observed a statistically significant moderate positive correlation
between cpRNFLT and OR thickness in the healthy control group and no correlation
either in the preperimetric or the early perimetric glaucoma group. Although the
OR thickness did not differ between the groups, despite its wide normal range,”®
cpRNFLT wassignificantly lowerin preperimetric glaucoma eyesthanin normal eyes,
and in the early perimetric glaucoma group than in the other groups. As expected,
we observed a significantly smaller R/O ratio for the preperimetric and perimetric
glaucomatous groups than the healthy control eyes. Therefore, to further evaluate
the R/O ratio, we compared its diagnostic accuracy to that of the manufacturer-pro-
vided standard RTVue-100 OCT parameters and the ratio parameters that showed a
favorable diagnostic accuracy in Japanese eyes in our earlier studies.'®

We observed that the R/O ratio did not perform better than the best discrimi-
nating manufacturer-provided parameters (GLV and FLV) or the ratio parameters
(average G/O ratio, average G/T ratio) shown by us in our previous studies.'"*® This
can be explained with our present result that refractive error has a significant effect
on the R/O ratio. Previously, it has been shown that cpRNFLT, GCC thickness, FLV,
and GLV are all influenced by the axial length.?® This influence was confirmed in the
present study by a significant relationship between cpRNFLT and refractive error.
Our results suggest that myopia, which is highly prevalent in East Asia,® negatively
influences the diagnostic accuracy of the previously established parameters and the
R/O ratio. To compare the diagnostic accuracy of the various cpRNFLT parameters
and the spatially corresponding R/O ratios, we compared the corresponding
hemisphere AUROC values. Although the average R/O ratio had a higher AUROC
value than the average cpRNFLT for both the preperimetric and the early perimetric
glaucoma groups, this advantage was not observed when the AUROC curves of the
hemisphere cpRNFLT parameters and the corresponding R/O ratio parameters were
compared. Overall, though the R/O ratio performed relatively well in discriminat-
ing between healthy and preperimetric or early perimetric glaucoma, its diagnostic
accuracy did not exceed that of the established RTVue-100 OCT parameters.

Previously, we reported that G/T ratio is useful for diagnosing glaucoma.'”
Furthermore, although refractive error significantly affects FLV and GLV, the G/O
ratio and G/T ratio does not influence the refractive error.?® Therefore, G/O ratio
and G/T ratio provide better specificity for diagnosing glaucoma with myopia.
In the current study, the AUROC for G/O ratio and G/T ratio were significantly
greater than that of the cpRNFLT. This is of particular importance in preperimetric
glaucoma, when functional (visual field) testing is by definition unable to support
the diagnostic process. This suggests that these parameters may have a place
among the software-provided parameters of the RTVue OCT, for detecting early
glaucoma. FLV had a higher AUROC value than the G/O ratio and G/T ratio, though
the differences were not statistically significant. Since FLV is a parameter that is
specific for the RTVue-OCT, but parameters similar to RTVue-OCT GCC thickness,
OR thickness and total retinal thickness can be measured with various other OCT
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systems, it is possible that G/O-like and G/T-like ratios can be applied also on other
FD-OCT systems. Therefore further investigations on the potential applicability
and clinical usefulness of these ratio parameters on other FD-OCT instruments for
diagnosing early glaucoma in Japanese eyes is proposed.

Ethnic differences are known to exist in GCC thickness; the GCC thickness is
significantly thinner in African-derived populations that in other ethnic groups.*?
Previously we found no significant difference in the G/T ratio between Japanese
and European eyes.' These data suggest that further investigations are necessary
to compare the G/T ratio between all main ethnic groups, and to evaluate whether
the G/T ratio has a potential to improve glaucoma diagnostics in other East-Asian
populations such as Koreans and Chinese.

In conclusion, although our study was limited by the relatively small number of
patients and the absence of pathological myopia cases, our results suggest that the
G/O and G/T ratios can be proposed as a potential novel OCT parameters for the
detection of early perimetric glaucoma in Japanese eyes.

Funding:
None

Declaration of interest:
Gabor Holld is a consultant of Optovue, Inc. and Carl Zeiss Meditec, Inc.
The other authors report no conflict of interest.



34 Y. Kita, G. Holl6 and R. Kita

References

1.  Leung CK, Chan WM, Yung WH, Ng AC, Woo J, Tsang MK, et al. Comparison of macular and
peripapillary measurements for the detection of glaucoma: an optical coherence tomography
study. Ophthalmology 2005;112(3):391-400. Available from: http://www.diseaseinfosearch.org/
result/3065 PubMed PMID: 15745764. doi: 10.1016/j.0phtha.2004.10.020

2. Medeiros FA, Zangwill LM, Bowd C, Vessani RM, Susanna Jr R, Weinreb RN. Evaluation of retinal
nerve fiber layer, optic nerve head, and macular thickness measurements for glaucoma detec-
tion using optical coherence tomography. Am J Ophthalmol 2005;139(1):44-55. Available from:
http://www.scholaruniverse.com/ncbi-linkout?id=15652827 PubMed PMID: 15652827. doi:
10.1016/j.aj0.2004.08.069.

3. Leite MT, Rao HL, Zangwill LM, Weinreb RN, Medeiros FA. Comparison of the diagnostic accura-
cies of the Spectralis, Cirrus, and RTVue optical coherence tomography devices in glaucoma.
Ophthalmology 2011 Mar;118(7):1334-1339. Available from: http://europepmc.org/abstract/
MED/21377735 PubMed PMID: 21377735. doi: 10.1016/j.ophtha.2010.11.029.

4. Wollstein G, Ishikawa H, Wang J, Beaton SA, Schuman JS. Comparison of three optical coher-
ence tomography scanning areas for detection of glaucomatous damage. Am J Ophthalmol
2005;139(1):39-43. Available from: http://www.scholaruniverse.com/ncbi-linkout?id=15652826
PubMed PMID: 15652826. doi: 10.1016/j.aj0.2004.08.036.

5. Kim NR, Lee ES, Seong GJ, Choi EH, Hong S, Kim CY. Spectral-domain optical coherence
tomography for detection of localized retinal nerve fiber layer defects in patients with
open-angle glaucoma. Arch Ophthalmol 2010;128(9):1121-1128. Available from: http://www.
scholaruniverse.com/ncbi-linkout?id=20837794 PubMed PMID: 20837794. doi: 10.1001/ar-
chophthalmol.2010.204.

6.  Takagi ST, Kita Y, Yagi F, Tomita G. Macular retinal ganglion cell complex damage in the apparent-
ly normal visual field of glaucomatous eyes with hemifield defects. J Glaucoma 2012;21(5):318-
325. Available from: https://www.researchgate.net/publication/e/pm/21423034?In_t=p&ln_
o=linkout PubMed PMID: 21423034. doi: 10.1097/1JG.0b013e31820d7e9d.

7. Tan O, Chopra V, Lu AT, Schuman JS, Ishikawa H, Wollstein G, et al. Detection of macular
ganglion cell loss in glaucoma by Fourier-domain optical coherence tomography. Ophthalmol-
ogy 2009;116(12):2305-2314. Available from: http://europepmc.org/abstract/MED/19744726
PubMed PMID: 19744726. doi: 10.1016/j.0phtha.2009.05.025.

8. OnerV, AykutV, Tas M, Alakus MF, Iscan Y. Effect of refractive status on peripapillary retinal nerve
fibre layer thickness: a study by RTVue spectral domain optical coherence tomography. Br J
Ophthalmol 2013;97(1):75-79. Available from: http://bjo.bmj.com/cgi/doi/10.1136/bjophthal-
mol-2012-301865 PubMed PMID: 23143906. doi: 10.1136/bjophthalmol-2012-301865.

9.  Zhao Z, Jiang C. Effect of myopia on ganglion cell complex and peripapillary retinal nerve fiber
layer measurements. a Fourier domain optical coherence tomography study of young Chinese
persons. Clin Experiment Ophthalmol 2013;41(6):561-566. Available from: http://doi.wiley.
com/10.1111/ce0.12045 PubMed PMID: 23231592. doi: 10.1111/ce0.12045.

10. Girkin CA, McGwin Jr G, Sinai MJ, Sekhar GC, Fingeret M, Wollstein G, et al. Variation in optic
nerve and macular structure with age and race with spectral-domain optical coherence tomog-
raphy. Ophthalmology 2011;118(12):2403-2408. Available from: https://www.nlm.nih.gov/med-
lineplus/seniorshealth.html PubMed PMID: 21907415. doi: 10.1016/j.ophtha.2011.06.013.

11. Savini G, Barboni P, Parisi V, Carbonelli M. The influence of axial length on retinal nerve
fiber layer thickness and optic-disc size measurements by spectral-domain OCT. Br J Oph-
thalmol 2012;96(1):57-61. Available from: https://www.researchgate.net/publication/e/
pm/21349942?In_t=p&In_o=linkout PubMed PMID: 21349942. doi: 10.1136/bj0.2010.196782.

12. Cheung CY, Leung CK, Lin D, Pang CP, Lam DS. Relationship between retinal nerve fiber
layer measurement and signal strength in optical coherence tomography. Ophthalmolo-
gy 2008;115(8):1347-1351. Available from: https://www.researchgate.net/publication/e/


http://www.diseaseinfosearch.org/result/3065
http://www.diseaseinfosearch.org/result/3065
10.1016/j.ophtha
http://www.scholaruniverse.com/ncbi
10.1016/j.ajo
http://europepmc.org/abstract/MED/21377735
http://europepmc.org/abstract/MED/21377735
10.1016/j.ophtha
http://www.scholaruniverse.com/ncbi
10.1016/j.ajo
http://www.scholaruniverse.com/ncbi
http://www.scholaruniverse.com/ncbi
10.1001/archophthalmol
10.1001/archophthalmol
https://www.researchgate.net/publication/e/pm/21423034?ln_t=p&ln_o=linkout
https://www.researchgate.net/publication/e/pm/21423034?ln_t=p&ln_o=linkout
10.1097/IJG
http://europepmc.org/abstract/MED/19744726
10.1016/j.ophtha
http://bjo.bmj.com/cgi/doi/10.1136/bjophthalmol
http://bjo.bmj.com/cgi/doi/10.1136/bjophthalmol
10.1136/bjophthalmol
http://doi.wiley.com/10.1111/ceo.12045
http://doi.wiley.com/10.1111/ceo.12045
10.1111/ceo
https://www.nlm.nih.gov/medlineplus/seniorshealth.html
https://www.nlm.nih.gov/medlineplus/seniorshealth.html
10.1016/j.ophtha
https://www.researchgate.net/publication/e/pm/21349942?ln_t=p&ln_o=linkout
https://www.researchgate.net/publication/e/pm/21349942?ln_t=p&ln_o=linkout
10.1136/bjo
https://www.researchgate.net/publication/e/pm/18294689?ln_t=p&ln_o=linkout

A new OCT ratio parameter in Japanese 35

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

pm/18294689?In_t=p&ln_o=linkout PubMed PMID: 18294689. doi: 10.1016/j.0phtha.2007.11.027.
Alasil T, Wang K, Keane PA, Lee H, Baniasadi N, de Boer JF, et al. Analysis of normal retinal nerve
fiber layer thickness by age, sex, and race using spectral domain optical coherence tomography.
J Glaucoma 2013;22(7):532-541. Available from: https://www.nlm.nih.gov/medlineplus/senior-
shealth.html PubMed PMID: 22549477. doi: 10.1097/1JG.0b013e318255bb4a.

Kita Y, Naghizadeh F, Kita R, Tomita G, Hollé G. Comparison of macular ganglion cell complex thick-
ness to total retinal thickness ratio between Hungarian and Japanese eyes. Jpn J Ophthalmol 2013
Aug;57(6):540-545. Available from: https://www.researchgate.net/publication/e/pm/23982214?In_
t=p&ln_o=linkout PubMed PMID: 23982214. doi: 10.1007/s10384-013-0273-5.

Hollé G, Naghizadeh F, Vargha P. Accuracy of macular ganglion-cell complex thickness to total
retina thickness ratio to detect glaucoma in white Europeans. J Glaucoma;23(8):23-7. Available
from: http://www.diseaseinfosearch.org/result/3065 PubMed PMID: 24247997. doi: 10.1097/
1JG.0000000000000030.

Shimizu N, Nomura H, Ando F, Niino N, Miyake Y, Shimokata H. Refractive errors and factors associat-
ed with myopia in an adult Japanese population. Jpn J Ophthalmol 2003;47(1):6-12. Available from:
http://linkinghub.elsevier.com/retrieve/pii/S0021515502006202 doi: 10.1016/S0021-5155(02)00620-
2.

Kita Y, Kita R, Takeyama A, Takagi S, Nishimura C, Tomita G. Ability of optical coherence tomog-
raphy-determined ganglion cell complex thickness to total retinal thickness ratio to diagnose
glaucoma. J Glaucoma 2013;22(9):757-762. Available from: http://www.diseaseinfosearch.org/
result/3065 PubMed PMID: 22668980. doi: 10.1097/1JG.0b013e31825af58a.

Kita Y, Kita R, Takeyama A, Anraku A, Tomita G, Goldberg I. Relationship between macular ganglion
cell complex thickness and macular outer retinal thickness: a spectral-domain optical coherence to-
mography study. Clin Experiment Ophthalmol 2013 Apr;41(7):674-682. Available from: https://www.
researchgate.net/publication/e/pm/23433351?In_t=p&ln_o=linkout PubMed PMID: 23433351. doi:
10.1111/ce0.12089.

Takeyama A, Kita Y, Kita R, Tomita G. Influence of axial length on ganglion cell complex (GCC) thickness
and on GCC thickness to retinal thickness ratios in young adults. Jpn J Ophthalmol 2014;58(1):86-93.
Available from: https://www.researchgate.net/publication/e/pm/24242185?In_t=p&In_o=linkout
PubMed PMID: 24242185. doi: 10.1007/5s10384-013-0292-2.

Tan O, Li G, Lu AT, Varma R, Huang D, Group, I.f.G.S. (Advanced) . Mapping of macular substructures
with optical coherence tomography for glaucoma diagnosis. Ophthalmology 2008;115(6):949-
956. Available from: http://europepmc.org/abstract/MED/17981334 PubMed PMID: 17981334. doi:
10.1016/j.ophtha.2007.08.011.

Vajaranant TS, Anderson RJ, Zelkha R, Zhang C, Wilensky JT, Edward DP, et al. The relationship
between macular cell layer thickness and visual function in different stages of glaucoma. Eye 2011
Feb;25(5):612-618. Available from: http://europepmc.org/abstract/MED/21350568 PubMed PMID:
21350568. doi: 10.1038/eye.2011.17.

Seong M, Sung KR, Choi EH, Kang SY, Cho JW, Um TW, et al. Macular and peripapillary retinal nerve
fiber layer measurements by spectral domain optical coherence tomography in normal-tension
glaucoma. Invest Ophthalmol Vis Sci 2009 Oct;51(3):1446-1452. Available from: http://ClinicalTri-
als.gov/search/term=19834029%20%5BPUBMED-IDS%5D PubMed PMID: 19834029. doi: 10.1167/
iovs.09-4258.

Hirashima T, Hangai M, Nukada M, Nakano N, Morooka S, Akagi T, et al. Frequency-doubling tech-
nology and retinal measurements with spectral-domain optical coherence tomography in preperi-
metric glaucoma. Graefes Arch Clin Exp Ophthalmol 2012 Jun;251(1):129-137. Available from: http://
www.diseaseinfosearch.org/result/3065 PubMed PMID: 22684903. doi: 10.1007/s00417-012-2076-7.
Mori S, Hangai M, Sakamoto A, Yoshimura N. Spectral-domain optical coherence tomography mea-
surement of macular volume for diagnosing glaucoma. J Glaucoma 2010;19(8):528-534. Available
from: http://ClinicalTrials.gov/search/term=20164794%20%5BPUBMED-IDS%5D PubMed PMID:
20164794. doi: 10.1097/1JG.0b013e3181ca7acf.


https://www.researchgate.net/publication/e/pm/18294689?ln_t=p&ln_o=linkout
10.1016/j.ophtha
https://www.nlm.nih.gov/medlineplus/seniorshealth.html
https://www.nlm.nih.gov/medlineplus/seniorshealth.html
10.1097/IJG
https://www.researchgate.net/publication/e/pm/23982214?ln_t=p&ln_o=linkout
https://www.researchgate.net/publication/e/pm/23982214?ln_t=p&ln_o=linkout
http://www.diseaseinfosearch.org/result/3065
10.1097/IJG
10.1097/IJG
http://linkinghub.elsevier.com/retrieve/pii/S0021515502006202
http://www.diseaseinfosearch.org/result/3065
http://www.diseaseinfosearch.org/result/3065
10.1097/IJG
https://www.researchgate.net/publication/e/pm/23433351?ln_t=p&ln_o=linkout
https://www.researchgate.net/publication/e/pm/23433351?ln_t=p&ln_o=linkout
10.1111/ceo
https://www.researchgate.net/publication/e/pm/24242185?ln_t=p&ln_o=linkout
http://europepmc.org/abstract/MED/17981334
10.1016/j.ophtha
http://europepmc.org/abstract/MED/21350568
10.1038/eye
http://ClinicalTrials.gov/search/term
http://ClinicalTrials.gov/search/term
10.1167/iovs
10.1167/iovs
http://www.diseaseinfosearch.org/result/3065
http://www.diseaseinfosearch.org/result/3065
http://ClinicalTrials.gov/search/term
10.1097/IJG

36

Y. Kita, G. Holld and R. Kita

25.

26.

Na JH, Lee K, Lee JR, Baek S, Yoo SJ, Kook MS. Detection of macular ganglion cell loss in preperimet-
ric glaucoma patients with localized retinal nerve fibre defects by spectral-domain optical coherence
tomography. Clin Experiment Ophthalmol 2013 Jul;41(9):870-880. Available from: http://www.disea-
seinfosearch.org/result/3065 PubMed PMID: 23777476. doi: 10.1111/ce0.12142.

Kita Y, Kita R, Takeyama A, Tomita G, Goldberg I. The effect of high myopia on glaucoma diag-
nostic parameters as measured by optical coherence tomography. Clin Experiment Ophthalmol
2014;42(8):722-728. Available from: http://www.diseaseinfosearch.org/result/3065 PubMed PMID:
24617978. doi: 10.1111/ce0.12318.


http://www.diseaseinfosearch.org/result/3065
http://www.diseaseinfosearch.org/result/3065
10.1111/ceo
http://www.diseaseinfosearch.org/result/3065
10.1111/ceo

© Journal for Modeling in Ophthalmology 2016; 1:37-50
\ Original article

Intracranial, intraocular and ocular
perfusion pressures: differences
between morning and afternoon
measurements

Lina Siaudvytyte!, Akvile Daveckaite', Ingrida Januleviciene!, Arminas Ragauskas?,
Brent Siesky?, Alon Harris®

IEye Clinic, Lithuanian University of Health Sciences, Kaunas, Lithuania; *Health
Telematics Science Centre of Kaunas University of Technology, Kaunas, Lithuanio;
3Glaucoma Research and Diagnostic Center, Eugene and Marilyn Glick Eye Institute,
Indiana University School of Medicine, Indianapolis, IN, USA

Abstract

Purpose: To assess how intracranial pressure (ICP), intraocular pressure (IOP) and
ocular perfusion pressure (OPP) differ between the morning and the afternoon in
healthy subjects.

Design: Prospective pilot study.

Methods: Ten healthy subjects age 26.5 (1.2) years were included in the prospective
pilot study. For each participant, blood pressure, heart rate, IOP, ICP and calculated
OPP, translaminar pressure difference (TPD) were assessed two times per day, in the
morning (9 = 1 a.m.) and afternoon (2 + 1 p.m.) by the same experienced operator.
Best-corrected visual acuity and body mass index were also evaluated. TPD was
calculated as IOP minus ICP. ICP was measured using a non-invasive two-depth
transcranial Doppler device. P <0.05 was considered significant.

Results: Mean ICP was higher during afternoon (10.09 (1.8) mmHg) compared to
morning ICP (9.80 (2.2) mmHg), but the difference was not statistically significant (p
=0.14). By analyzing ICP according to different refractive errors categories, we found
that emmetropic patients had higher ICP (morning 11.94 (3.0), afternoon 11.5 (2.6)
mmHg), compared to myopic (accordingly, 9.14 (1.2) and 9.72 (1.3) mmHg) or hyper-
metropic (accordingly, 8.85 (0.7) and 9.17 (0.8) mmHg) patients, but the difference
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was not statistically significant (p > 0.05). We also found that higher OPP in the
morning was correlated to lower TPD (r =-0.65; p = 0.04).

Conclusion: We found no significant variations in ICP, IOP or OPP during morning
and afternoon in young healthy subjects. Higher OPP was related to lower TPD in
the morning. Further prospective studies are warranted to investigate diurnal ICP
variations in glaucoma patients to understand if fluctuations in ICP and TPD may
contribute to the disease process.

Key words: Intracranial pressure, intraocular pressure, diurnal variations, healthy
subjects, ocular perfusion pressure, translaminar pressure difference

1. Introduction

Intracranial pressure (ICP)isthe pressureinside the skull,corresponding braintissue,
and cerebrospinal fluid (CSF). The human body has various mechanisms by which
it keeps ICP within certain limits through shifts in production and absorption of
CSF.!ICP and intraocular pressure (IOP) are interrelated and relatively independent
pressure systems, which facilitate a relatively stable state through aqueous and
CSF circulations. These two circulating fluids are both produced by carbonic anhy-
drase-catalyzed reactions, generally represent an ultrafiltrate of blood, and have
nearly identical chemical composition, except that CSF has more proteins and less
ascorbates.>® Normal ICP varies with age but is generally considered to be 5-15
mmHg in healthy supine adults, 3-7 mmHg in children, and 1.5-6 mmHg in infants.**®
The mean IOP in healthy adults is 15-16 mmHg, with a standard deviation of nearly
3 mmHg. The upper limit of normal IOP is statistically defined as two standard
deviations above normality.”® Low ICP has recently been implicated in the patho-
genesis of glaucoma,®** as optic nerve is exposed not only to IOP in the eye, but also
to ICP asitis surrounded by CSF in the subarachnoid space (SAS). Furthermore, CSF
pressure represents the true counter-pressure against the 0P across the lamina
cribrosa and is one of the two determinants of the translaminar pressure difference
(TPD). Studies have shown that higher TPD may lead to abnormal function and
damage of the optic nerve due to changes in axonal transportation, deformation
of the lamina cribrosa, altered blood flow, or a combination thereof leading to glau-
comatous damage.'>** However, measuring TPD in glaucoma and healthy subjects
has not been historically feasible due to the invasiveness of traditional ICP mea-
surements and the potential risk of intracranial hemorrhages, infection, persistent
leak of CSF and/or cerebral herniation.’” Many different technologies have been
explored to overcome the invasive limitation of ICP measurements,# but all these
approaches are based solely on correlation of various anatomical or physiological
parameters of the human head and brain with ICP. Therefore, previous attempts to
non-invasively measure ICP have not provided absolute ICP values in mmHg greatly
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limiting specificity of their measures.

In an attempt to overcome these previous methodological limitations, an
innovative method for non-invasive measurement of ICP absolute values was
recently developed using transcranial Doppler ultrasound. This methodology
measures and compares blood flow pulsatilities in the intracranial and extracrani-
al segments of the ophthalmic artery (OA). The sensitivity, specifity and diagnostic
value of this device has been proven in previous prospective studies with healthy
subjects and patients with neurological diseases.??? In order to provide insight on
these emerging dynamic glaucomatous risk factors, we conducted a pilot study with
the aim to assess diurnal variations of ICP, IOP, and ocular perfusion pressure (OPP)
in healthy subjects to establish a baseline understanding of their diurnal activity in
disease free stasis.

2. Materials and methods

Ten healthy subjects (age 26.5 (1.2)) participated in a prospective pilot clinical study.
All study procedures were carried out according to the Declaration of Helsinki, and
the study protocol was approved by the Lithuanian University of Health Sciences
Review Board. Study objectives and methods were explained to all subjects prior to
examination. All participants provided written informed consent. All examinations
were performed on one randomly chosen study eye.

Quantities of blood pressure (BP), heart rate, IOP and ICP were measured two
times per day, in the morning (9 + 1 a.m.) and afternoon (2 + 1 p.m.) by the same
experienced operator (L.S.), which allowed us to estimate quantities of OPP and
TPD. TPD was calculated as IOP minus ICP. OPP was calculated using the equation
OPP =2/3MAP - |IOP, where MAP is mean arterial pressure. Systolic ocular perfusion
pressure (SOPP) was determined by subtracting IOP from systolic BP. Diastolic
ocular perfusion pressure (DOPP) was determined by subtracting IOP from diastolic
BP. An average of two separate measurements with a 15 minutes undisturbed rest
period constituted the mean value of parameters. Best-corrected visual acuity and
body mass index (BMI) were also evaluated.

Non-invasive absolute ICP values were measured using a two-depth Tran-
scranial Doppler (TCD) device (Vittamed UAB, Kaunas, Lithuania) that does not
require individual patient specific calibration. A head frame with fixed ultrasound
transducer was placed over the closed eyelid. Asmall inflatable ring cuff placed over
the tissues surrounding the eyeball produced external pressure on the orbit. The
TCD transducer and the external pressure device were connected to a computer
with specific software allowing it to assess simultaneous an insonation angle
independent blood flow pulsation monitoring in the intracranial and extracranial
segments of the OA (Fig. 1). External pressure was automatically increased gradually
from 0 to 20 mmHg by pressure steps of 4 mmHg. In order to decrease ICP value
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Fig. 1. Non-invasive two-depth TCD device components showing the relevant eye/brain
anatomy. The ultrasound transducer of the Doppler subsystem is surrounded by an
externally applied pressure chamber with a controlled external pressure (Pe) source and
measurement. (Reprinted with permission from Ragauskas et al. 2012.)

sampling error, if the first measured absolute ICP value was lower than 10 mmHg,
then the measurement was repeated using 2 mmHg pressure steps until external
pressure reached 12 mmHg. The value of external pressure, when blood flow signals
in both OA segments are equal, was fixed and expressed automatically in absolute
units of mmHg. The duration of one ICP measurement was up to 10 minutes.

Non-invasive ICP was measured in the supine position, and therefore IOP was
measured in the same position using a Schiotz impression tonometer.

Inclusion criteria consisted of healthy subjects over 18 years of age with no history
of glaucoma or other diseases that could disturb the results and willingness to sign
informed consent form prior to initiation of the study. Pregnant or nursing women,
patients with uncontrolled systemic diseases, patients with a history of allergy to
local anesthetics, orbital/ocular trauma, neurological or other diseases that could
bias study results were excluded from the study.

The statistical data analysis was performed using computer program SPSS 17.0
for Windows. All variables were defined by methods of descriptive statistics. The
analysis of the quantitative variables included calculation of the mean and standard
deviation (x (SD)). The Wilcoxon signed-rank test was used when comparing two
related samples on a single sample to assess whether their population mean ranks
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differ. The hypothesis of equality of means among three groups was analyzed using
the Kruskall-Wallis test. Association between categorical variables or abnormally
distributed continuous variables was assessed by Spearman’s correlation. The level
of significance p <0.05 was considered significant.

3. Results

Ten healthy subjects (80% women, 20% men) were included in the prospective pilot
study. Patients characteristics are provided in Table 1.

Morning and afternoon parameters are shown in Table 2. There were no statisti-
cally significant differences between morning and afternoon I0P, TPD, BP and OPP
(p>0.05).ICP was higher during afternoon (10.09 (1.8) mmHg), compared to morning
ICP (9.80 (2.2) mmHg), but the difference was not statistically significant (p = 0.14)
(Fig. 2). By analyzing ICP according to different refractive errors between subjects
(Table 3), we found that emmetropic patients had higher ICP compared to myopic
or hypermetropic patients, but the difference was not statistically significant (p >
0.05). We also found that in the morning higher OPP was correlated to lower TPD (r
=-0.65; p =0.04).
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Fig. 2. Morning and afternoon intracranial pressure variations. Box-plot showing distribution
of intracranial pressure during morning and afternoon in healthy subjects. Box-plots show
the median, interquartile range, minimum and maximum values.
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Table 1. Patient characteristics.

Healthy subjects (N = 10)
Mean (SD)
Sex (N (%)):
Male 2 (20%)
Female 8 (80%)
Age (years): 26.5(1.2)
Range 25-29
Best corrected visual acuity 1.0(0.0)
Height (m) 1,71 (0.1)
Weight (kg) 63.6 (16.6)
Body mass index (kg/m?) 21.4(3.1)
Systemic medications 0

SD =standard deviation; N = number.

Table 2. Changes in parameters during morning and afternoon.

Morning (9+1a.m.) Afternoon (2+1p.m.) p value
Mean (SD) Median Mean (SD) | Median
ICP (mmHg) 9.80(2.2) |8.91 10.09 (1.8) | 9.74 0.14
Range: 7.77-14.13 8.08-13.16
|OP (mmHg) 13.4(2.0) 13.1 13.6(1.8) |13.1 0.58
TPD (mmHg) 3.64(2.0) 3.71 3.49(1.8) |[3.28 0.95
Systolic BP (mmHg) 115.1(7.3) 114.0 115.9(7.1) | 114.0 0.28
Diatolic BP (mmHg) 77.3(7.9) 76.5 75.7(6.5) | 75.0 0.44
OPP (mmHg) 50.1 (4.7) 50.8 50.3(3.7) |49.5 0.61
SOPP (mmHg) 101.7(7.3) | 101.6 102.3(6.8) | 100.9 0.47
DOPP (mmHg) 63.9 (7.4) 63.6 62.1(5.6) |60.4 0.44
Heart rate (bpm) 64.4 (4.8) 62.5 64.5(4.5) | 62.5 0.86

*Wilcoxon signed-rank test. Significance level p < 0.05. SD = standard deviation;
ICP = intracranial pressure; IOP = intraocular pressure; TPD = translaminar pressure
difference; BP = blood pressure; OPP = ocular perfusion pressure; SOPP = systolic ocular
perfusion pressure; DOPP = diastolic ocular perfusion pressure.
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Table 3. Differences in intracranial pressure between different refractive errors.

Emmetropia | Myopia Hypermetropia p value
(n=3) (n=4) (n=3)
Mean (SD) Mean (SD) Mean (SD)
Morning ICP 11.94 (3.0) 9.14 (1.2) 8.53(0.7) 0.23
(9+1a.m.) (mmHg)
Afternoon ICP 11.50 (2.6) 9.72 (1.3) 9.17(0.8) 0.40
(2+1p.m.) (mmHg)
p value 0.59 0.14 0.11

* Wilcoxon signed-rank test. ** Kruskal Wallis test. Significance level p <0.05. N =number; SD

=standard deviation; ICP = intracranial pressure.

4, Discussion

Thereisagrowingbody of evidence thatindicates ICP and TPD may beinvolvedinthe
disease process of glaucomatous optic neuropathy. These physiological variables,
along with BP and 10P, likely fluctuate during the diurnal cycle, allowing for possible
periods of susceptibility and tissue damage. While it is accepted that diurnal IOP
fluctuations are greater in eyes with glaucoma,® it is currently not established
whether that is also true of ICP variations. Several studies concluded that I0P fluc-
tuations were more strongly related to progression of visual field damage than the
level of mean I0P.2*2> Mechanistically this may occur due to previous findings of
repeated mechanical stress on neurons being more harmful than steady stress.?628

In this study we reported morning and afternoon ICP measurements in healthy
subjects. We found that during first part of the day ICP changed marginally, though
ICP was higher at afternoon. Several experimental studies analyzed circadian
variations in conscious and partially restrained Sprague-Dawley rats and found
nocturnal elevation in ICP?*3° by 3.9 mmHg.** Another study with conscious, freely
moving Sprague-Dawley rats showed a relatively constant ICP in the light and
dark periods.*? Although circadian ICP variations were insignificant, endogenous
variationsinthe ICP regulatory factors might be significant. It has been revealed that
human CSF production exhibits a circadian pattern - CSF production is two to three-
and-a-half times higher in the middle of the night compared to late afternoon.33-3*
However, since healthy subjects have ICP homeostasis, the significant change in
CSF production might not lead to a parallel day/night ICP pattern.*® Furthermore,
Kropyvnytskyy et al. in their study with severely neurologically affected patients
found no detectable 24-hour ICP rhythm in head injury patients.*

Given that humans sleep in the supine or prone position but are upright during
the day, it is important to note that IOP and ICP are dynamic parameters and vary
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according to changes in body position or individual activities.’” Therefore we
assessed these parametersin the standard ICP measuring state - a supine position.*®
Understanding posture and its affects on these dynamic variables is important as
prospective studies have found that in healthy subjects CSF pressure was related to
the systemic arterial BP and I0P.** According to several population-based studies,
IOP was also related to the systemic arterial BP so that pressures in all three flu-
id-filled compartments were related to each other,*>* however, the mechanism of
such a triangular relationship remains unclear. Samuels et al. in an experimental
study with rats found that chemical stimulation of the dorsomedial and perifornical
hypothalamic neurons evoked substantial increases in IOP, CSF pressure, TPD, heart
rate and MAP.** In our study we did not find any correlations between ICP, IOP or BP,
however, we found a negative correlation between OPP and TPD in the morning.
It is important to consider that in this correlation some signs of triangulation can
be found, as these parameters are calculated by the following formulas: TPD =
IOP - ICP; OPP = 2/3MAP - IOP. There are many variations in all body fluid spaces,
cardiac output, peripheral resistance and blood flow to various vascular beds,*-¢
however, all these variations are insignificant to young healthy adults as they have
intact homeostasis and ability of a vascular bed to maintain its blood flow despite
changes in perfusion pressure. In our study we did not find significant variations
from morning to afternoon in IOP, BP, OPP or TPD in healthy individuals. Unlike our
participant population, glaucoma patients have been demonstrated to have patho-
logical variations in IOP, BP, OPP?3#™48 that could result in higher TPD. Higher IOP or
lower ICP also result in higher TPD, leading to barotraumatic damage to the optic
nerve. In other words, there is a likelihood of misbalance between IOP, ICP and BP in
glaucoma patients contributing to their disease process.

In our study we analyzed young healthy adults and found that mean ICP was
about 10 mmHg. Several studies that have examined CSF pressure and age failed to
find a relationship of significance,**° while Fleischman et al. in their retrospective
analysis of 33,922 patients who had lumbar puncture revealed that CSF pressure
decreases with older age. This study found that CSF pressure was stable for the first
50 years of life (11.5 (2.8) mmHg) after which there was a steady decline by 2.5% at
age 50-54 and by 26.9% at age 90-95. However, CSF pressure of the included patients
varied from 4.41 to 18.38 mmHg.** Other authors analyzing primary open-angle
glaucoma (POAG) and healthy subjects found inconsistent ICP values: Ren etal. in a
prospective study analyzed 71 healthy subjects with a mean age of 45.7 and found
mean a ICP of 12.9 mmHg.** Similar ICP results were found by Berdahl et al. in a
retrospective study, however, the mean age of included healthy subjects was 68.2.5
These studies measured ICP invasively via lumbar puncture (41,52). Siaudvytyte
et al. evaluated ICP non-invasively and found it to be 10.5 mmHg in 51.9-years-old
healthy subjects.'

Positive BMI and CSF pressure associations were found by various prospective
and retrospective studies.®*** Fleischman et al. analyzed CSF pressure in five
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different age groups and found that BMI was positively correlated with CSF pressure
in every age group. Adult patients younger than 42 years of age with BMI between
10.1to 22.3 kg/m? had a mean CSF pressure of 9.92 mmHg.** This data corresponds
to ours as our results showed a mean ICP of about 10 mmHg with BMI of 21.4(3.1)
kg/m?2.

We also found no statistically significant differences in ICP between subjects with
different refractive errors. Our included subjects had mild myopia/hypermetropia,
therefore higher refractive errors influence on ICP still remains unclear.

There are several limitations in our study. Firstly, it was a small sample pilot study
aiming to evaluate physiological fluctuations of IOP, ICP and OPP in healthy young
adults with presumably intact autoregulation that likely does not reflect glaucoma
populations. Therefore this study establishes a baseline of fluctuations in healthy
subjects for comparative purposes and our data should not be considered repre-
sentative of any disease state. However, it represents an exciting future direction
for our pilot analysis to build upon. A larger sample may also allow future analysis to
confirm other relationships of IOP, ICP and OPP variations. Secondly, we obtained
only morning and midday measurements of these parameters, and therefore it
does not present diurnal or circadians variations. Thirdly, due to the requirement
of measuring ICP in the supine position and the fact that IOP varies according to
posture we measured IOP with Schiotz tonometer, which may not be the same as the
current gold standard Goldmann tonometer, besides it has errors related to sclera
rigidity and corneal curvature.®® Fourthly, we used a non-invasive ICP measurement
method by using two-depth TCD device, instead of golden standard invasive ICP
measurement methods, which may represent sample errors yet to be discovered.
Nevertheless, a prospective study with 108 neurological patients showed that
diagnostic sensitivity, specificity and the area under the ROC curve of this non-in-
vasive absolute ICP method were 68.0 %, 84.3 % and 0.87, respectively.*® However,
it remains unclear whether ICP is directly related to the CSF pressure in the orbit
around the optic nerve. Experimental studies on dogs showed that CSF pressure in
optic nerve SAS is equal to CSF pressure in the lateral ventricle of the brain at the
level of eye.'® Of note, the method depends on the optic nerve path at SAS between
the orbitalandintracranial parts. Itis not known what happens when the optic nerve
canal is blocked, in such cases as suprasellar meningioma, tuberculous meningitis,
intracanalicular OA aneurysm, etc. It is thought that CSF is distributed evenly with a
continuous flow through all CSF spaces, including ventricles, cisterns and SAS. The
SAS of the optic nerve is bridged by a variety of trabeculae and septa, which number
and morphology depend on their location within SAS: the retrobulbar portion of the
opticnerveiscomposed of delicate trabeculae, the midorbital SAS - of broad septae,
the canalicular portion - combination of septae and trabeculae.*” In addition, unlike
in other areas, the dura of optic nerve sheath contains atypical meningeal tissue
with lymphoid characteristics.®® Interestingly, Killer and colleagues® found that
CSF flow between the basal cisterns and the SAS surrounding the optic nerve was
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different between patients with NTG and healthy subjects, showing that NTG had
decreased CSF flow in this area.

5. Conclusion

We found no significant ICP, IOP and OPP variations during morning and afternoon
in young healthy subjects. Higher OPP was related to lower TPD in the morning.
Further prospective studies are warranted to investigate diurnal ICP variations in
glaucoma patients to understand how fluctuations in ICP and TPD may contribute
to the glaucoma process.
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Abstract

Aim/purpose: It is believed that small nerve bundles are damaged in the earliest
stages of neuropathy caused by diabetes mellitus (DM). Our goal was to evaluate and
compare anatomical characteristics of corneal nerve fibers and corneal sensitivity
in type-1 DM patients and in healthy control subjects.

Design: A prospective, masked, controlled cross-sectional clinical study.

Method: Thirty patients with type-1 DM and ten non-diabetic healthy subjects
underwent a corneal confocal microscopy to evaluate the corneal sub-basal nerve
fibers (density, number of nerves and branches, total nerve length) and contact
corneal esthesiometry.

Results: Diabetic patients had significantly lower corneal nerve fiber density density
(14.32 + 5.87 vs. 19.71 + 5.59 mm/mm2; p = 0.023 ) nerve branches number (4.57
+ 3,91 vs. 9.90 + 5.8 n°/image; p = 0.006) , nerve fiber length (2.28 £ 0.94 vs. 3.13 +
0.89 mm; p = 0.032) and corneal sensitivity (1.13 + 0.29 vs. 0.98 + 0.058 gr/mm2 p =
0.02), as compared with controls. A negative correlation was found between corneal
nerve fiber length, corneal nerve number, corneal nerve fiber density and disease
duration (p <0.05).

Conclusion: Corneal confocal microscopy and corneal sensitivity evaluation are
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noninvasive techniques helping to detect early changes in the sub-basal nerve
plexuscharacteristic fordiabetic neuropathy (DN) in patients with type-1DM. Further
studies are required to investigate the role of corneal neuropathy assessment using
these novel techniques as a toll to detect early DN.

Key words: contact corneal esthesiometry, corneal confocal microscopy, corneal
sensitivity, diabetes mellitus, diabetic neuropathy.

1. Introduction

Diabetic neuropathy (DN) is a significant and prevalent complication of diabetes
mellitus (DM), which has no effective treatment once established and can ultimately
result in foot ulceration and lower extremity amputation.! Up to 50% of patients
with DM will develop distal symmetric polyneuropathy at some point during their
illness.? The natural history of nerve damage in patients with type-1 DM is not
entirely clear but we do know that the development of diabetic neuropathy has
been related not only to glycemic control but also to conventional cardiovascular
risk factors such as hypertension and dyslipidemia.? Unfortunately, demonstrating
an improvement in neuropathy over time has been much more difficult to achieve
than preventing progression.* Recent studies demonstrated significant abnormali-
ties in the small fibers in subjects with impaired glucose tolerance and DM, despite
normal electrophysiology, suggesting that the earliest nerve fiber damage is to
the small fibers. Clinical assessments and scales have the advantage of taking into
account the patients’ symptoms and a neurologic examination, but a recent work
has indicated that this approach may have a poor reproducibility.®

Traditional neuropathy diagnostic tools do not objectively and accurately assess
small nerve fibers, which are often the first to be injured and perhaps the first to be
repaired®, and which has a very important value in clinical trials when investigating
interventions for the prevention and treatment of DN. Although electrophysiology
correlates with large fiber’s damage, it does not assess small fibers (A and C fibers)
and the test for preclinical small nerve damage, the skin punch biopsy, which can
detect intra-epidermal nerve fiber density and is generally regarded as the gold
standard of small nervefiberdegenerationisaninvasive procedure.”® Several groups
have reported the use of corneal confocal microscopy (CCM) evaluation of corneal
nerve structures and corneal sensitivity measurement as a reliable assessments of
DN*!° and has been shown to be effective as a rapid, noninvasive, repeatable tool
that allows detection of neuropathy in patients with DM.!* In this study we assessed
the corneal sensitivity and corneal nerve morphology using contact corneal esthe-
siometry and CCM in DM patients and healthy control subjects aiming to detect and
compare small corneal nerves alterations that might possibly predict development
of neuropathy and stratify diabetic patients with increasing neuropathic severity.
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2. Materials and methods

2.1. Subjects

This prospective, masked, controlled cross-sectional clinical study, conducted
in accordance with the Declaration of Helsinki with the approval of the Human
Research Committee with applicable regulations pertaining to Good Clinical
Practice was conducted in the Eye Clinic and Endocrinology Clinic of the Lithuanian
University of Health Sciences’ Hospital.

All subjects were 18 and older and all signed an informed consent form. The
patients underwent a single medical examination during which several factors
were assessed (age, gender, diabetes mellitus duration, glycated hemoglobin Alc
(HbA1c), detailed medical history, family history, lifestyle factors, comorbidities,
etc.) and the ophthalmological examination performed (best corrected visual
acuity, refraction, intraocular pressure, biomicroscopy, ophthalmoscopy, corneal
confocal microscopy, contact corneal esthesiometry).

The study group included type-1 DM patients whereas the control group included
healthy subjects.

Exclusion criteria: neuropathy attributable to causes other than diabetes,
diseases known to affect the corneal sub-basalinnervation (i.e., Herpes zoster), con-
tact-lens wear, concomitant active or past corneal or ocular surface diseases (i.e.,
active or a history of ocular herpes simplex infection), systemic disease known to
affect the corneal sub-basalinnervation, (i.e., dry eye in Sjogren syndrome), corneal
dystrophy, previous corneal surgery, corneal opacification or visible corneal edema,
severe movement disorders (strabismus, nystagmus, poor compliance, or fixation
issues),'?** refractive laser procedure (LASIK) in the past five years,'® known allergy
to proparacaine.

DMtype 1 wasdefined based on the following criteria forthe diagnosis of diabetes:
symptoms of diabetes (polydipsia, polyuria, weight loss, fatigue, dizziness, nausea
etc.) plus casual plasma glucose concentration = 11.1 mmol/l or Fasting Plasma
Glucose (FPG) = 7.0 mmol/l twice on two separate days. Diabetic neuropathy was
defined using a modified Neuropathy Disability Score (NDS), which is based on the
assessment of ankle reflexes and sensory modalities on the big toes of both feet,
and scored: (i) ankle reflexes (0, normal; 1, present with reinforcement; 2, absent);
(ii) vibration with a 128-Hz tuning fork; (iii) pinprick; and (iv) temperature (warm and
cool) (0, normal; 1, abnormal). Final scores of 3-5, 6-8 and 9-10 were considered to
be evidence of mild, moderate and severe clinical neuropathy, respectively.'’

2.2. Corneal confocal microscopy

All participantsunderwentin-vivo corneal confocal microscopy (IVCCM) examination
of the sub-basal nerve fiber plexus (SNP), comprised between the basal epithelium
and the Bowman'‘s layer of the cornea scanned with a laser IVCCM (Heidelberg
Engineering GmbH, Heidelberg, Germany) to produce a 0.4 mm x 0.4 mm (384 pixel
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x 384 pixel) applying an established methodology.!® The device is a laser-scanning
confocal microscope that uses a visible 670 nm red wavelength diode laser source.
The subject’s eyes were topically anesthetized using a drop of 0.5% proparacaine
hydrochloride, and an ocular 2% carbomer containing gel was applied on the surface
of the eye for lubrication. A drop of gel was placed on the tip of the objective lens,
which was covered by a sterile disposable TomoCap® to allow the optical coupling
of the objective lens to the cornea after another drop of gel had been applied on the
surface of the TomoCap® Subjects fixed their gaze on a target positioned behind the
corneal confocal microscope device and the examiner used a side-view digital video
camera to ensure the apex of the central cornea was scanned. Five to ten high-qual-
ity images with the best resolution of the SNP were acquired from the center of the
cornea.

The investigator who examined the cornea and undertook morphometric mea-
surements of the images was masked with respect to the identity of the patients as
well as medical and neurological results of the subjects. From the images showing
well-focused nerves from the central cornea, one image was randomly selected.
The priority was given to the picture with the highest quality. The SNP density was
calculated, defined by the length of nerves per square millimeters of image area.’
The following variables were quantified: (1) corneal nerve fiber density (CNFD) -
the total number of all nerve fibers per mm? (in mm/mm?); (2) corneal nerve fiber
length (CNFL) - the total length of nerve fiber in mm; (3) corneal nerve branches
number (CNBN) - the number of branches per image; (4) corneal nerve number per
image (CNN) - the total number of major nerves per image. Measures 1 and 2 were
calculated using the NeuronJ plug-in of the computer software ImageJ (ImageJ
1.49d, the Java-based image processing environment developed at the National
Institutes of Health, Bethesda, MD, USA), which allows a manual semi-automatic
nerve tracing and further calculation of the nerve plexus. The pictures on a single
plane were mandatory, no oblique pictures were selected, and only the visible parts
of the nerve were marked with the ImageJ software.'

2.3. Corneal sensitivity

Corneal sensitivity examination is performed to assess the sensory function of the
cornea. The examination was carried out using a handheld Cochet-Bonnet esthe-
siometer (Luneau Ophtalmologie, France), which allows to measure the sensation
level and record its numerical value. The device relies on the principle of contact
esthesiometry. It contains a thin (0.12 mm in diameter), retractable, nylon mono-
filament, which has a length that can be regulated in order to increase or reduce
the amount of pressure applied. The fully extended length of nylon filament was
60 mm, at which length the cornea was firstly tested. If a positive answer was not
detected the filament length was shortened by steps of five mm and the procedure
was repeated until a positive response was obtained and each of the pressure value
obtained was written down.>*®
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Five positions were tested in each eye using the esthesiometer, the first one being
the central cornea. The cornea was then virtually divided horizontally and vertically
into four quadrants, which were tested one after the other. After all five zones had
been tested, the average pressure needed to elicit a positive answer was calculated.

2.4, Statistics

SPSS 17.0 for Windows was used to compute the results. The analysis included
descriptive and frequency statistics. All data are expressed as means (x(SD)). P value
less than 0.05 was considered as significant. The Mann-Whitney test was used to
compare patients with type-1 diabetes and controls.

3. Results

Thirty type-1 diabetic patients aged 34 + 10.4 years and ten control subjects aged
29 + 11.2 years were included in the study (p = 0.13). There were statistically more
female patients in the diabetic group than in control (p = 0.03) (participants charac-
teristics are shown in Table 1).

Table 1. Clinical demographics and corneal sensitivity in control subjects and diabetic
patients.

Healthy volunteers Diabetic patients p value
(N=10) (N =30)
Female sex, N (%) 6 (60%) 27 (90%) 0.03
Age (years) 29+1.2 34+10.4 0.13
Diabetes duration (years) - 13+9.8 -
HbA1lc (%) - 85+14 -
CCM parameters:
CNFL (mm) 3.14+0.9 2.29+0.9 0.032
[3.13 (1.74; 4.59)] [2.27 (0.36; 3.87)]
CNFD (mm/mm?) 19.72+£5.6 14.32+£5.9 0.023
[20.06 (10.88;28.71)] [14.19 (2.25;24.18)]
CNBN (number/image) 9.9+5.8[9(2;22)] 4.6 +3.9 [3(0;16)] 0.006
CNN (number/image) 5.7+1.9[6.0(3;8)] 5.3+1.9[6(1;8)] 0.67
Corneal sensitivity (gr/mm?) | 0.99 + 0.06 1.13+0.29 0.02
[0.96 (0.96;1.14)] [1.01 (0.96; 2.24)]

Mean + SD [median (min.; max.)]. p values were calculated with non-parametric Mann-Withey
Test, significance level p < 0.05. HbAlc = Glycated hemoglobin Alc; CNFL = corneal nerve
fiber length; CNFD = corneal nerve fiber density; CNBN = corneal nerve branches number;
CNN = corneal nerves number.
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Fig. 1. CCM images from Bowman'‘s layer of cornea: A. A 23-years-old healthy patient, CNFD
21.81 mm/mm?, corneal sensitivity 1.14 gr/mm?. B. A 35-years-old patient, diabetes duration
23 years, CNFD 14.15 mm/mm?, corneal sensitivity 1.43 gr/mm?,

Safety: none of the participants experienced any visual or corneal sequelae as a
result of the examinations.

Figure 1 displays a sample of the pictures obtained using the CCM. The inter-
connected sub-basal nerve fiber plexus is represented as elongated hyperreflec-
tive structures in both a DM and a healthy person at the sub-basal level, located
between the basal layer of the epithelium and the Bowman’s membrane (Fig. 1).

Diabetic patients compared to controls had a significantly lower CNFL (2.28 +
0.94 vs. 3.13 £ 0.89 mm; p = 0.032), CNFD (14.32 + 5.87 vs. 19.71 + 5.59 mm/mm?; p
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=0.023), CNBN (4.57 +£3.91 vs. 9.90 + 5.8 no/image; p = 0.006), while the CNN values
were not statistically significantly different between the two groups (5.3 + 1.9 vs.
5.7+ 1.9 n°/image; p = 0.67). Estimated corneal sensitivity was also lower in diabetic
patients group compared to the healthy controls (0.99 + 0.06 vs. 1.13 + 0.29 gr/mm?;
p =0.02). A negative correlation was found between CNFL, CNN, CNFD and diabetes
duration (r =-0.366, r =- 0.464, r =-0.363; p < 0.05, respectively) and no statistical
significance was found between diabetes duration and corneal sensitivity (p > 0.05)
(Figs. 2, 3, 4). There were no statistically significant correlations between HbA1lc,
corneal sensitivity and sub-basal nerve parameters in the diabetic subjects group.
We found no correlations between age and SNP morphological changes or corneal
sensitivity in both diabetic and healthy control groups (p > 0,05).

4, Discussion

DN development is the main initiating factor for foot ulceration and lower extremity
amputation. The lack of early biomarkers for nerve injury hinders the process of
drug development in clinical research, which highlights the urgent need for a valid
screening test in clinical practice that overcomes the limitations in their specificity
as predictive markers for the future onset of neuropathy.?’ Over the past decade
there has been increasing research interest in modeling the relationship between
corneal nerve fiber loss and diabetes. There is evidence suggesting that CCM can
detect early small fiber changes in patients with type-1 diabetes without neuropathy
and accurately quantify the severity of DN.?
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Fig. 2. Correlation between changes in nerve fiber density and duration of diabetes mellitus
(r=-0.363, p = 0.049).
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Fig. 3. Correlations between changes in nerve fiber length and duration of diabetes mellitus
(r=-0.366, p = 0.046)
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Fig. 4. Correlations between changesin nerve fiber number and duration of diabetes mellitus
(r=-0.464,p=0.010)

The purpose of this cross-sectional study was to evaluate the differences of
corneal sub-basal nerve plexus and corneal sensitivity in subjects with type-1 DM
and healthy controls. We hypothesized that values between diabetic and healthy
control groups indicate incipient nerve injury that represents those individuals
with future neuropathy risk. The study was conducted using two novel noninvasive
measures of neuropathy, namely contact corneal esthesiometry and corneal
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confocal microscopy.

Our study estimated that corneal sub-basal nerve plexus parameters and
corneal sensitivity are significantly reduced in diabetic patients compared with
healthy controls and these results are in agreement with several other studies.”
11.22.23Rosenberg et al. demonstrated that patients with type-1 DM have a reduction
in corneal sensitivity and in the number of corneal nerve fiber bundles, and these
correlate statistically significantly with the severity of neuropathy.® We did not
stratify the severity of somatic nerve neuropathy in diabetic patients because of
a small number of participants, who have been diagnosed with DN. In Tavakoli et
al. study, 101 diabetic patients underwent neurological evaluation, the neuropathy
deficit score (NDS) was established and the severity of neuropathy was determined.
They demonstrated a progressive reduction in corneal sensitivity and increasing
corneal nerve degeneration with increasing severity of diabetic neuropathy.® In
another study conducted by Ishibashi et al., 38 controls and 38 diabetic patients
were recruited. DN was not stratified into severity levels, but diabetic patients were
divided into two groups based on the presence or absence of DN and was named as
‘probable DN’. The authors also established that CCM parameters’ alterations were
found in patients without neuropathy compared with healthy subjects.?

We found no statistically significant correlations between HbAlc, corneal
sensitivity and sub-basal nerve parameters in the diabetic patient’s group. This
could be due to a relatively small sample size. Ishibashi et al. found an inversed
correlation between CNFD and CNFL and the mean annual HbAlc levels for a period
of seven to ten years prior to the examination, suggesting that the mean HbAlc
level during this period was an independent predictor of reduced CNFD and CNFL
in type-1 DM, but, in their study, this significant correlation disappeared abruptly
beyond ten years, probably because of a decrease in the number of subjects.??

Although another study conducted by Tavakoli et al., including 25 patients with
DM, showed thatimprovementin nervefiber density correlated significantly with the
improvement in HbAlc (r=-0.51; p = 0.008) and confirmed the negative association
between HbAlc and nerve fiber density (P = 0.02), they did not find significant
correlations between HbAlc and other corneal sub-basal nerve parameters (i.e.
corneal nerve branches number, nerve branch density, nerve fiber length, corneal
nerves number).?*

We did not find any statistically significant correlation between gender, corneal
sensitivity and sub-basal nerve parameters. In our study, there were more female
than male patients (40 participants, 33 of which were females), however, in a 2013
study conducted by Parissi et al. including 106 patients, 59 of which were females
and 47 males, no differences in the mean sub-basal nerve density between genders
were identified.®®

Interestingly, our study showed that diabetes duration is negatively correlated
to CNFL, CNN, CNFD (p < 0.05) and that the disease duration has no significant
correlation with corneal sensitivity (p = 0.295), while Ishibashi et al. found no statis-
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tically significant correlation, despite a very similar duration of diabetes in studies
(13+9.8vs.15.4 + 1.5 years). These discrepancies might become significant because
of the different number of diabetic participants. Also Ishibashi et al. found no
difference in nerve branches between controls and diabetic patients,?? whereas our
study showed that the number of nerve branches was statistically significantly lower
in the diabetic group compared to healthy patients (p < 0.05). The branches, when
analyzed by CCM, possess a smaller diameter than the main nerve trunks. They were
significantly less numerous in diabetic patients than in our control group, which
may confirm that smaller diameter nerve fibers, corresponding to sensory nerve
fibers, are affected primarily in the course of DN, and they are probably responsible
for the increased threshold required to elicit a corneal sensation.” In contrast with
another study conducted by Rosenberget al., we did not find statistically significant
changes in CNN between both groups (p = 0.67), while they found that patients with
diabetes had less nerve fiber bundles than healthy control subjects (p = 0.035).°
This might be due to differences in estimation methods, in the evaluation of the
branches and nerves per image. Also different from our study, where we did not
find any significant correlation, Rosenberg et al. estimated that corneal sensitivity
was inversely correlated with the duration of diabetes (r =-0.630; p = 0.001) and this
might be caused by discrepancies in diabetes duration mean between both studies
(13+9.8vs.25.9+8.1years).?

Despite the results, showing similarities between different studies, there are
differences not only in the number of participants, but also in the methodologies
and in the technique of images capture, selection, and analysis. First of all, some
investigations that quantified CCM parametersin diabetic and healthy subjects used
slit-scanning confocal microscopy,® and not laser scanning microscopy. Different
software was used to measure CCM parameters, which makes it more difficult to
compare the parameters between healthy controls and diabetic patients. Secondly,
although diminished, corneal sensitivity in diabetes with symmetrical involvement
was first described by Schwartz using a Cochet and Bonnet esthesiometer (and
later by others),?® there were differences in corneal sensitivity assessment methods
in some recent studies. Tavakoli et al. also found significant differences of corneal
sensitivity between diabetic and healthy persons (p < 0.001), but the study was
conducted using a noncontact corneal esthesiometer (NCCA) and assessing just the
center of the cornea,' which differed from our study.

We acknowledge limitations to the interpretation of our results. Firstly, the data
were cross-sectional and correlated with clinical factors retrospectively. Although
we define diagnostic thresholds for CNFL, we acknowledge that the small number
of participants, differences in gender sample and measurement error could limit
the precision of these specific threshold values. Secondly, although we evaluated
the corneal sensitivity, it was performed by contact corneal esthesiometry, and not
using newer non-contact gas-esthesiomer, which is due to the very limited availabil-
ity of such devices.! Thirdly, we acknowledge that protocols using fully automated
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image analysis will likely be needed for this diagnostic test to be generalized into
clinical practice.?®?’

Because of such limitations, a longitudinal study, including more participants,
a similar number of different genders and more data concerning the relationship
between the morphological anomalies on CCM and the contributing clinical factors
is needed.

Many studies use a cross-sectional methodology and it is still unclear how the
early nerve regeneration seen in the cornea could be related to the functional
improvements of peripheral neuropathy. The possibility remains that corneal
nerves and sensory/motor nerves in the feet are unrelated. At present, underdiag-
noses impede the benefits of early identification, thus delaying early management
and prevention of neuropathy. Although CCM and corneal esthesiometry have the
potential to be a game changer in the neuropathy outcome assessment, additional
researches? as well as a longitudinal study are needed to provide more robust data
regarding the ability of CCM to identify patients at risk of developing neuropathy.
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Abstract

Purpose: Vascular changes have been observed among glaucoma patients, but
it is not yet known whether these vascular changes occur primary or secondary
to glaucomatous damage. In this study, a theoretical mathematical model of the
retinal vasculature is applied to a set of oximetry data obtained from healthy
individuals and glaucoma patients and is used to propose possible explanations for
the clinically observed increases in venous blood oxygen saturation in advanced
glaucoma patients.

Methods: Given clinical measurements of intraocular pressure (IOP), mean arterial
pressure and arterial blood oxygen saturation from healthy persons and advanced
(visual field mean defect (MD) = 10 dB) primary open angle glaucoma (POAG, IOP >
21 mmHg) patients and advanced normal tension glaucoma (NTG, IOP <21 mmHg)
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patients, the model is used to predict the oxygen demand or Krogh cylinder tissue
width that would yield the clinically-measured venous oxygen saturation in each
population.

Results: Adecreaseinretinal tissue oxygen demand (M,), animpairmentin blood flow
autoregulation, or a decrease in Krogh cylinder tissue width (d) can independently
lead to increased venous saturation. The model predicts that a decrease in M, or a
decreasein dis more likely to yield the increased venous saturation levels observed
in POAG patients, while impairing blood flow autoregulation with no change in M,
or d is more likely to yield the increased venous saturation levels observed in NTG
patients.

Conclusions: The combined theoretical and clinical model predictions suggest that
the mechanisms leading to increased venous saturation might differ between POAG
and NTG patients. The model predictions are used to hypothesize that a decrease
in oxygen demand might be more relevant to the increase in venous saturation
observed in advanced POAG, while impairment in autoregulation mechanisms
might be more relevant to the increase in venous saturation observed in advanced
NTG.

Keywords: blood flow autoregulation, glaucoma, mathematical model, oximetry,
oxygen saturation, oxygen consumption, retina, spectrophotometry

1. Introduction

Glaucoma is a progressive optic neuropathy associated with visual field loss and
retinal ganglion cell death. Although glaucoma progression has been primarily
associated with elevated levels of intraocular pressure (IOP), recent studies have
suggested that metabolic alterations, dysfunctions of vascular autoregulation and
changes in oxygen supply to tissue are also relevant factors to be considered in the
progression of the disease.»? The correlations between retinal metabolic alterations
and vision loss are not yet fully understood; however, alterations in the retinal blood
oxygen saturation levels of glaucomatous patients have been observed.*® Also,
blood flow deficiencies reported in retinal and retrobulbar vessels™! of glaucoma
patients support the hypothesis that hemodynamic alterations are correlated to
glaucoma damage, independent of or related to I0P.}23 Alterations in the micro-
vascular network density (and thus oxygen supply to tissue) in the optic disc and
temporal areas have also been reported in glaucoma patients when compared with
healthy individuals.**1¢

Despite this evidence linking blood flow alterations with glaucoma, it is still
unknown whether vascular changes occur primary or secondary to retinal ganglion
cell loss. If primary, impaired autoregulation or insufficient blood supply to the
retina and optic nerve would lead to tissue damage with subsequent vision loss.
If secondary, vascular changes would be the result of optic nerve damage and the



66 L. Carichino et al.

loss of retinal ganglion cells, since those cells would no longer require oxygen or
nutrient.

Several techniques can be used to measure vascular alterations in the eye,
including fluorescein angiography, color Doppler imaging, laser Doppler flowmetry,
Doppler optical coherence tomography and retinal oximetry.2*"® In particular,
retinal oximetry can be used to measure hemoglobin oxygen saturation and
vessel diameters in the retina.****22While many oximetry studies*®!2?2 have been
conducted among healthy individuals and patients with various types and severity
of glaucoma, trends in the oximetry measurements were not consistent across
studies. For example, some studies®® found no differences in venous oxygen
saturation levels of normal-tension glaucoma (NTG) and high-tension primary
open-angle glaucoma (POAG) patients when compared with the levels in healthy
individuals, while other studies*?°?2 found significant differences in venous oxygen
saturation among these populations.

In three studies,>*?° patients with advanced glaucoma (visual field mean defect
(MD) = 10 dB) exhibited higher venous oxygen saturation levels (and thus a lower
arteriovenous difference in oxygen saturation) compared with healthy individuals
and mild glaucoma patients (MD < 5 dB). These observations led to the hypothesis
that the decreased arteriovenous difference in the advanced glaucoma group could
be due to a decrease in retinal oxygen consumption, but additional and preferably
longitudinal studies in glaucoma patients are necessary to help to distinguish if the
observed vascular changes occur primary or secondary to glaucoma damage.

As evident from the inconsistent trends in reported clinical data, additional
methods are needed before definitive conclusions can be made relating blood
oxygen saturation changes and the severity or type of glaucoma. This study applies a
previously developed theoretical model of retinal vascular wall mechanics* to a set
of clinical oximetry data obtained from healthy individuals and glaucoma patients*
to propose possible explanations for the increases in venous oxygen saturation
observed in advanced glaucoma patients. The combined mathematical and clinical
approach is used to calculate theoretical changes in blood oxygen saturation in
retinal arterioles, capillaries and venules and to compute patient-specific levels of
tissue oxygen demand or Krogh tissue width (herein referred to as “tissue width”)
that would yield the measured values of venous oxygen saturation given values of
mean arterial pressure (MAP = (2*DBP+SBP)/3, where DBP is diastolic blood pressure
and SBPissystolicblood pressure), IOP and arterial oxygen saturation from patients.
The resulting theoretical predictions provide a wider range of possible factors that
could explain clinical observations than would be intuitive, and these results offer
an important step in distinguishing between the primary causes and secondary
effects of glaucoma.
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2. Methods

2.1 Experimental data

Retinal oximetry is a clinical technique used to assess oxygen saturation levels and
vessel caliber in individuals with various ocular diseases. This study focuses on
oximetry data in patients with different types and degrees of severity of glaucoma.
The methods of performing retinal oximetry and obtaining baseline measure-
ments of factors such as IOP and blood pressure in glaucoma patients and healthy
individuals has previously been described in detail.* In short, measurements from
89 healthy individuals and 74 glaucoma patients of age 40 years or older were
collected. Individuals with systemic diseases or ocular diseases other than open
angle glaucoma were excluded from the study. However, patients receiving antihy-
pertensive medication for elevated systemic blood pressure and patients with mild
cataracts were not excluded.

Glaucoma was defined based on the characteristic optic disc damage and the
corresponding visual field defects. Of all of the glaucoma patients considered in this
study, 45 were diagnosed with POAG and 29 were diagnosed with NTG. A diagnosis
of POAG was defined by an untreated IOP > 21 mmHg. Patients with IOP measure-
ments consistently <21 mmHg were classified as having NTG. All glaucoma patients
underwent automated perimetry. A patient was defined as having “mild glaucoma”
if the visual field mean defect (MD) was <5 dB and was defined as having “advanced
glaucoma” if the visual field MD = 10 dB. Of the 45 POAG patients, 20 were diagnosed
with mild glaucoma and 12 were diagnosed with advanced glaucoma. Of the 29
NTG patients, 13 were diagnosed with mild glaucoma and 9 were diagnosed with
advanced glaucoma. Some patients were under active treatment at the time of
measurement.

All oximetry measurements were performed in darkness with the Oxymap T1
oximeter (Oxymapehf, Reykjavik, Iceland), where relative oxygen saturation was
measured semi-automatically with the Oxymap Analyzer Software 2.2.1 (v.3847).
The IOP measurements were performed on dilated pupils using a Goldmann
applanation tonometry mounted on a Haag-Streit slit lamp (Haag-Streit BQ 900,
Haag-Streit International, Koniz, Switzerland) in Belgium, and using the iCare TAO1
tonometer (Tiolat Oy, Helsinki, Finland) in Iceland. An automatic sphygmomanom-
eter was used to obtain all measurements of systolic and diastolic blood pressures
after a 5 min resting period (in Belgium: Omron HEM-7001-E, Omron, Kyoto, Japan;
in Iceland: Omron HEM-7221-E, Omron, Kyoto, Japan).

2.2 Mathematical model

To determine possible explanations for measured changes in venous oxygen
saturationin POAG and NTG patients,*asimplified mathematical model of the retinal
vasculature, previously developed by Arciero et al.,” is used. The retinal vasculature
downstream of the central retinal artery (CRA) and upstream of the central retinal
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Fig. 1. The retinal vasculature, as depicted in the oximetry image (top), is modeled as a repre-
sentative segment network (bottom) consisting of five compartments of parallel-arranged
vessels connected in series downstream of the central retinal artery (CRA) and upstream of
the central retinal vein (CRV): Large arterioles/arteries (LA), small arterioles (SA), capillaries
(C), small venules (SV) and large venules/veins (LV).

vein (CRV) is modeled as a representative segment network, where five vessel com-
partments for the large arterioles (LA), small arterioles (SA), capillaries (C), small
venules (SV) and large venules (LV) supplying and draining the retina are connected
in series; each compartment consists of identical segments arranged in parallel
(Fig. 1). All compartments are assumed to experience the same hemodynamic and
metabolic conditions. Asummary of the model equations, along with itsinput values
and output values, is provided in Table 1. The subscripts used in Table 1 indicate if
the quantity is evaluated either at the inlet (in,i), midpoint (mp,i) or outlet (out,i) of
the ith compartment, where i=LA,SA,C,SV,LV. The values of the model parameters
are listed in Tables 2, 3 and 4. In the following, the main features of the model are
discussed, which are leveraged to perform the simulations reported in the Results
section. For a complete description of the model we refer to a previous study by
Arciero et al.?®



Modeling retinal oxygen saturation in glaucoma

69

Table 1. Summary of model* variables and equations (sections b - f), including input (section
a) and output (section g) data.

Input
(a) Pippa= %MAP —20mmHg, Poyu,v = IOP, S(z =0) = arterial oxygen saturation,
My, d, bCOs(x=0)=50%, Clz=0)=0.5uM
Equations
dd-th = 2_’__? (Ti - Ttotal,i) )
i =LA,SA
d4; _ 1 (A i — Aj)
a = total,i i
(b)
Tiotal,i = Tpassive,i + AiTmaz.active,i Tpassive,i = Cpass,i €XP [Cpass s (Di/ Do — 1)]

Tmaz.activei = Cact,i €XP {— [(Di/Do,i - C,'m,i) /C,’{d,i]z} Atotati = 1/ (1 + exp(—Stone,i))

Stone,i = Cmyo,iTi = Cshear,iTi — Cmeta,iScR,i — Cc0,,i500,,1v + Clone i

T; = (Pmp,i — IOP)D;/2 i =LA,SA,C,SV,LV
Myogenic APyot = QtotRiot = Pinpa — Pout,tv Riot =Y ; Ri Qror = ni Qi
AP; = QiR = Pini — Pouti  Ri = (1281,L:)/(D{n;)  Pmpi = Pini + 5AP,;

Shear stress 7; = (321:Q;)/(D?) i =LA,SA,C,SV,LV

Tend,i
Scr,i = / exp [— (Y — Tmp,i) /Lo] C(y)dy i =LA,SA
.

mp,i

C(z) = a+ B(z — Tin,i) + exp [V(Tin,i — )] (C(Tins) — @)
Metabolic a(z) = HpRo [Di(1 — R1S(%in,i)) — (1 — Hp)Roq(z)/(rcoHpka)] /4ka
B(z) = (DiHr RoR1q(z))/(4QicoHpka) v =kawD;/[(1 — Hp)Q]
q(x) = Mom(r7; — 72 ,) roi = 3D; Ti =Ty +d;
S(z) = S(xin.i) + a(@)(@in,i — 7)/(QicoHp)
POy(z,7) = PO3(2,70:) + Mo [(r? — 72 ;) /4 + 17, In (rvs/7) /2] [k

Sco,,Lv = f(PCO2Ly, Qtot)
Carbon diozide PCOspy = g(tCO2(Tmp,Lv)) tCOs(z) = bCO2(x)(1 — (—0.115Q40¢ + 0.23))
bCOz(x) = bCO2(in,i) — 0.81¢(x)(zin,: — x)/(QicoHp)

Output
P;, AP;, R; and Q; i =LA,SA,C,SV.LV, C(z), S(z), POs(r,z), tCOs(z), bCO2(z)
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Table 2. Parameter values for passive tension, active tension, and vascular smooth muscle
activation equations in the large arterioles (LA) and small arterioles (SA).

Constant Value Unit Constant Value Unit
LA SA LA SA

c 361.48 | 197.01 | [dyn/cm] C 0.0092 0.025 [cm /dyn]
pass myo

c 53.69 17.60 [1] c 0.0258 0.0258 | [cm?/dyn]
pass shear

c 2114.2 | 3089.6 | [dyn/cm] c 200 200 [uM /cm]
act meta

0.93 1.02 [1] c 8e™* 1.31e* | [1/mmHg]

act (302

c 011 | 020 [1] c 159.26 | 62.27 (1]
act tone

A 0.0457 | 0.0604 | [1/mmHg] D 135.59 73.9 [uM]

0

Table 3. Time constants for the model equations (Table 1(b)) and parameter values for the
metabolic response (Table 1(e)).

Parameter Value Unit

time constant for diameter, T, 1 [s]

time constant for activation, T, 60 [s]

tube hematocrit, H, 0.3 [1]
discharge hematocrit, H, 0.4 [1]

rate of ATP degradation, k, 2e [em/s]
maximum rate of ATP release, R, 1.4e? [mol st cm™)
effect of oxygen saturation on ATP release, R, 0.891 [1]

oxygen capacity of red blood cells, ¢, 0.5 [cm?0,/cm’]
oxygen tissue diffusion coefficient, k 9.4 [cm® O,cm™ mmHg™* s”]
length constant for S, L, 1 [cm]

Table 4. Parameter values describing vessel network geometry and viscosity.

Parameter Value Unit
LA SA C SV Lv

number of segments, n 4 39 111,360 |39 4 [1]

segment length, L 0.807 0.583 0.088 0.583 | 0.807 [em]

viscosity, u 2.28 2.06 10.01 2.09 2.44 [cP]
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Blood flow and oxygen saturation throughout the network are predicted
according to hemodynamic and mechanical principles. Retinal flow is assumed
to follow Poiseuille’s Law, in which flow through each vessel is proportional to the
fourth power of the vessel diameter. The complex blood rheology is accounted
for by assigning different values of the apparent viscosity u to vessels in each
compartment according to an experimental in vivo relationship?* (Table 4). The total
tension T,,,; generated in the vessel walls of the vasoactive compartments j= LA, SA
follows the Law of Laplace and is modeled as the sum of passive and active tension,
denoted by T, .,and T . .. » respectively, as detailed in Table 1(b). T, results
from the structural components of the vessel wall, and T, ..., iS generated by the
contraction and dilation of smooth muscles in the LA and SA. Smooth muscle tone
in LA and SAis described by the activation function A, which ranges from 0 to 1.
The product of T, ......; and the activation A, yields the active tension generated in
the vessel wall. Changes in A, ; are dictated by the stimulus function S, . which

tone,i
results from a linear combination of four autoregulatory mechanisms:

1. myogenic mechanism, related to the wall tension T, computed via the Law of
Laplace. Details are provided in Table 1(c), where AP, represents the total
pressure drop along the retinal network from the outlet of the CRA to the
inlet of the CRV, and AP, represents the pressure drop along each segment
of the ith compartment. Similarly, Q,,, represents the total blood flow along
the network and Q; represents the blood flow in each segment of the ith
compartment, and R, represents the resistance to flow offered by the whole
retinal network and R, represents the resistance to flow offered by a single
segment of the ith compartment. The resistances R, are computed according
to Poiseuille’s Law;

2. shear stress mechanism, related to the wall shear stress T, computed
according to Poiseuille’s Law. Details are provided in Table 1(d);

3. metabolic mechanisms, related to the signal S, . Details are provided in
Table 1(e), where the signal S ,; depends on the ATP concentration at each
position x along the network C(x), which itself depends on the blood oxygen
saturation at each point in the network S(x);

4. carbon dioxide mechanism, related to the signal Sco, v Details are provided
in Table 1(f), where the signal Scoz,Lv is given by the nonlinear function f of
the partial pressure of carbon dioxide in the tissue (PCO,) and of the total
retinal blood flow (Q,,,). The tissue carbon dioxide content (tCO,) is converted
into PCO,via carbon dioxide dissociation curves, represented by the function
g. The tissue carbon dioxide content and the blood carbon dioxide content
(bCO,) are assumed to be linearly related.?

The vasodilatory effect of nitric oxygen and the vasoconstrictor effect of
endothelin-1 released by endothelial cells' is not modeled explicitly. The roles of
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these endothelial drivers for autoregulation has been established in the anterior
optic nerve region,?*?" but less is known about their roles in the retinal microcircula-
tion and thus these factors are neglected here.

Arcieroetal.?*showed thatthemetabolicand carbon dioxide responses contribute
most significantly to blood flow autoregulation, leading to a nearly constant blood
flow over a wide range of intraluminal pressures. In the model, autoregulation is
achieved through changes in the diameters D, of the LA and SA segments, which
should be interpreted as the new equilibrium state attained by the system as the
input data are altered. In this study, simulations are also performed in the case of
impaired autoregulation corresponding to the case in which metabolic and carbon
dioxide mechanisms are switched off.

Since the present study aims to compare model-predicted and clinically
measured venous saturation levels, details for the oxygen saturation model calcu-
lations are provided. Other details of flow, diameter and smooth muscle activation
calculations are given previously*® and are outlined here in Table 1.

By the conservation of mass, the change in oxygen flux must equal the rate of
oxygen consumed by the retinal tissue:

d _

210, ¢,H, SW1=-q(x) 1)
where xis the distance along the network, Q;is the blood flow in each compartment
A C 5

£ 678
vessel E
) 67.6
2 X=Xinsn
£ 674 )
£
S 67.2
venous end 2
g 67
arterial end i i 5
tissue cylinder “S 66.8
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Fig. 2. A Krogh cylinder model is used to predict oxygen diffusion in retinal tissue. A) Repre-
sentation of a Krogh cylinder model in which vessels (red) run along the center axis of a tissue
cylinder (gray). B) Depiction of a single vessel (red) supplying a cylindrical region of tissue
(gray) with oxygen, where r is the radial coordinate, x is the distance along the network, r,
is the radius of the tissue region, r, is the radius of the vessel, d is the tissue width and L
is the vessel length. C) Distribution of the partial pressure of oxygen PO,(x,r) in the tissue
surrounding the small arterioles in the radial direction at two fixed positions x;, ;, = 0.81 cm
and x,,54 = 1.39 cm, PO,(x,, o, 1) = 67.53 mmHg, PO,(x,,, s, I',) = 67.67 mmHg, M, = 1.65 cm®
0,100 cm=*min?, r,=23.6 ym,r,=38.6 ym, k=9.4 cm®* 0, cm* mmHg*s™.
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i, ¢, is the oxygen carrying capacity of red blood cells at 100% saturation, H, is
the discharge hematocrit, S(x) is the blood oxygen saturation and g is the tissue
oxygen consumption per vessel length. Since the clinical data set in this study does
not include patient-specific hematocrit values, H, is assumed to be constant, as
specified in Table 3.

Oxygen consumption in the tissue is calculated using a Krogh cylinder model, in
which each oxygen-delivering vessel is assumed to provide oxygen via diffusion to a
cylindrical region of tissue surrounding it (see Fig. 2A). In the present model, oxygen
is assumed to be delivered by the large and small arterioles and capillaries; no
oxygen exchange is assumed in the venules. At each position x in the retinal vascular
network, the oxygen is delivered to the nearest tissue via diffusion according to:

d dPO, (x,r)
k [‘lr‘ dar (“‘E“)] =M, @)

where k is the diffusion coefficient, PO, is the partial pressure of oxygen at a radial
distance r within the tissue cylinder and M, is the tissue oxygen demand per tissue
volume (assumed here to be constant). The degeneration of the retinal ganglion
cells is modeled indirectly by varying the tissue oxygen demand M,; retinal ganglion
cells degeneration would correspond to a decrease in M,. Given the architecture of
this model, it is important to note that the M,defined here is primarily representa-
tive of the oxygen demand of the retinal ganglion cells in the inner retina.?®

The partial pressure of oxygen in the tissue along the radial direction r for a fixed
position in the network x is given by:

M| r-rl rl ryi
PO, (1) = PO, (xr,) + 7 [——;,——+ - In(—;)] (3)

where the subscript /indicates the vessel compartment, r,;denotes the radius of the
tissue region and r,; denotes the vessel radius, as depicted in Fig. 2B. Fig. 2C depicts
a sample solution for two positions x,, ;, = 0.81 cm (blue curve) and x,,,, = 1.39 cm
(black curve) in the small arterioles for PO,(x;, s,,1, ) = 67.53 mmHg, PO,(X, 454 I, ) =
66.67 mmHg, M,=1.65cm? 0,100 cm= min?, k=9.4 cm® 0, cm* mmHg* s, r,=23.6
pum, and r,=38.6 pm.

For a constant value of M, the tissue oxygen consumption per vessel length (q)
is computed as:

A= f: M2 dr=re 1) “

The width of tissue surrounding each vessel is defined as d,=r,, - r,. Here, it is
assumed that dis equal to the same value d for each oxygen-delivering vesseli= LA,
SA, Cand that d,= 0 for the SV and LV compartments. Thus, the oxygen consumption
rate g depends on both the tissue volume surrounding the vessel and on the level
of functional activity of the retinal ganglion cells represented by the tissue oxygen
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demand (M,). In turn, changes in the oxygen consumption rate g will induce changes
in the oxygen saturation within the vessel as dictated by the balance of mass in
Equation (1).

Given the model inputs listed in Table 1 section (a), the steady-state values of
the diameters D, and of the vascular smooth muscle activations A; in the LA and SA
compartments are determined by integrating the system of ordinary differential
equation in Table 1(b) until equilibrium is reached. It is important to note that the
system also involves the quantities T, T,,,,; and A,,,. which, as detailed in Table 1,
are functions of the unknowns D, and A,. The use of a steady state model is justified
since the variation in the clinical measurements of oxygen saturation due to the

cardiac cycleis not large.?

2.3 Model reference state

A reference state is defined to represent conditions typical of a healthy retina. For
example, the reference state values of IOP, MAP and arterial and venous oxygen
saturation are set equal to the average values of these factors measured in all of the
healthyindividualsinthisstudy (see Table 5). The reference state value of tissue width
is chosen to be d'= 15 um, which corresponds to an experimental measurement of
retinal intercapillary space of 30 um.* In the reference state, the proportion of the
tissue occupied by capillary lumens is about 2.7%, which is in good agreement with
the proportion of 2.5% measured in histological specimens.? Given the reference

Table5. Clinical average values of intraocular pressure (IOP,in mmHg), mean arterial pressure
(MAP, in mmHg), ocular perfusion pressure (OPP =§ MAP - I0P, in mmHg), retinal arterial
oxygen saturation and retinal venous oxygen saturation measured in healthy individuals,
advanced (visual field MD = 10 dB) primary open-angle glaucoma (POAG, IOP > 21 mmHg)
patients and advanced normal tension glaucoma (NTG, IOP <21 mmHg) patients *. Reference
state parameter values are highlighted in bold.

Healthy | Advanced | Advanced
(n=85) | POAG NTG
(n=12) (n=8)
IOP [mmHg] 15+3 15+3 10+£3
Clinical MAP [mmHg] 102+12 |99+ 10 109+ 11
data OPP [mmHg] 53+8 51+8 62+6
Arterial oxygen saturation [%] | 93 + 4 95+2 94 +3
Venous oxygen saturation [%] | 54 + 6 58+5 58+6
Reference | M;' [cm?0,- 100 cm?min] 1.65
values dref [um] 15
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values of IOP, MAP, tissue width, and arterial oxygen saturation, the model is used
to calculate the value of tissue oxygen demand (M,*'= 1.65 cm?® 0,-100 cm™ min™)
that will yield the reference venous oxygen saturation level of 54%, as measured
in healthy patients. This calculated rate of oxygen demand in the reference state is
close in magnitude to oxygen demand levels observed experimentally.3>3*

2.4 Model simulations

The mathematical model presented in this study is used to conduct the following
simulations:

1. Theoretical investigation
The model is used to predict the theoretical effect of the artificial variation
of the model inputs (Table 1(a)) on the computed outputs (Table 1(g)).

2. Theoretical interpretation of clinical data
The model is used to estimate patient-specific values of oxygen demand
(simulation 2A) or tissue depth (simulation 2B) that would yield the clini-
cally-measured value of venous oxygen saturation when patient-specific
inputs are considered.

The details of the algorithms implemented to perform these novel, patient-specific
simulations are provided below.

Algorithm for simulation 2A:
For any individual included in the experimental study proceed as follows:
i. Set the patient-specific input values for P, ,, P,,.,, and S(x=0) (Table 1(a))
given the clinical measurements of MAP, IOP and arterial oxygen saturation;
ii. settheinputtissue depth equalto the reference state value d (Table 1(a));
iii. setthe initial guess for the input oxygen demand to Mj (Table 1(a)), then for
k=0
a. solve the model described in Table 1(b)-(f);
b. compute the output of the model (Table 1(g)), which includes oxygen
saturation S¥(x);
c. testforconvergence:

.. [measured - predicted venous oxygen saturation|
|measured venous oxygen saturation|

<5107, set M,= My,

(kt1)_

otherwise set M, "= Mj +§, and return to point a).

Algorithm for simulation 2B:
For any individual included in the experimental study proceed as follow:



76 L. Carichino et al.

i. set the patient-specific input values for P, ,, P,,,, and S(x=0) (Table 1(a))
given the clinical measurements of MAP, IOP and arterial oxygen saturation;
ii. setthe input oxygen demand equal to the reference state value M} (Table
1(a));
iii. settheinitial guess for the input tissue depth to d° (Table 1(a)), then for k=0
a. solve the model described in sections Table 1(b)-(f);
b. compute the output of the model (Table 1(g)), which includes oxygen
saturation S¥ (x);
c. testforconvergence:

.. |measured - predicted venous oxygen saturation|
i

- <5102, setd=d",
|measured venous oxygen saturation|

otherwise set d*! = d“+ §  and return to point a).

In step iii(c) of simulations (2A) and (2B), the values of §,,and &, are determined
via the MATLAB algorithm fsolve, which is a nonlinear least-squares algorithm. For
each of the algorithms (2A) and (2B), two sets of simulations are performed corre-
sponding to the cases of functional or impaired autoregulation.

3. Results

3.1 Experimental data

Fig. 3 shows the scatter plot of the venous saturation data collected from healthy
individuals, advanced POAG patients and advanced NTG patients.* Four healthy
individuals and one advanced NTG patient were excluded since no record of MAP
measurement was reported. Data for mild glaucoma patients are not included in
the figure since Olafsdottir and Vandewalle et al.* found no statistical difference in
retinal oxygen arterial and venous saturation between healthy individuals and mild
glaucoma patients. The black bars represent the average value of each group and
the corresponding standard deviation. In both the advanced POAG and advanced
NTG patient groups, the average value of venous oxygen saturation is higher than
in healthy individuals, and the average value of arteriovenous difference is lower
than in healthy individuals. No statistical difference was reported in retinal oxygen
saturation when mild POAG and mild NTG patients were compared, nor when
advanced POAG and advanced NTG patients were compared. The average values of
IOP, MAP and oxygen saturation measured in healthy individuals, advanced POAG
patients and advanced NTG patients are also reported in Table 5.

3.2 Theoretical investigation
Fig. 4 shows the scatter plot of the venous oxygen saturation data collected from
healthy individuals as a function of ocular perfusion pressure (OPP— % MAP-IOP). The
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Fig. 3. Venous oxygen saturation clinical data collected from healthy individuals (n=85),
advanced POAG patients (n=12) and advanced NTG patients (n=8)* (blue dots). Black bars
represent the mean and standard deviation of each group.
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Fig. 4. A scatter plot of the venous saturation clinical data (blue dots) collected from healthy
individuals is compared with theoretical predictions (solid black curve) as OPP is varied.
Here, a range of OPP values is generated by holding IOP constant at its reference state value
(15 mmHg) while varying MAP between 67 and 130 mmHg.
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clinical data (blue dots) are compared to the mathematical model prediction (solid
curve) of venous saturation as OPP is varied. Reference state values of IOP, MAP,
arterial oxygen saturation, My’ and d* are used to produce the model simulated
curve. Since the model predictions generated by varying MAP and holding IOP
constant or by varying IOP and holding MAP constant are nearly identical, only one
curve is shown as OPP is varied.

Since the clinical data* show an increase in venous saturation in advanced
glaucoma patients, the mathematical model is used to theorize three possible
explanations for increased venous saturation:

1. Adecreaseintissue oxygendemand (M,): If less oxygen is consumed by the
tissue, higher levels of venous oxygen saturation are predicted;

2. An impairment of blood flow autoregulation: If the most influential
autoregulation mechanisms (conducted metabolic and/or local carbon
dioxide response mechanisms) are impaired, higher levels of venous oxygen
saturation are predicted for certain ranges of OPP;

3. A decrease in tissue width (d): If the volume of tissue supplied by each
capillary or arteriole is decreased, higher levels of venous oxygen saturation
are predicted.

As shown in Fig. 5A, the model predicts a decrease in venous oxygen saturation
as oxygen demand is increased provided that all other factors (MAP,IOP, d, arterial
blood saturation and functionality of autoregulation) are not altered. Fig. 5B depicts
case (1) in which venous oxygen saturation is shown as a function of OPP for two
different values of M,: M5'=1.65 cm?®0,-100 cm min*(blue curve) and M,=1.32 cm?
0,-100 cm™ min* (red curve). These curves show the effect of a 20% decrease in
oxygen demand on the model predictions of venous saturation. It is interesting to
observe that this decrease in oxygen demand causes variable increases in venous
oxygen saturation depending on the value of OPP.

Fig. 5C provides evidence for case (2), namely that an increase in venous oxygen
saturation can also occur over a certain range of OPP values when autoregula-
tion is impaired. In this case, M7’ = 1.65 cm? 0,-100 cm min™ for both curves, but
the metabolic and carbon dioxide autoregulation mechanisms are impaired (i.e.,
absent) in the black dashed curve.

Fig. 5D shows that a decrease in tissue width supplied by each arteriole or
capillary in the Krogh cylinder model can also lead to an increase in venous oxygen
saturation, as outlined in case (3). Decreasing the tissue width leads to a decrease in
the total tissue volume supplied by the retinal vasculature. Fig. 5D depicts the effect
of decreasing tissue width from d¢’= 15 um (blue curve) to d = 13 um (green curve).

3.3 Theoretical interpretation of clinical data
Fig. 6 summarizes the model predicted values of oxygen demand (gray) or tissue
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Fig. 5. A) Decrease in venous oxygen saturation as tissue oxygen demand (M,) is increased,
given constant reference state values of MAP, IOP and arterial oxygen saturation. The
remaining panels highlight the three-part theoretical investigation of the effects of B) oxygen
demand (M,), C) impaired autoregulation (IA) and D) tissue width (d) on model predictions
of venous oxygen saturation as OPP is varied. Each scenario is compared with the model
prediction of the reference state (blue curve) in which My’ =1.65 cm? 0,/100 cm*/min, d*'=15
um, and autoregulation is functional.

width (blue) that will yield the clinically observed venous saturation levels (Fig. 3)
for each individual in the healthy, advanced POAG and advanced NTG populations.
Model predictions for mild POAG and NTG patient groups are not included since
the venous saturation levels did not differ from healthy individuals. The model
predicts that the observed increase in venous saturation in advanced POAG
patients is accompanied by a decrease in oxygen demand, whereas no change
in oxygen demand is predicted in advanced NTG patients. A slightly lower tissue
width is predicted in POAG patients to yield increased venous saturation but not
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Fig. 6. Model predicted levels of tissue oxygen demand (M,) and tissue width (d) that yield
the venous saturation clinical data collected from each individual in the healthy, advanced
POAG and advanced NTG populations.* Model predictions are also provided when autoreg-
ulation is impaired (IA) in advanced POAG and NTG patients. Black bars represent mean and
standard deviation of each group.

in NTG patients. These trends are observed regardless of whether autoregulation
is functioning or impaired. Table 6 lists the mean and standard deviation of the
oxygen demand and tissue width model predictions depicted in Fig. 6. All clinical
measures were used except for a few cases in which the tolerance of the optimiza-
tion procedure employed to find M, (2 healthy patients, 1 advanced POAG patient
and 1 advanced NTG patient) and d (2 healthy patients and 1 advanced NTG patient)
was not achieved.

Table 6. Model predicted levels of tissue oxygen demand (M,) and tissue width (d) that yield
the venous saturation clinical data collected from healthy, advanced POAG and advanced
NTG patients.*

Healthy Advanced Advanced Advanced Advanced
POAG  POAG (IA) NTG NTG (1A)

M, [cm?0,-100 cm* min”] 1.98 1.52 1.48 1.99 2.03
+0.77 +0.64 +0.53 +0.67 +0.48
d [um] 15.66 14.79 13.94 16.36 16.94

+1.66 +1.72 +2.85 +1.90 +2.40
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It is important to note that the average values of oxygen demand and tissue
width calculated for the healthy population (reported in Table 6) are not equal to
the reference state values of oxygen demand and tissue width (reported in Table 5).
In Table 5, the values M;" and d" are computed from average values of IOP, MAP and
arterial saturation obtained from the healthy population. In Table 6, the values of M,
and d are computed using the MAP, IOP and arterial saturation from each individual
and then averaging the resulting values in each population.

Based on the model predictions summarized in Fig. 6 and Table 6, Fig. 7A shows
the model predicted curves of venous oxygen saturation for M,= 1.98 cm?® O,-100
cm?® min? (blue curve) and decreased M,= 1.52 cm® 0,100 cm™ min™ (black curve)
as well as the average clinical values of venous saturation and OPP in healthy
individuals (asterisk) and advanced POAG patients (square). In Fig. 7B, M,=1.98 cm?
0,-100 cm= min? and d*= 15 pm are fixed for both curves, but autoregulation is
assumed to be impaired for the black dashed curve. These model predictions are
compared with average clinical values of venous saturation and OPP measured in
healthy individuals (asterisk) and advanced NTG patients (square).

601~ M,=152 d=15 ] 60—
M,=1.98, d" = 15

50—

- oo
a0l M,=1.98, d” = 15 i

Venous Oxygen saturation (%)
Venous Oxygen saturation (%)
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®  advanced POAG = advanced NTG
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OPP, ocular perfusion pressure (mmHg) OPP, ocular perfusion pressure (mmHg)

Fig. 7. Model predicted curves of venous oxygen saturation as OPP is varied are shown with
average values of venous oxygen saturation and OPP measured clinically. A) The observed
increase in the average venous saturation in healthy individuals (blue asterisk) and in
advanced POAG patients (black square) is compared with model predicted levels of venous
saturation for decreased levels of tissue demand. B) The observed increase in the average
venous saturation in healthy individuals (blue asterisk) and advanced NTG patients (black
square) is compared with model predicted levels of venous saturation when autoregulation
is impaired (IA).
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4, Discussion

4.1 Experimental data

Retinal vessel oxygen saturation was measured in healthy individuals and glaucoma
patients using a non-invasive retinal oximeter. The measurements indicated that
patients with advanced glaucoma (both POAG and NTG patients) exhibited higher
venous oxygen saturation (and consequently a lower arteriovenous difference
in oxygen saturation) compared with healthy individuals. Other studies®2? have
confirmed these findings, and it has been previously hypothesized* that the
observed increase in venous saturation is likely a secondary effect of glaucoma-
tous atrophy and not a primary cause of glaucoma, citing the absence of hypoxia
in advanced glaucoma patients as supporting evidence. However, the number of
advanced glaucoma patients in these studies (including the current one) was rather
small, and many patients were under active ophthalmological care. Thus, additional
studies, ideally progressive in nature and conducted in patients with very high IOP
and very low OPP, are needed in order to draw more definitive conclusions.

4.2 Theoretical investigation
This study implements a theoretical model based on fundamental hemodynamic
and mechanical principles to predict venous oxygen saturation levels given
patient-specific values of MAP, IOP and arterial oxygen saturation. The model
predictions using the reference state values of these factors align well with the
observed venous saturation levels collected from healthy individuals (Fig. 4).
AKrogh cylinder model is used to describe the diffusion of oxygen into tissue; this
Krogh model is applied in the classical sense in which the oxygen-supplying vessel
runs along the central axis of a tissue cylinder. However, such an assumption may
not be the most appropriate for retinal tissue, since the majority of the tissue that
retinal vessels feed is typically located “below” the vessels.** Some mathematical
models have described oxygen diffusion through the retinal tissue layers*-=° but did
not consistently include a description of blood flow and autoregulation in the retinal
vasculature. It would be an interesting research direction to enhance the model
in the current study to include a more realistic geometric arrangement of vessels
and tissue. It has also been shown that oxygen diffuses directly from the CRA to
the CRV, bypassing the retinal microcirculation, due to the close anatomical relation
between the central retinal vessels in the center of the optic nerve.*®* The current
model could be extended to include the effects of this counter-current exchange
phenomenon.

4.3 Theoretical interpretation of clinical data

In this study, a mathematical model is used to offer possible explanations for the
observed trends in oximetry data collected in healthy individuals and glaucoma
patients. Specifically, the model shows that a decrease in oxygen demand, an
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impairment of autoregulation or a decrease in tissue width can all lead to increased
venous saturation levels. It isimportant to note that although the model predictions
offer each of these scenarios as a possible explanation, not all of them are physio-
logically relevant when describing the details of glaucoma. For example, suggesting
a decrease in the Krogh cylinder tissue width as an explanation for the increased
venous saturation levels observed in glaucoma is not consistent with the reduced
vascularization observed in some glaucoma patients.!*!¢3! However, the intercon-
nection of tissue width and retinal atrophy suggests that future insight could be
gained by using the model to assess the effects of altering multiple factors at once.

The patient-specific model optimizations presented in this study (Fig. 7) suggest
that there might be different explanations for the increased venous saturation levels
observed among advanced POAG patients and advanced NTG patients. Specifical-
ly, a decrease in oxygen demand may be more relevant to the increase in venous
saturation observed in advanced POAG (Fig. 7A), while impaired autoregulation
mechanisms may be more relevant to the increase in venous saturation observed
in advanced NTG (Fig. 7B). This finding also suggests that vascular changes might
occur primary to glaucomatous damage in NTG patients. Of note, the relation found
between NTG patients and the impairment of blood flow autoregulation has been
proposed previously.*>** Importantly, impaired blood flow autoregulation could
play a role in all advanced glaucoma patients, but to varying extents, as suggested
by Fig. 6. Additional theoretical investigations, ideally coupled with statistical
methods and conducted on a wider set of glaucoma patients, are needed to confirm
the model findings.

In a study that measured venous oxygen saturation under altered light and dark
conditions,* an increase in arterial and venous saturation was observed, although
the arteriovenous difference in oxygen saturation was reported to be stable.
The authors hypothesized that the observed increase in venous saturation was
accompanied by an increase in oxygen consumption, which opposes the hypothesis
offered in the current study. However, in the light and dark study,* the oxygen
demand increased mostly in the outer retina due to the increased photoreceptor
activity. The outer retina is not directly accounted for in the model presented here,
which therefore may limit the possible model predictions under various conditions.
Additionally, it is possible that a compromised ocular circulation renders an
individual more susceptible to a given I0P, thereby representing a confounding
factor that falls outside of strict primary or secondary classifications.

5. Conclusions

Overall, this model provides an important step in assessing and quantifying obser-
vations in clinical data. Instead of performing statistical analyses on measured
observations, the model provides a mechanical framework built upon blood flow
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principles that can be used to make independent predictions of the same measured
quantities while varying MAP, IOP and arterial oxygen saturation. Overall, the study
suggests that the primary mechanisms leading to increased venous saturation in
advanced cases of glaucoma might differ between POAG and NTG patients. It is
hypothesized that the increased saturation levels are more likely to be explained
by decreased oxygen demand in POAG patients and impaired autoregulation in NTG
patients. In future studies, the model will continue to be used to address the open
question of whether vascular changes occur primary or secondary to glaucoma-
tous damage, possibly identifying subgroups of patients where vascular pathogenic
mechanisms play a more significant role. However, progressive data and larger data
sets are needed to confirm the hypotheses formulated on the basis of the model
predictions.
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Abstract

Purpose: Autoregulation is a mechanism necessary to maintain an approximately
constant blood flow rate in the microcirculation when acute changes in systemic
pressure occur. Failure of autoregulation in the retina has been associated with
various diseases, including glaucoma. In this work, we propose an initial attempt to
model autoregulation in a 3D network of retinal arteries.

Methods: The blood flow is modeled with the time-dependent Stokes equations.
The arterial wall model includes the endothelium and the smooth muscle fibers.
Various simplifying assumptions lead to a fluid-structure model where the structural
part appears as a boundary condition for the fluid. The numerical simulations are
performed on a patient-specific network of 25 segments of retinal arteries located
in the inferior temporal quadrant.

Results: The simulations performed on the patient-specific artertial network have
provided velocities which are in good agreement with published experimental
data. In addition, the model allowed to reproduce flow rate-pressure curves which
are comparable with experimental data or results obtained with 0D models. In
particular, a characteristic plateau of the flow rate has been found for pressures
ranging from 40 to 60 mmHg.

Conclusion: This work proposes the first 3D simulation of blood flow in a real network
of retinal arteries and it also incorporates an autoregulation mechanism. This can
be viewed as a first step towards a more complete 3D model of the hemodynamic
of the eye.
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1. Introduction

Retinal hemodynamics is strongly influenced by vascular autoregulation. This mech-
anism is necessary to maintain an approximately constant flow rate in the microcircu-
lation when acute changes in the pressure occur, and it is present in various tissues
and organs.' Failure or impairment of autoregulation in the retina has been associ-
ated with various diseases, for instance, diabetic retinopathy and glaucoma.?3*

In the retina, this phenomenon has been studied both in animals® and in hu-
mans. %7810 Retinal vessels contract or relax in response to a change in the perfu-
sion pressure or to a specific metabolic need. However, the mechanisms underlying
the metabolic pathways that trigger vessel contraction or relaxation are still under
investigation.

Autoregulation has been modeled on 0D networks of arterioles'? and also specifi-
callyintheretina.’ The presentwork is aninitial attempt to address this phenomenon
with 3D patient-specific networks, focusing on the mechanical aspects.

This work is not motivated by any specific clinical application. Its goal is to pro-
pose a first step toward a 3D model of the hemodynamics of the eye. Even if existing
0D models can provide valuable information, we believe that 3D models can be use-
ful to better understand the complex mechanical interactions which occur within the
eye. With modern segmentation tools, patient-specific vasculature can be automati-
cally reconstructed from retinal fundus images. With 3D models, it will be possible to
use these rich data to address new issues where geometry plays an important role.
Forinstance, it could be interesting to investigate the blood flow when a dysfunction
occursin avery localized part of the retina. Venular-arteriolar communication ' gives
another example where a precise representation of the geometry would also be use-
ful. Nowadays, it is even possible to acquire video of the retinal vasculature showing
the pulsatility of the arterial wall. Adata assimilation procedurein a 3D fluid-structure
model could allow us to estimate the local mechanical properties of the vessel, as was
done for the aorta.'>'®

The numerical simulation of autoregulation in 3D requires a system of equations
that model the mechanical interaction between the blood and the arterial wall. Var-
ious approaches have been proposed in the literature to address this problemin large
arteries. The most complete models are based on the nonlinear elastodynamics equa-
tion coupled with the Navier-Stokes equations set in a moving domain. We refer, for
example, to the monograph by Fernandez and Gerbeau'’ or to one of the many oth-
ers available 8192921 to name but a few. These models are very demanding from
a computational viewpoint and are valid for large displacements, which is not al-
ways necessary, especially in small arteries. Less expensive approaches have been
proposed, where the arterial wall equation is drastically simplified.?>232* The model
used in the present work adopts this latter approach, but it introduces new features,
such as active fibers, which are useful when addressing the autoregulation problem.
In the study by Colciago et al.?> the authors observed that using simplified models
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on image-based geometry might cause numerical instabilities, due to inaccurate ap-
proximations of the normals and the principal curvatures of the surface. A side effect
of including fibers in this model is the improvement of the numerical stability, ow-
ing to a Laplace operator added to the structure equation. This model has been re-
cently proposed in the study by Aletti et al.,?® where a complete derivation and the
numerical schemes can be found. The novelty of the present work lies in its modeling
the autoregulation mechanism and the numerical simulation of this phenomenon in
patient-specific retinal arteries. The numerical tests are carried out on a portion of the
retinal vasculature consisting of 25 arterial segments located in the inferior-temporal
quadrant and reconstructed from a retinal fundus image.

The structure of the work is as follows: in Section 2, the fluid-structure framework
isintroduced; Section 3 addresses the structural model, with special emphasis on the
fibers. Section 4 deals with the autoregulation mechanism and Section 5 presents the
numerical results. Section 6 presents some limitations of the study and the conclu-
sion.

2. Fluid-structure coupling: main modeling assumptions

The first modeling assumption is to neglect the convective terms in the fluid mo-
mentum equation. This approximation is justified since, by considering a maximum
vessel diameter D = 200 um, a velocity v = 5 ¢m/s and a kinematic viscosity
v = 0.04 ecm? /s, we obtain a Reynolds number of 2.5. The second main assumption
is to suppose that the blood behaves as an homogeneous Newtonian fluid, which is
questionable since microvessels are considered.?"?® We make this hypothesis for the
sake of simplicity because it is assumed not to affect too much the autoregulation,
which is the mechanism this work focuses on.

The domain 2, in which the fluid flows, is in general, time-dependent, since the
wall is an elastic structure in interaction with the fluid. The boundary 9€2; is subdi-
vided into two subsets: I';, which is the interface between the fluid and the structure,
and X, representing the artificial boundaries of the domain where inlet and outlet
boundary conditions are enforced. Considering the small displacements of the reti-
nal arteries wall, the domain 2, is considered to have a fixed reference configuration
denoted by (). A schematic representation of this setting is given in Fig. 1. This ap-
proximation considerably reduces the computational cost. The fluid equations are
therefore:

(M

plou=v-o/ inQ,
V-u=0inQ,

where u is the velocity, p/ is the fluid density and o/ = p/ (Vu 4+ (Vu)T) — pI isthe
fluid stress tensor, where 11/ is the dynamic viscosity and p is the pressure.

The velocity on the fixed fluid-structure interface I' is obtained by a Taylor expan-
sion. This approach is known as a ‘transpiration condition’. In the literature, this is
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n(t) I r

Figure 1: The fluid domain Q, is within the two curved lines, however the equations are solved
on the fixed computational domain 2 depicted in gray. The displacement field n, which de-
pends on time, maps I" into I'.

usually a zero-th order expansion. Here, afirst order transpiration condition is adopted
in order to compute the variation of the flow induced by the wall dynamics, which is
importantin order to model autoregulation. The main geometrical assumption is that
the normal to the structure n is constant in time. Moreover, the kinematics of the ves-
sel wall is assumed to be, at each time, parallel to the normal. With 77 denoting the
displacement of the wall, the following holds:

n=nmnn, Vi. (2)

Two conditions have to be satisfied on the fluid-structure interface I';: the con-
tinuity of the velocity and the continuity of the stress. Since the structure displace-
ment is assumed to be parallel to the normal direction, the equations for the con-
tinuity of the velocity are, forallz € T, u(I — n ® n)|z4n@)n@) = 0andu -
N in(z)n(@) = 0. The balance of the normal component of the normal stress gives
U£n|m+n(m)n(m) = — f*—Diop, Wwhere p;,, denotes the external pressure acting on the
structure, in this case the intra ocular pressure, and f* represents the stress coming
from the structure.

The simplifying assumptions on the structure dynamics, which will be detailed in
the following section, allow us to treat the structure equations as a boundary condi-
tion for the fluid problem.

The equations for the coupled system are written in weak form, on a fixed domain.
Let v, ¢, x, w be test functions defined in suitable functional spaces according to the
boundary conditions of the problem. In particular let u(t) and v € V, let p(¢) and
q € M,where V = H%(Q2) and M = H'(Q). Then:
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(Oyu, v)q + a(u,v) + b(p,v) =0 inQ,t>0
(V-u,q)o=0 inQ,t>0
pshs(07m, X)r + ¥ (0, X) + Piop, X)v = (P+1nVp-m,x)r onT (3)
(O, x)r = (u-n+nVun-n, x)r onT

(I -n®n)(u+nVun),w)r =0 onl.

The forms a, b read:

a:VxV =R, a(u,v)=v/(Vu+Vul,Vo)g V(u,v) eV xV

4
b:MxV =R, bpv)=—(p,V-v)q V(p,v) € M x V. )

where (-, -)o and (-, -)r denote the standard scalar productin L?(2) and in L?(T"), re-
spectively and v/ is the kinematic viscosity. It should be noted that in this framework
the structure dynamics is embedded as a boundary condition of the fluid problem.
The system in Eq.(3) is discretised by means of finite elements (P1-P1, with a SUPG
stabilisation) and by a mixed semi-implicit scheme in time. All the details of the im-
plementation of this approach are provided in the study by Aletti et al. 2

Remark 1. Numerically, the tangential velocity sometimes exhibits oscillations on the
fluid-structure interface, especially on complex geometries. The reason for these oscil-
lations is not completely understood. They might be due to the approximation of the
normals and the curvatures, as already noted by Colciago et al.?, or to the first order
transpiration terms adopted in our approach. We observed that this problem can be
alleviated by the following consistent stabilization term:

(I -n@n)(u+nVun),w)r = —FhV(I —n@n)u, Vw)ronT', (5)

where 3 > 0 is the stabilization coefficient and h is the surface element size.

3. Modeling the vessel wall dynamics

Retinal arteriolar structure consists of a thin layer of endothelium layer and a layer
of smooth muscle cells which is more developed with respect to vessels of the same
size in other organs.?® From a modeling perspective, the wallis considered as an elas-
tic shell, so as to render the behavior of the endothelium, and several fiber layers to
model the smooth muscles.

This section is organised as follows. After introducing the notation, the model of
the structure is presented in its general form, as it appears in system (3). The model
for the endothelium is described, followed by a presentation of the fiber layer. First a
derivation of a constitutive law for the smooth muscle fibers is presented. This con-
stitutive law is then used to close the kinematical and mechanical description of the
fiber layer surrounding the endothelium.
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3.1 Notation

LetI" be the reference position of the vessel wall, i.e., the position at whichitisin a nor-
mal state of equilibrium, without external influences. The geometrical configuration
of I'is described by a regular map ® suchthaté € w CR? 5 z = ®(¢) € I'. Let A
be the first fundamental form and B the second fundamental form associated with
the reference configuration I'. Let S = A ™' B be the representation of the shape
operator. The eigenvalues of the shape operator are the principal curvatures of the
surface I, the mean curvature being the average of the principal curvatures and the
Gaussian curvature being their product. The surface parametrization is denoted by
Greek letters and the curvilinear coordinates domain is denoted by w C R2.

3.2 Equations for the structure dynamics

The equations for the structure dynamics, appearing as a boundary condition of the
system (3), are obtained by adding the inertia terms to the elastic energy of the struc-
ture. In particular, the dynamics equations in weak form can be written as:

/ 1 ()X /@ dE + W (1, x) = O, (6)

where the thickness of the structure is denoted by 4* and its density by p*. The form
WS describes the behavior of the structure. It is considered as the sum of several con-
tributions:

U = 0" OV + OV, (7)

where U*, defined in Eq.(14), represents the contribution of the endothelium and
YW UV defined in Eq.(35), represent the contribution of the fibers aligned in the di-
rections w and v respectively.

Each of these terms is analyzed in detail in the following part of this section. In
general, all the weak forms are derived as follows: given an elastic model and the
corresponding energy, the equilibrium configuration for the structure can be seen as
the stationary point of the energy functional:

\IJ(TPX) = <677¢(77>7X>F =0, (8)

where §,, denotes the Frechet derivative with respect to ) and v is the elastic energy.

3.3 The endothelium layer

Anonlinear Koiter shell model is adopted to describe the endothelium dynamics. The
equations and a detailed mathematical derivation are presented in the work by Cia-
rlet.?° The choice of this nonlinear model, rather than the simpler linear version, is
motivated by the consistency with the fiber layer description. In particular, when the
fiber kinematics (see Eq.(31)) is described, some nonlinear contributions arise. The
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terms appearing in the Koiter model that have the same order with respect to the
displacement field n have thus to be kept. The displacement field, as pointed out
in Eq.(2), is parallel to the normal to the reference configuration.

The simplifying hypotheses from a mechanical point of view are the following:

e the bending terms are negligible;
e the material is linear, isotropic and homogeneous.

The equilibrium configuration is the stationary point of the energy functional:?°

v = [ € g gas() huvade ~ [ fonievade, @)

where \/a = y/det(A), h" is the shell thickness and f are the external forces, g(n)
is the change of metric tensor. The properties of the material are contained in the
elastic tensor £, whose contravariant components read:

5(1,8(77' _ 4)\9MS

— A(XﬁAUT 2 sAomA[ST 2 SAO/,TA[?(T 10
o +2u +2p ) (10)

where \*, u® are the Lamé coefficients of the structure.

By exploiting the hypothesis of normal displacement (see Eq.(2)), the expression
for the change of metric tensor becomes:

1 1
Gap = —Bapn + §A‘”BMBT5772 + iaanagn, (11)
where the derivative with respect to the Greek letters denotes the derivation with re-
spect to the surface parametrization.

The form ¥* describing the equilibrium of the nonlinear Koiter shell model under
the assumptions made reads:

2K
U, X) =g / (c1m = 3ean® + 2¢3m®) x — 2V T (Cin+ Con®) Vit (12)
1
=V [(Cr+2Com) X] Vi + 5 (V0" A1) VIXAT IV h*Vadé— (13)
[ #oxnevade o4

where E' is the Young modulus of the material, v the Poisson coefficient, the con-
stant tensors (C;) and the coefficients (c;) are expressed as functions of the mean
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and Gaussian curvatures (respectively p; and p3) and the Poisson ratio as follows:

c1 = 4p? —2(1 — v)pa, (15)
ca = 4pT + (v = 3)p1pa, (16)
1

c3 = 4pt — 4pp2 + 5(1"‘”)037 (17)
1

C = |:l/p1I + 5(1 — V)S:| AL (18)
1

02 = |:Vp%[+ 5(1 — I/)S2:| Ail- (19)

Notice that, at the first order, the endothelium behaves pointwise as a spring with
constant ¢;. However the overall behavior can be roughly considered as the sum of
two contributions: a nonlinear spring and a nonlinear membrane. More details about
this derivation can be found in the study by Aletti et al. 2°

3.4 The smooth muscle cells model

In this section, a model describing the behavior of the smooth muscle cells (SMC) is
investigated. The resulting model is a 1D idealisation of the SMC muscle fibers. The
equations derived in the present section are used as a constitutive law to close the
model for the fiber layers.

The layer of SMCs, which in large vessels is also responsible for adaptive changes
in the stiffness, has the ability to contract or relax following electrochemical stimuli
in order to regulate the blood flow (see, e.g., studies by Murtada et al. and Milnor et
al. 30,31)

There is no autonomic innervation in the retinal vasculature.®? This implies that
the regulation is carried out by mechanisms that take place locally in the eye.33 The
contraction of the smooth muscle cells is controlled by the concentration of calcium
ions, which trigger the phosphorylation of myosin light chains.! The different chem-
ical pathways are not investigated in the present work and we make the simplifying
assumption that the concentration of calcium ions depends only on changes of the
pressure. However, if more sophisticated models are available they can be included
to relate the concentration of calcium ions to the other mechanisms.

A chemical state model of the smooth muscle cells has been proposed by Hai and
Murphy3*. This model takes four chemical species into account: myosin (M), phos-
phorilated myosin (1), phosphorilated actin myosin cross-bridge (AM,,) and un-
phosphorilated actin myosin cross-bridge (AM). It describes the evolution of the
concentrations (as, s, , ans, @anr,) of those species with a linear system of dif-
ferential equations & = K« under the constraint ans + apr, + aan + aan, =1,
where K depends on the concentration of calcium ions.

The chemical model by Hai and Murphy 34 was used by Yang et al. 3>3® to describe
the myogenic response. More recently, the approach by Yang et al. has been extended
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to a continuum mechanics framework. 3*° Such models have also been coupled with
a membrane model to compute the concentration of calcium ions as a response to
external stimuli.3® The overall mechanism is reproduced in the following way: an ex-
ternal stimulus causes a change in calcium concentration which alters the chemical
state of the SMC. Once the chemical state is known, itis possible to compute the active
component of the forces in the cell and thus its mechanical behavior.

In what follows, we refer to the model of Yang et al.3>3¢ and propose a further
simplification in order to derive a constitutive equation for a 1D fiber. In the model
presented inthe first study by Yang et al.,3® the mechanics of a single SMC is described
by two elements in parallel: a spring characterized by an exponential force-length
relationship (to describe the passive structural behavior of the overall cell) and an
active element for the cross-bridges. The total force is given by

F= Fcell + Fcba (20)

where ¢b stands for cross-bridges. The active element is itself made of three elements
in series which model the active force of the actin-myosin cross-bridges, their pas-
sive elasticity properties and the viscous effects, respectively. The total length of the
active element L, can be expressed as the sum of the length of these three compo-
nents:

Ly = ch,a + ch,el + ch,visc» (21)

where a, el, visc stand for active, elastic and viscous, respectively. The length of the
cell and of the active element representing the cross-bridges are the same and they
are equal to the total length L.

L= Leeyy = Lep. (22)

The system of equations is closed by observing that the elements in series have the
the same force:

Fcb,a = Licbel = Fcb,visc' (23)

Finally, considering the constitutive laws of the three components of the active ele-
ment, it is possible to solve the system and obtain the total force. Such force depends
on the total length of the cell, on its time derivative and also on the cell chemical state
described by the proportion of phosphorilated and dephosphorilated actin-myosin:

dL
F:F(L,%,CMAJW,O[AMP). (24)

This expression can be simplified if the visco-elastic effects are neglible compared to
the elastic effects. In such a case the total force is a function of only the total length
and the concentration of phosphorilated actin-myosin:

F:F(LaaA]VIp)- (25)
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Figure 2: Scheme of the equivalent circuit describing the model by Yang et al. *>*® when viscous
effects are neglected.

Its expression can be obtained by solving the following system whose equivalent cir-
cuit is depicted in Fig.2:

L _

Fcell - kcell(eace”<L0 1) - 1)
Leba 2
_p(Leba 4

Fevo = fam,aam,e ()

Leb,el

Qe > —1

Fcb,el = kg (6 ez(ch,el,U ) — 1> (26)
Fcb,a = Leb,el
F = Fecell + Fcb,a,
L = ch,a + ch,ela

where the first three equations represent the constitutive law of the cell, the active
part of the cross-bridges and their elastic part. Therefore, the parameters kci;,ceirs
Lo, fan,» b, Lopt, ke, ey and Lep 1,0 describe the structural properties of the SMC.
The last three equations are obtained by combining equations (20),(21),(22) and (23).

Since it is not possible to obtain a closed-form solution for system (26), we make
an approximation to obtain an affine stress-strain relationship. Eq.(25) is linearized
with respect to the reference configuration L, :

F ~ Fy(aam,) + Fi(aan, ) (L — Lyey), (27)
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Figure 3: Force-length relationship from system (26), coefficients taken from Yang et al. (2003).
Numerical approximation (black) compared with its approximation (dashed red) linearized
with respect to the L, .

where the analytical expressions for Fy and F are known and are derived through a
Taylor expansion. In order to corroborate the final result, the physiological model in
system (26) is compared with its linearized version for different values of auxz,. The
resultis presented in Fig.3, which shows that a simple affine constitutive law isindeed
valid for an approximated description of the SMC fibers for the retina in physiological
regimes.

The constitutive law adopted, which is the simplest law that approximately de-
scribes the behaviour of the SMCs is:

o1p = ko + k1€1p, (28)

where o1 p is the elastic stress, kg is the pre-stress of the fiber, k1 is the elastic modu-
lus, e1p is the fiber deformation.

Equation (27) can finally be used to identify the parameters kg, k1, after a rescal-
ing. The SMCs are assumed to have a cylindrical shape with a radius 74;,.. The force
is divided by 72, . in order to obtain the stress. The result reads:

1
ko(aans,) = 7rTFO(OAMWP),

smc

1 (29)
ki(aan,) = —5—Fi(aan,),

smc

In practice, it is difficult to have access to the value of a4 s, , which depends on many
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factors. This is why in the following section, the functions ky and k; will be simply
assumed to depend on an ‘activation parameter’ (:

o1p = ko(¢) + k1(Q)e1p, (30)

3.5 The fiber layer

In this section, the equations describing the dynamics of an SMC fiber layer are de-
tailed. The main hypotheses are the following:

e the fibers are perfectly attached to the shell;
e the fibers are characterized by an affine stress-strain constitutive law.

The kinematic hypothesis implies that the deformation of the fibers equals the defor-
mation of the underlying shell structure in the direction of the fibers.

Letw € T, (T") be a unitary vector belonging to the tangent space of " defined at
the point x € T'. The deformation of the fiber in the w direction can thus be written
as:

d 1
e1p = w Gw = —dyn + §n2 + 5V PV, (31)

where the scalar coefficients d; and the projector P, are defined as d; = w’ Bw,
dy = wI BSw, P, = w ® w. The constitutive stress-strain relationship is given by
Eq.(30).

Let ow be the fraction of the total number of fibers aligned in the direction w. The
elastic energy of the fibers aligned in the direction w is of the form:

1
00 =5 [ owlbot e e b Vade + [ nb/vade, (@)
where h/ is the thickness of the smooth muscle cell layer, r, represents the potential
energy of a force acting on the fibers aligned with the direction w.

The equilibrium equations are introduced in weak form as the scalar product with
a test function of the Frechet derivative of the energy with respect to the displace-
ment:

d k
U¥(n,x) = / ow VX" {ko + k1 <—d1 + 22772> + 41W} Py, Vn+ (33)
3d,d 42 k
Ow {ko (—dy 4 dan) + ka1 (—dfn - ; 0% + 22773> - %(_dl + dom)W | x+
(34)
(8yrw)x b Va dE, (35)

where W = (VnTPan). We remark that the contribution of the first line is of mem-
brane type, whereas the second line contains algebraic terms in the test function and
hence it renders a nonlinear spring-like behavior.
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Whenn = 0and the SMCs are not activated, i.e. ¢ = ¢, the reference configuration
is the equilibrium configuration only if the stress exerted by the fibers due to their pre-
stress is balanced by the underlying shell. By injecting = 0, = ( into Eq.(35), we
obtain:

/(—gwlzzodl + 5nrw)th\/ad€ =0, (36)
hence, for any arbitrary test function y, the following holds

Tw = kaodﬂ% (37)
where ko = k().

Remark 2. The consequence of Eq.(37) is the appearance, in the balance of the normal
forces on T, of a force term. This is the main result of the SMCs contraction. Indeed, by
combining Eq.(35) and Eq.(37) and, by setting k1 = 0 for the sake of simplicity, we get:

¥ (n,x) = / owko(Q)danx + owko(()VXT PV b Ja dé+ (38)
[ ewlho — ko(@)arxnf vade. @)

This weak formulation represents the contribution to the structure equation due to the
fibersin directionw. The effect of the activation on the wall mechanics is twofold: firstly,
there is a change in the constants that characterize the passive behavior of the structure
(namely in the spring- and membrane-like contributions), and secondly, a force term of
the following form appears:

/ 0w (o — ko(C))dyx ¥ \/a de. (40)

When ( reaches its maximum value, this term is negative, representing a force in the
normal direction that induces a negative displacement. Note that the sign of dy de-
pends on the curvature along the fiber direction and itis, in general, negative when the
normal is pointing outward.

Remark 3. In order to get an intuitive insight in the normal equilibrium for the struc-
ture, an example in an idealized setting is proposed. The structure is a cylinder of radius
R, a linear Koiter shell is considered, that is in equilibrium under a pressure load. The
displacement with respect to the reference configuration is constant and, hence, space
and time derivatives of the displacement field vanish. Under these conditions the equi-
librium displacement is the solution of an algebraic equation:

(1EhZ201 + Qwhf(k‘o(odz - kuﬁ)) =P — Piop — Qwhfdl(ko —ko(C)), (41)
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the coefficient of j depends on both the mechanical properties of the structure (E,v, 0w,
ko(C), k1) and on its geometrical properties (c1, dy , ds which depend on the curvature).
The force term depends on both the mechanical properties (o, ko(¢)) and the geome-
try dy. Let us separate the shell contribution, the fiber contribution and the transmural
presssure:

Eh~ _

(1_1/201) n=Ap— O fiber (42)
where o 3. denotes the active and passive contributions of the fibers. When the tan-
gential stress in a cylinder is computed by using the Koiter shell model, the following is
obtained:

E 7
= =, 43
TR (43)
Injecting this relationship into the equilibrium equation yields:
hl{
UG? = Ap — O fiber- (44)

The shell (arteriolar endothelium) is in equilibrium under the load exerted by the fibers
and the transmural pressure. The tangential wall tension is simply the integral of the
stress across the thickness (by making the assumption of constant stress in the section,
the tension is given by ogh'), so that the equilibrium equation reduces to the Laplace
law.

Remark 4. In general, the fibers are not parallel to only one direction. In what fol-
lows, two linearly independent unitary vectors v,w € T (I") and the associated fiber
fractions o and o, defined in each point of " are considered. In such a case the two
associated energy fields 1™ and ¥V sum up. If medical imaging or histological exami-
nation provide the fiber orientations, this information can be used to set v, oy, w and
ow- When this information is missing, these values can be based on a qualitative know!-
edge of the fibers orientation. For example, it is indicated in the study by Pournaras et
al.?8 p. 287 that the smooth muscle cells are oriented both circularly and longitudinally.
One possible choice paralle is therefore to take the principal direction of curvature, and
Ov = 0w = %
With this choice, the fiber layer behaves as an isotropic homogeneous membrane.

3.6 Summary of Section 3

For the sake of clarity, we now summarize the model derived in the previous sections.
The whole system is made of the Stokes equations

(Opu, v)q + a(u,v) + b(p,v) =0 inQ,t >0,
(V-u,q)o=0 inQ,t >0,
(I-n@n)(u+nVun),w)r=0 onl,t>0,
o(u,p)n = —pi(t)n only,,t >0,
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and by the continuity of the normal velocity and of the normal stresses at the vessel
wall:

{pshs@?m,x)r + U, X) + (Piop, X)r = (P +nVp-m,x)r onT,t>0, (46)

(O, X)r = (u-n+nVun -n, x)r onT,t > 0.

The behavior of the two-layer structure is modeled by ¥*(7, ), defined in Equa-
tion (7).

4, Autoregulation and pressure feedback

As indicated in Eq.(30), the pre-stress and the elastic modulus of the SMCs are as-
sumed to be a function of a parameter ( describing the activation of the SMCs. In-
spired by Arciero et al.’3, we use the following expression for kg:

1 — e=5(C(=Pref)
c (47)

ko(C) = Ko,res + koo (©), 5= 1+ Le—s(C—pres)’

where p,.. ¢ is a given reference pressure, ko . is the pre-stress in the absence of ac-
tivation,w = —kg" /ki's®, where kg's® and k. are given parameters. The param-

eter s affects the slope of the curve and can be estimated by using

1 <1 + q/w)

§ = In ,
Pmaz — Pref 1- q
where In is the natural logarithm, and p,,,4.. is the value for which the active compo-
nent of the pre-stress is equal to gkg’s*. A similar behavior could be assumed for the
elastic modulus of the fibers k1, but in what follows, we simply suppose that k; = 0.
A plot of the sigmoid function is presented in Figure 4 for typical values of the param-
eters.

We now present our strategy to compute the activation parameter . As men-
tioned in Section 3.4, SMCs react to changes in the concentration of calcium ions. The
calcium ion concentration is in turn varied by several regulatory mechanisms. 52833
Since the focus of this work is the mechanical aspect of autoregulation, we make the
simplifying assumption that the activation variable ( directly depends on the feeding
pressure. The rationale behind this choice is that an increase in the feeding pressure
triggers the mechanims that will eventually affect the activation state of the smooth
muscle cells. If models describing regulatory mechanisms and the concentration of
calciumions along the network were available, they could be used to provide a more
physiological expression of (.

We estimate ¢ by using the mean values of the incoming pressure over the dif-
ferent cardiac cycles. These values are used to reconstruct ¢ as a piecewise linear
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q=0.75

Figure 4: Sigmoid function for the parameters w = 0.8,Ppqc = 50, ¢ = 0.75. S({) on the
y-axis and ¢ on the z-axis.

function in time, in the following way:

()= 27 ((Tig1 — )G + (t = T;)Ci1)  VEE€ (T}, Tiqq) fori=1,2, ...

i+1— T
— 1 i+ .
Ci+1 = T =TSl fTi fzm de dt, fori = 1,2,...

CO = Pref
(48)
where ¥;,, denotes the inlet of the computational domain and 7; the starting time of
the i-th heart cycle.

As usual in computational hemodynamics, the 3D domain is truncated and the
downstream vessels is taken into account by using 0D Windkessel models. More pre-
cisely, each terminal vessel in our 3D network is connected to the venous pressure
via an RCR compartment. For simplicity, all these compartments are assumed to
share the same values for the resistances (R, and Rg;stq1) and the capacitance (C).
The autoregulation in the Windkessel element is governed by the following hypothe-
ses: the proximal resistance R,,,, remains constant over time; the distal resistance
is given by:

Rdistal (C) = Rdistal,ref + aS(C)Rdistal,refa (49)

with @ = 1— Ryistal, maz/ Raistal,re f; the capacitance varies so that the characteristic
time 7 = Ry;sta1(¢)C(¢) remains constant.
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5. Numerical simulations

This section is structured as follows. First, we present a validation of the model on a
test case where the mean incoming pressure coincides with the reference pressure.
The values obtained for the velocity are compared with the experimental data pre-
sented in the work by Riva et al. 3 Second, we present a numerical experiment where
the mean incoming pressure is varied. Different flow rate-incoming pressure curves
are obtained for different values of the maximum pre-stress of the fibers.

5.1 Reference case and validation
5.1.1 Data

The geometry was obtained using a retinal fundus image in the Drive dataset.*? The
image was segmented and the vessels tree reconstructed by using the algorithms pre-
sented in the studies by Al-Diri et al.#' and Caliva et al.** We considered only the infe-
rior temporal arteriole and its branches. Twenty-five segments were obtained via the
segmentation algorithm. The 3D tree was reconstructed from the 2D image by first
assuming a circular section for the vessels and then by projecting the results over
a sphere. The detailed bifurcations were not available from the segmentation and
they were reconstructed using B-splines. The mesh generation was carried out us-
ing gmsh*® and then refined using Feflo. a, an anisotropic local remeshing sotware
developed at Inria. Figure5 shows two snapshots of the geometry used for the com-
putations. The computational mesh has 822,071 tetrahedra and 105,604 triangles on
the surface, for a total number of vertices of 165,238.

In the study by Guidoboni et al. **, the authors suggest taking a pressure at the in-
let of the central retinal artery that is equal to two thirds of the mean brachial arterial
pressure. With typical values of systolic and diastolic brachial pressure (120/80 mmHg),
this gives 62 mmHg. In addition, a pressure drop of about 20 mmHg is assumed to
take place from the upstream of the central retinal artery to the downstream of the
lamina cribrosa. Thus, we choose p,.; = 40mmHg, which is a reference value for
the pressure at the beginning of our 3D network. Regarding the outlet boundary con-
dition we set the venous pressure at 20 mmHg, which is compatible with the value
used as a reference in the work by Guidoboni et al. ** after the venules compartment.
The reference values for the Windkessel parameters are Rgistar = 6 - 108 P cm™3,
Rproz = 6-107Pem™3,C = 1.67- 10719 scm® P~1. The blood viscosity is given by
vl = 0.03cm? s, and its density by pf = 1 g/cm3. The structure parameters are
the Young modulus of the endothelium E = 0.05 MPa and its Poisson ratio v = 0.5,
the thickness of the endothelium A® = 5um and the total thickness of the vessel
h® = 25um. The density of the structure is set equal to 1g/cm?. The fiber layer
thickness is hf = 20um The mechanical properties of the fibers are the pre-stress
ko = 0.4MPa and the elastic modulus k; = 0. The intra-ocular pressure p;,,, is kept
constant at 15mmHg.
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Figure 5: Computational mesh (left) and a broader view with the sphere used for the recon-
struction (right).

The duration of the cardiac cycle is 0.8s, and the duration of diastole is 0.25s. The
time-profile of the incoming pressure is the following:

50
Pdia t €[0.25,0.8], (50)

(Psys — Pdia) sin(mt/0.25) + paia  t € [0,0.25]
P, (t) =
where pgi, = 0.9P and Dsys = Pdia + 0.167 P are the diastolic and systolic pressure
for a given value of mean pressure P. A summary of these choices is presented in
Table1.

5.1.2 Results

In order to have a reference solution where autoregulation does not play a role and
that can be used to assess the model, we set P = 40 mmHg. Weuseu = 0,77 = 0 as
initial conditions, and observe a quasi periodic behavior after two cardiac cycles. In
Figure6 we report a snapshot from the simulation taken at the timeinstant¢ = 3s, i.e.,
during the diastole. The figure also displays the surface of the computational mesh.
To compare the results of our simulation with the experimental data presented in the
study by Riva et al. 3°, we compute the mean value (in time, over a cardiac cycle) of the
blood velocity at the center of different sections of the artery along the network. The
value of the diameter is taken as the mean value of the diameters over the segment
(between two bifurcations) which contains the section. The chosen points of the net-
work are depicted in Figure 7, and a comparison of the data is given in Figure 8. In
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Table 1: Summary of the model parameters. In the table P stands for Poise.

Fluid parameters

v/ | 0.03cm*s™! | ! lgem™3

Boundary conditions and Windkessel parameters
Pvenous 20 mmHg Piop 15 mmHg
Raistar | 6-103Pcm™3 Rprogimal 6107 Pcm™3
C 1.67-10719scm3 p~!

Structure parameters

p° lgem™3 E 0.05 MPa
v 0.5 ko 0.4 MPa
k1 0 h* 5um
ht 20 um h?® 25 pm

Velocity
0. 0. 1.8 2.7 4.0
Mi?\\HHH\HHHH‘HHHHH

Figure 6: Velocity profiles on some slices of the domain. Values are taken during the diastolic
phase of the fourth cardiac cycle (t = 3s).
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Figure 7: Points where the mean velocity has been measured for comparison with experimental
data presented in Riva et al. *

order to have a fair comparison, the mean velocity over time has been computed us-
ing the same formula as was used in the study by Riva et al. 3 (one third of the systolic
velocity plus two thirds of the diastolic velocity).

The results of the model are within the same range of values as the experimental
data. The two sets of points also show a similar variability. However, there is a re-
gion for which either the velocity has been underestimated or the diameter has been
overestimated (around 100 um, 1 cm/s). We can provide two explanations for this
discrepancy. Firstly, the errors might come from the segmentation: the points with
the lowest velocity are in the terminal vessels, which are the smallest and therefore
the most difficult to capture with the segmentation algorithms. Secondly, it is pos-
sible that the assumption that all terminal vessels experience the same downstream
equivalent resistance is too rough an approximation of reality.

5.2 Autoregulation
5.2.1 Data

For this test case we used the geometry and the data reported in Section 5.1.1. The
control mechanism has been detailed in Section 4. For the present simulation, the
parameters defining the sigmoid activation function (see Eq.(47)) arFe the following:
w = 0.8and P,,,q; = 50mmHg, ¢ = 75%.
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Figure 8: Comparison between the experimental data taken from Riva et al.*® Mean velocity
in time (y-axis) and diameter (z-axis, arteries on the left side and veins on the right side). Ex-
perimental data are depicted by circles: red refers to arteries and blue refers to veins. Data
computed by the proposed model are depicted by green triangles.

5.2.2 Results

In Figure 9 the relationship between the flow rate and the pressure at the inlet is de-
picted for a representative cardiac cyle in two distinct scenarios: without autoreg-
ulation (in blue) and with autoregulation (in red). Each loop is a cardiac cycle for a
simulation performed by imposing a different mean incoming pressure. The chosen
values are P = [30,40, 50, 60, 70)mmHg. In the autoregulated case, the parameters
determining the control intensity are: ki’s® = 0.1MPa and o = 0.15. It should be
noted that for a mean pressure of P = 40mmHg there is only one loop since it is the
reference pressure, i.e., the pressure for which the smooth muscle cells maintain their
reference length. By observing these curves it can be inferred that the control mech-
anism acts directly on the vessels resistance. In particular, when the mean pressure
is higher than the reference pressure, the flow rate is diminished, whereas when the
mean pressure is lower, the SMCs action tends to increase the flow rate.

Each point of the curves represented in Figure 10 is the value of the flow entering
the network for a given value of inlet pressure. The mean inlet pressure P is varied
from 30 mmHg to 70 mmHg. The parameters governing autoregulation are chosen
as follows: kg's® takes three values: 0 (no autoregulation), 0.05 MPa and 0.1 Mpa.
The autoregulation parameter «, defined in equation (49), indicates how much the
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Figure 9: Normalized flow rate (y-axis) with respect to incoming pressure (x-axis). Each circle
represents one cardiac cycle from a different simulation. The blue circles correspond to the

simulations without autoregulation: K¢";* = 0 and a = 0, for different values of P. The red
circles refer to the autoregulation parameters K¢, = 0.1MPa and o = 0.15.

downstream circulation is able to vary its overall resistance. Two different cases were
considered: a = 0 (no autoregulation) and a = 0.15 (for which the maximum value of
distal resistanceis equal 1.15Rgis¢ai,re f). FOr each numerical experiment four cardiac
cycles are simulated. The values of the flow are taken in the last cycle and the flow is
normalized with respect to the value obtained for P = Pref = 40mmHg. Figure 10
shows that using kg’s® = 0.1MPa and using autoregulation in the Windkessel model
(circles, green), it is possible to replicate a plateau in the flow rate-pressure relation-
ship. This result is similar to that obtained in the study by Arciero et al.’® with a 0D
approach. The impact of autoregulation in the Windkessel for this choice of parame-
ters can be observed by comparing the green curve (circles) with the red one (down
triangles), which was obtained with the same k;'¢® and by turning the Windkessel
autoregulation off (o = 0).

6. Limitations and conclusion

In this work, we have proposed a first attempt at modeling autoregulation in a 3D net-
work of retinal arteries. Our approach is based on a simplified fluid-structure model
whose computational cost is of the same order as the cost of a pure fluid problem. The
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. Without autoregulation: kf’?* = 0MPa, a = 0
. ke = 0.1MPa, a = 0.15
- ki'* = 0.05MPa, a = 0

. kyeT = 0.05MPa, a = 0.15
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Figure 10: Autoregulation curves. Mean incoming pressure on the fourth cardiac cycles (z-axis)
and normalized flow rate over the fourth cardiac cycle (y-axis). Different lines correspond to
different values for the autoregulation parameters. Each point on a curve refers to a different
simulation with a given mean incoming pressure.

model used for the wall includes smooth muscle fibers, whose active constitutive law
has been derived by approximating physiological models proposed in the literature.
The simulations performed in a real network of 25 segments of retinal arteries have
provided velocities which are in good agreement with published experimental data.
By varying the parameters of the active component of the constitutive law, we have
been able to reproduce flow rate-pressure curves which are comparable with experi-
mental data or results obtained with 0D models. In particular, a characteristic plateau
of the flow rate has been found for pressures ranging from 40 to 60 mmHg.

To the best of our knowledge, this study is the first to propose 3D simulations of
blood flow in a real network of retinal arteries, including an autoregulation mecha-
nism. It can be viewed as a first step toward a more complete 3D model of the hemo-
dynamic of the eye. In spite of encouraging results, many limitations remain and the
model could be improved in various ways.

Firstly, the diameter of the vessels considered in this work is below 200 pm, which
means that the hemodynamics is in a microcirculation regime.?’28 In such vessels,
the Fahraeus effect, the Fahraeus-Lindqvist effect and plasma skimming may be rel-
evant in determining the distribution of hematocrit and the velocity profile. 454

Secondly, our autoregulation model describes how smooth muscle fibers control
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the blood flow, but not the physiological mechanisms that trigger the contraction
or the relaxation. The feedback mechanism could be improved to include other
aspects than only the inlet pressure.

Besides these limitations, future works could also improve the models used for
the downstream vasculature, and should address other important phenomena
like the interaction with other compartments, such as the lamina cribrosa or the
intraocular pressure.
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