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RESUMEN

Esta tesis desarrolla nuevos métodos para evaluar las propiedades biomecanicas de la
cérnea, dada su relevancia en patologias ectasicas corneales, cirugia refractiva, asi como
en el diagndstico y tratamiento del glaucoma. Con este objetivo, se ha propuesto un
modelo tedrico viscoelastico para caracterizar biomecanicamente la cérnea. El desarrollo
de dicho modelo ha permitido obtener expresiones analiticas que posibilitan, por primera
vez, el calculo in vivo de las componentes elastica y viscosa. Asimismo, se ha identificado
el tiempo de retardo corneal como un biomarcador de la hipertensidon ocular, lo que
evidencia su importancia en la enfermedad ocular hipertensiva. Por otra parte, la influencia
de la geometria corneal en la biomecanica ha sido analizada mediante tonometria de aire,
demostrando la necesidad de incluir factores de correccién relacionados con el
astigmatismo, de forma similar al enfoque aplicado al espesor central corneal. También se
ha observado una relacién entre la transparencia corneal, la macroestructura de la cérnea

y sus propiedades biomecanicas.

Finalmente, se ha desarrollado y calibrado un prototipo de resonador corneal basado en
sonido de baja frecuencia, con el objetivo de caracterizar in vivo los modos de resonancia

corneal, considerando aspectos geométricos, biomecdnicos y aberrométricos.




ABSTRACT

This thesis presents new methods for evaluating the biomechanical properties of the
cornea, given its relevance in ectatic corneal diseases, refractive surgery, and the diagnosis
and treatment of glaucoma. To this end, a theoretical viscoelastic model has been
proposed to characterize corneal biomechanics . The development of this model has
enabled the derivation of analytical expressions that, for the first time, allow the in vivo
calculation of both the elastic and viscous components. Furthermore, corneal retardation
time has been identified as a potential biomarker for ocular hypertension, underscoring its
significance in hypertensive eye disease. In addition, the influence of corneal geometry on
biomechanics has been analyzed using air-puff tonometry, demonstrating the need to
incorporate correction factors related to astigmatism—similar to those applied for central
corneal thickness. A relationship has also been observed between corneal transparency,

corneal macrostructure, and biomechanical properties.

Finally, a corneal resonator prototype based on low-frequency sound has been developed
and calibrated, with the objective of characterizing the cornea's resonance modes in vivo,

considering geometric, biomechanical, and aberrometric parameters.
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1. INTRODUCCION

En este capitulo se abordaran aspectos fundamentales de la cdrnea desde una perspectiva
tanto estructural como biomecdanica. Se comenzard con una descripcion detallada de la
estructura, incluyendo sus capas y funciones esenciales en el sistema visual. A
continuacién, se explorard la biomecanica corneal (BMC), los diferentes modelos
biomecanicos existentes y la importancia de su medicidon en diversas aplicaciones, tanto

oftalmolégicas como optométricas.

Se dedicard un apartado a los métodos y herramientas utilizados para evaluar la
biomecanica corneal, con un enfoque particular en tecnologias in vivo. Ademas, se
revisaran técnicas adicionales menos comunes, como la elastografia por coherencia éptica
(OCE) y otras tecnologias que permiten obtener una vision mas completa de la biomecanica

corneal.

Por dltimo, se estudiard la geometria corneal haciendo una revision de las técnicas
utilizadas para su medicidn y analisis. Estos parametros son esenciales para comprender su

comportamiento mecdnico y su interaccion con la presidn intraocular.

1.1.Cérnea

La cérnea, junto con la pelicula lagrimal, es la estructura refractiva mas importante y es
responsable de tres cuartas partes del poder refractivo del ojo. Una de sus principales

1

caracteristicas es la transparencia, debida a que es avascular *. Ademas, proporciona

2 manteniendo una

estabilidad mecéanica al ojo, protegiéndolo de agentes externos
curvatura muy precisa y proporcionando una potencia aproximada de + 43,25 dioptrias
(D)*3. El radio de curvatura promedio de la primera superficie es de 7,7 mm vy el radio
posterior promedio de la segunda superficie es de 6,5 mm. Sin embargo, la cara anterior
de la cdrnea no es una superficie esférica, sino que sufre un aplanamiento gradual segun

nos alejamos de su centro con un valor promedio de asfericidad (Q) de -0,26 que le

proporciona aberracion esférica positiva %. El espesor corneal central en la poblacién sana




espafiola es de 548,21 + 30,7 um, con un rango de 464 a 633 um ° que se va engrosando a

medida que nos vamos hacia la periferia hasta alcanzar valores de 660-700 um.

La cérnea estd compuesta por diversas capas. En el corte histoldgico de la figura 1, la capa
mas externa es el epitelio. A continuacidn, se encuentra la membrana de Bowman, seguida
del estroma, la membrana de Descemet y, finalmente, el endotelio corneal. El epitelio tiene
un grosor que varia entre 50 y 100 um, y este grosor cambia segun la localizacidon
geografica, siendo mas grueso en la parte inferior que en la superior y mas grueso en la
zona nasal que en la temporal. En el eje superior/inferior es significativamente mas grueso
que en el eje nasal/temporal ®. La membrana de Bowman tiene un grosor de
aproximadamente 12 um. El estroma corneal es la capa mds gruesa, con un grosor de
aproximadamente 500 um. La membrana de Descemet tiene un grosor de entre 4 y 10 um,

y, por ultimo, el endotelio es la capa mas fina, con un grosor de 5 um”’.

Epitelio corneal Memb
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Figura 1: Corte histoldgico de la cérnea. Imagen tomada de Ferndndez et al. 8.

Epitelio: Estd formado por 4 a 6 capas de células. El epitelio se caracteriza por ser
estratificado escamoso y no queratinizado, es la principal barrera contra patdgenos y
fluidos. Esta funcién se debe a las estrechas uniones entre las células y a la constante
regeneracién de células madre limbocorneales ubicadas en las capas basales del epitelio °.
Morfolégicamente esta dividido en 3 tipos de células que residen cada una en su capa
correspondiente (ver figura 2). En contacto directo con la lagrima, se encuentran dos capas

de células superficiales planas o de descamacidon, que son hexagonales y presentan un

10



glicocalix fibrilar. Junto con las microvellosidades y micropliegues, esto favorece una mayor

adherencia entre la ldgrima y el epitelio °.

En segundo lugar, hay tres filas de células alares que representan la transicion entre las
células superficiales y las basales. Estas células tienen numerosos desmosomas que las

unen entre si, facilitando la conexiénentre las células basales y superficiales 1.

Por ultimo, una monocapa de células basales columnares descansa sobre la membrana
basal, proporcionando adherencia entre las células epiteliales y el estroma. Estas células
tienen una gran capacidad de mitosis, y su principal caracteristica es que las células
resultantes de esta divisién migran hacia la capa de células alares, donde se transforman
en esas células. A medida que contindan su camino migratorio, se transforman en células

superficiales. Este proceso dura aproximadamente una semana %%,

Células descamacion
Células alares

Células basal
ulas basales Membrana basal

Capa de Bowman

Figura 2: Esquema tipos de células epiteliales. Imagen tomada de la tesis de Lavilla 1.

Membrana de Bowman: Es acelular y estd compuesta por coldgeno, lo que la hace
resistente a los traumatismos, aunque carece de capacidad regeneradora. Las fibras de
coldgeno mds cercanas al estroma estdn entrelazadas y organizadas de manera aleatoria.
Ademas, contiene mucoproteinas con una composicidn bioquimica similar a la del

estroma®?.

Estroma: El estroma proporciona a la cérnea el 90% de su espesor. Esta formado por una
matriz extracelular compuesta de colageno y proteoglicanos, ademas de células estromales
o queratocitos. Las células corneales son fibroblastos con morfologia dendritica, lo que les
permite interconectarse y formar una red 3. En el estroma anterior, su densidad es un 30%

superior a la del estroma posterior . Su funcién principal es la produccién de coladgeno y

11



proteoglicanos para la formacidn de la matriz extracelular *°. La organizacién y estructura
de esta matriz es fundamental para mantener la transparencia, las propiedades épticas, la

geometria y las propiedades biomecanicas de la cérnea °.

La matriz estd formada por fibrillas de coldgeno tipo | y V °, empaquetadas en fibras mas
densas de pequefio didmetro (25-30 nm) 6 (figura 3). Estas fibrillas se disponen en paralelo,
formando laminas (lamelas), y las capas de lamelas, a su vez, estan organizadas de manera
ortogonal *°. El reducido tamafio de las microfibras (250-300 A) ™'y su estrecha separacién,
del orden de 550 A, evitan la dispersién luminosa '°. Este empaquetamiento regular y
homogéneo, junto con el pequefio diametro de las fibras y su equidistancia, contribuyen a
la transparencia corneal Y. En la matriz también estd presente el coldgeno tipo IV,
responsable de formar redes que aportan estabilidad mecdnica 8. Los proteoglicanos de la
cérnea se unen a las fibrillas de colageno, favoreciendo su disposicién y espaciamiento. Son
determinantes para mantener la separacién entre las fibras de coldgeno, un factor clave en

la transparencia corneal *°.

Microfibra 250-300 A

Fibrilla 4nm

Fibra 25-30nm

Figura 3: Estructura de las fibras de coldgeno en el estroma corneal. Imagen tomada y
modificada de Meek y Knupp %°.

El comportamiento mecanico de la cérnea esta determinado por su organizacion a nivel de
microestructura y macroestructura. La distribucion lamelar en el estroma no es
completamente regular, ya que las [dminas se entrecruzan con mayor densidad en el tercio
anterior de la cérnea que en el resto. Como se observa en la Figura 4, las laminillas estan
mas entrelazadas en la parte anterior, mientras que en la posterior tienden a disponerse
de manera mas paralela, especialmente en la zona central. En la periferia media también
se observa un mayor entrecruzamiento de fibras. En el limbo, las laminillas de anclaje

parecen introducirse en el estroma desde las capas mas profundas %. Las lamelas se

12



disponen de forma perpendicular entre si en el centro y la media periferia corneal,
orientadas en direcciones temporal-nasal e inferior-superior, como se observa en la Figura
5. En el limbo, su distribucién es anular *°, aunque existe cierta discrepancia sobre la

disposicidn exacta de este anillo de coldgeno en el limbo esclerocorneal.

Figura 4: Distribucidn lamelar anteroposterior en el estroma. La escala de colores
representa la densidad de fibras. Colores calidos mayor densidad/ colores frios menor
densidad. Imagen tomada de Meek and Knupp %.

(d)

Figura 5: Esquemas de las 4 posibles organizaciones de las lamelas estromales en el limbo.
En todas hay en el centro y periferia una distribucidn ortogonal. En a) fibrillas limbares
formando un anillo discreto. En (b) y (c), el colageno en el limbo forma una red de anclaje
al atravesar el limbo tangencialmente. En (d) el colageno de la cérnea se dobla cerca de la
periferia para formar un anillo circular en el limbo. Imagen tomada de Meek and Boote 2.
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Membrana de Descemet: Lamina basal gruesa segregada por el endotelio. Contiene
componentes colageno y no coldgeno, los cuatro componentes son lamininas, coldgeno
tipo IV, nidégenos y perlecano. Su capacidad de regeneracidn tras un traumatismo,
infeccion o lesiéon quirdrgica es limitada. Es de vital importancia para mantener la

homeostasis corneal, siendo también una pieza clave para la transparencia corneal 2.

Endotelio corneal: Estd formado por una Unica capa de células planas hexagonales,
perfectamente unidas por sus lados. Esta disposicién resulta altamente eficiente frente a
la exposicién intracelular al humor acuoso 2. La estructura mas importante del endotelio
es la bomba sodio potasio (ATpasa), la cual contrarresta el flujo de agua hacia el estroma,
preservando la transparencia corneal ?*. Con el envejecimiento, el nimero de células
endoteliales disminuye, y las células vecinas deben expandirse para ocupar el espacio

dejado %,

1.2.Biomecanica

1.2.1. Definicion

La biomecanica es la ciencia que aplica las leyes de la mecanica al estudio de las estructuras
anatémicas y érganos de los seres vivos, considerando la influencia de las fuerzas externas
e internas (cinética) y los movimientos (cinematica). Para ello, integra conocimientos de
ingenieria, arquitectura, biofisica, anatomia, fisiologia y otras disciplinas. La biomecanica
se basa en modelos que permiten predecir el comportamiento, la resistencia, la fatiga y
otros aspectos de distintas partes del cuerpo cuando estan sometidas a condiciones
especificas. Asi, se desarrollan modelos matematicos para comprender mejor los sistemas

bioldgicos %.

La biomecanica corneal analiza el equilibrio y la deformacién de los tejidos ante fuerzas
internas y externas 26, con el objetivo de mejorar el conocimiento sobre la fisiologia y
fisiopatologia corneal, asi como el diagndstico y tratamiento de diversas patologias.
Ademas, busca identificar patrones predictivos de su respuesta dindmica °. El estroma
desempeiia un papel importante en la forma, rigidez, transparencia y refraccién de la
cérnea, representando aproximadamente el 90 % de su grosor ’. En contraste, el epitelio

y el endotelio tienen una influencia minima en la biomecanica corneal. Por otro lado, la
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membrana de Bowman, debido a su alta densidad de colageno, parece tener un impacto
significativo en la estructura corneal. Finalmente, aunque la contribucién de la membrana
de Descemet a la estabilidad corneal aln requiere mayor investigacion, se considera que
también desempefia un papel relevante %,

La estabilidad de la cérnea depende de factores intra y extra corneales. Estas fuerzas

opuestas generan un equilibrio dindmico. En la tabla 1 se describen dichos factores .

Tabla 1: Factores intra y extra corneales que influyen en la biomecdnica corneal.

Intra corneales Extra corneales
- Microestructura - Presion intraocular.
e Organizacién molecular del - Presion Atmosférica.
colageno. - Tensién palpebral.
- Macroestructura - Tensién musculos
® Geometria corneal. extraoculares.
® Espesor corneal. - Tension del musculo ciliar.

1.2.2. Propiedades y parametros biomecanicos de la cdrnea

Biomecdnicamente, la cdrnea se comporta como una membrana viscoeldstica. Su matriz
extracelular esta compuesta por fibras de colageno, que le otorgan resistencia a la carga
(rigidez), y proteoglicanos, que le proporcionan una gran capacidad de absorcion de
energia (viscosidad), contribuyendo asi a sus propiedades mecdnicas 2. Su caracteristica
mas importante es precisamente este comportamiento viscoeldstico, se comporta de

forma parcialmente eldstica como un sélido y parcialmente viscosa como un liquido .

Segun la ley de Hooke, los sélidos eldsticos se deforman de manera proporcional al esfuerzo
aplicado y recuperan su forma original al cesar la fuerza. En cambio, en los liquidos viscosos,
regidos por la ley de Newton, el esfuerzo aplicado es proporcional a la velocidad de
deformacién, pero no a la deformacién en si, lo que impide la recuperacién de la forma
original 3°. En este caso, no hay una recuperacion de la deformacién. Un comportamiento

intermedio es el comportamiento viscoelastico, en el que el cuerpo sobre el que se aplica
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el esfuerzo recupera parte de la deformacién aplicada 332, Ademsds, su respuesta depende

de la velocidad de deformacién y de las fases de carga y descarga.

La cdrnea exhibe un comportamiento intermedio: tras la aplicacién de una fuerza, recupera
parte de la deformacidn, dependiendo de la velocidad de carga y descarga. Su respuesta es
no lineal y depende del tiempo, lo que significa que se deforma lentamente y su
recuperacidon no sigue exactamente el mismo patrén que la deformacién inicial. De esta
diferencia surge el concepto de histéresis corneal (CH), parametro que mide la capacidad
viscoeldstica de la cédrnea para amortiguar, absorber y disipar energia 3. Ademas, debido a

su dependencia del tiempo, una carga mas rapida genera una respuesta mas rigida 3.

El médulo de Young describe la rigidez de un tejido eldstico a través de la relacidon entre
esfuerzo y deformacion 32. Cuanto mayor es su valor, mayor esfuerzo se requiere para
deformar el tejido. En el caso del ojo, el coeficiente de rigidez ocular estd determinado por
el mddulo de Young del globo ocular y refleja la resistencia de la cornea a la indentacidn,

es decir, su capacidad estructural para resistir la deformacién °.

Otro pardmetro relevante es el coeficiente de Poisson, que define la relacion entre la
deformacidn longitudinal y lateral 2. Dado que la cdrnea no se deforma Gnicamente en la
direccion de la fuerza aplicada, sino también en sentido perpendicular, su comportamiento
se ve influenciado por la disposicidn de las fibras de colageno en el estroma. Estas estan
organizadas en direcciones nasal-temporal y superior-inferior, lo que confiere a la cérnea
un comportamiento anisétropo, es decir, su deformacion varia segin la direccién de la
fuerza ejercida 1>, Debido a su composicidn y estructura, la cérnea se comporta como un

tejido heterogéneo.

1.2.3. Modelos biomecanicos corneales

El objetivo de los modelos biomecdnicos es describir la respuesta de un tejido ante una
carga aplicada, correlacionando diferentes pardmetros de entrada con los de salida para
predecir posibles patologias o los efectos de distintos tratamientos. Debido a las
. . ’ . 7 35 . .
propiedades viscoelasticas de la cérnea > es necesario representar dos componentes: el
eldstico, que provoca una deformacién instantanea, y el viscoso, que genera una

deformacién amortiguada 3. Su modelizacién requiere la comprensién de los modelos
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viscoelasticos, los cuales son dificiles de visualizar, por lo que suelen representarse

mediante modelos mecanicos o reoldgicos.

En los materiales newtonianos, la viscosidad se representa mediante un pistdn trabajando
en un cilindro, lo que simboliza la disipacion de energia. El comportamiento eldstico, similar
al de un sdlido de Hooke, se representa habitualmente con un muelle, donde la energia
estd almacenada 3%3!, El comportamiento viscoeldstico puede ser representado como una
combinacion de muelles y pistones. En la figura 6a, se observa un émbolo y un muelle
acoplados en paralelo con un tablero, mostrando el modelo basico de viscoelasticidad de
Kelvin-Voigt 3%, En la figura 6b, se muestra la curva de fluencia o creep/relajacién del
modelo de Kelvin-Voigt. Este modelo describe adecuadamente la deformacién en los
ensayos de esfuerzo, pero no es capaz de representar la relajacidon de manera precisa 3%,

Otra caracteristica importante de este modelo es que no se deforma de inmediato *.

a) b)

0,=E-e .

1 ks Fluencia = Relajacion

——omoit0, £ \_ £l
= g
e o
a
) - Tiempo Tiempo
€1=E,=€

Figura 6: a) Representacién esquematica del acoplamiento en paralelo de resorte y émbolo
gue definen el modelo viscoelastico de Kelvin-Voigt. Donde o la tensién aplicada, E
representa la constante eladstica, n constante viscoeldstica, oitensién en el muelle, o
tension en el émbolo, €1- ;=€ elongacidon y € corresponde a la velocidad de deformacion
del émbolo *2. b) Representacién de la curva de fluencia/relajacién del modelo Kelvin-Voigt.
Imagen tomada y modificada de Galindo “°.

Dentro de los modelos basicos viscoelasticos, el elemento de Maxwell (figura 7a) consiste
en un muelle y un émbolo dispuestos en serie. Se caracteriza por una constante de
elasticidad, E, y una de viscosidad, n,. En la representacion fluencia/relajacién (figura7b),
se observa que no representa fielmente el comportamiento viscoelastico, ya que la

deformacién crece linealmente con el tiempo, aunque la respuesta a la relajacion si se

ajusta a la realidad. Ademads, no recupera completamente la forma 373,
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Figura 7: a) Representacién esquematica del acoplamiento en serie de un muelle y émbolo
del elemento de Maxwell 32 b) Representacién de la curva de fluencia/relajacién del
elemento Maxwell. Imagen tomada y modificada de Galindo*.

Notese que ni el modelo de Kelvin-Voigt ni el elemento de Maxwell logran reproducir la
respuesta de un tipico material viscoelastico por si solo; es necesario combinar varios
elementos 3*2, El modelo de Maxwell consiste en un nimero arbitrario de elementos
Maxwell conectados en paralelo y sometidos a un experimento de relajacién del estrés
(figura 8). En todos los elementos individuales, la deformacidn es la misma, la tensidn total

aplicada es la suma de las tensiones individuales experimentadas por cada elemento 32,

A
S~
)
S~

0=0,++0,+0,, ...... +0,

Figura 8: Representacidon esquematica del acoplamiento en paralelo de “z” elementos de

Maxwell que definen el modelo viscoelastico de Maxwell 32,

Aunque estos modelos mas complejos son precisos al representar las propiedades de los
materiales viscoelasticos, generan modelos complicados que no tienen una Unica
solucidn®!. Para representar la cdrnea, se han propuesto modelos més sencillos basados en
elementos finitos. Otra dificultad encontrada en la representacién corneal es que esta tiene
volumen, mientras que los modelos viscoelasticos reoldgicos son unidimensionales y no

|42

pueden considerar la deformacién tridimensional de la cdrnea. Kling et a demostraron

gue existe una correlacidn entre la deformacion de la cérnea y la indentacion en el apex.
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En consecuencia, al estar relacionada la deformacion tridimensional de la cérnea durante
la tonometria por aire con la indentacién puntual en el dpex, los modelos viscoeldsticos

corneales pueden simplificarse a una dimension .

En 1973 Kobayashi et al. 3> propusieron un modelo viscoeldstico de la cérnea, utilizando un

modelo reoldgico que combina dos unidades de Kelvin-Voigt y un muelle en serie (figura9).

Figura 9: Representacion esquematica del acoplamiento en serie del modelo de
Kobayashi®.

El modelo viscoelastico de Burgers modela el comportamiento de la cdrnea al considerar
simultdneamente su elasticidad, elasticidad retardada y viscosidad. Este modelo combina
en serie una unidad de Kelvin-Voigt y un elemento de Maxwell (figura 10a) *. Para definir
este modelo, es necesario determinar el valor de cuatro pardmetros. En general, este
modelo representa bien la viscoelasticidad, como se puede observar en las graficas de

esfuerzo-relajacién de la Figura 10b.

a)
._E/\/V\/\/\/\— .
) 3 . = Relajacion

) Fluencia 2

F z

i \ &

L]

=] 2

[l (=] Tiempo

Tiempo

Figura 10: a)Representacion esquemdtica del acoplamiento en serie del modelo de
Burgers*. b) Representacion de la curva de fluencia/relajacion del modelo Burgers. Imagen
tomada y modificada de Galindo “.
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Otro de los modelos utilizados para representar la cérnea es el Modelo del Estado Sélido
Lineal (MESL), que consiste en un muelle en serie con una unidad de Kelvin-Voigt 3¢3° (figura
11a). Este modelo reacciona de inmediato y se recupera completamente como los
materiales eldsticos, pero su deformacién y recuperacidon dependen del tiempo, similar a
los materiales viscosos. Por esto, al aplicar una carga el muelle izquierdo se estira
inmediatamente representado el comportamiento eldstico de la cérnea. Mientras que la
unidad de Kelvin-Voigt representa la componente viscosa, el émbolo hace que la
deformacioén sea lenta. Durante la descarga el muelle izquierdo se contrae inmediatamente
pero es retenido por la unidad de Kevin-Voigt. De este modo se representa la dependencia
con el tiempo de los materiales viscoelasticos *. En la figura 11b se muestra la curva de
fluencia relajacion del MESL, en la que se observa un comportamiento muy similar a los
solidos viscoeldsticos. La primera parte de la curva corresponde al comportamiento elastico

y la segunda al viscoso #°.

a) b)

Strain

W = = =

Time (minutes)

Viscosidad

E5E1,E

Figura 11: a) Representacion esquematica del modelo lineal estandar representado por el
acoplamiento en serie de un muelle y una Kelvin-Voigt. E es la elasticidad de los muelles, n
es la viscosidad del émbolo, o |a tensién aplicada y € la deformacidn inducida 343, b) Curva
de fluencia/relajacién del MESL. Imagen tomada y modificada del trabajo de Lombardo et
al. .
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1.3.Biomecanica, aplicacion en oftalmologia y optometria

La biomecanica en la investigacidn y desarrollo en oftalmologia actual tiene gran relevancia
debido al potencial de sus aplicaciones tanto en el diagndstico de patologias (ectasias
corneales/glaucoma) como en la mejora de sus tratamientos . Por otro lado, el auge de la
cirugia refractiva hace que la investigacion en biomecanica corneal sea fundamental para
identificar a los pacientes con mayor riesgo de desarrollar ectasia iatrogénica tras la
correccion del error refractivo con laser. Asimismo, existe la necesidad de mejora de la

previsibilidad y eficacia de los protocolos de cirugia refractiva (CR) 1247,

1.3.1. Ectasias corneales

Los desérdenes corneales ectasicos se definen como un conjunto de enfermedades de la
cérnea caracterizadas por un adelgazamiento progresivo y una alteracién de su curvatura,
acompanadas de protrusion, pero sin signos inflamatorios. Algunas de las enfermedades
ectdsicas no inflamatorias, ordenadas segun su frecuencia de aparicidén, son: queratocono
(KC) (ectasia corneal axial localizada), degeneracion marginal pelucida (ectasia corneal
periférica), queratoglobo (ectasia corneal periférica) y queratocono posterior. Existe una
relacion entre los puntos de adelgazamiento maximo, la protrusién corneal maxima y el

tipo de ectasia 1%,

El debilitamiento de la arquitectura corneal, debido al adelgazamiento causado por la
alteracion de las fibras de coldgeno, predispone a la ectasia. En estos casos, se pone de

manifiesto la insuficiencia biomecanica de la cérnea .

En la deteccién temprana de la ectasia y el seguimiento de su progresién, la topografia y
tomografia corneal juegan un papel fundamental *°, ya que aumentan la capacidad para
identificar la ectasia corneal en sus primeras etapas, particularmente antes de que el
paciente desarrolle sintomas *°. Sin embargo, incluso con todas estas herramientas, la
medicion directa de la biomecdnica clinica sigue siendo primordial para mejorar la
especificidad y sensibilidad en la identificacidon de casos leves, asi como para caracterizar

la susceptibilidad a la progresion de la ectasia 1.
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Respecto a los valores de los pardmetros biomecanicos hay variabilidad segun los trabajos,
Ortiz et al. > llegaron a la conclusién que los pacientes con queratocono la histéresis media
corneal es de 7,5+1,2 mmHg y el factor de resistencia corneal (CRF) 6,2+1,9 mmHg.

Mientras que Shahet et al. >3

obtuvieron un valor medio de CH 9,6+2,2 mmHg con un rango
4,7-16,7mmHg. Sedaghat et al. ** midieron la histéresis en pacientes con queratocono y
degeneracion marginal peltcida (DMP). obtuvieron para el KC una CH de 8,43+0,78 mmHg
y CRF de 7,19£1,11 mmHg, para la DMP una CH de 8,91+1,05 mmHg y CRF de 8,21+1,35
mmHg. En todos ellos existia un grupo control con sujetos sanos, llegando a la conclusidn

qgue la CH y CRF en ese grupo es significativamente mayor que en los pacientes con ectasia.

1.3.2. Cirugia refractiva

Aunque la cirugia refractiva presenta pocas complicaciones, una de las mas graves es la
ectasia corneal iatrogénica, cuya incidencia es del 0,033 % en un periodo de 8 afios >°. La
ectasia asociada a Laser assisted in Situ Keratomileusis (LASIK) tiene una incidencia 4,5

6 Esta condicidn se

veces mayor que la observada en queratectomia fotorefractiva
caracteriza por un adelgazamiento estromal acompafado de una protrusion en la parte
inferior de la cérnea, lo que provoca un cierre de la curvatura corneal de 5D o mas en
comparacion con las topografias postoperatorias *’. La variacion de los radios es distinta en
cada meridiano, lo que genera un aumento del astigmatismo irregular y reduce

significativamente la agudeza visual del paciente %%,

Entre los factores de riesgo se
encuentran la miopia alta, el queratocono subclinico, un bajo espesor estromal, una zona

Optica mas grande y la realizacion de multiples retoques 8.

Se ha planteado la hipétesis de que la progresion de la ectasia tras la cirugia refractiva esta
relacionada con propiedades biomecanicas alteradas y una descompensacion estructural
de la cdérnea, lo que resulta en un adelgazamiento del estroma y una protrusién °%. Las
propiedades biomecanicas de las cérneas con ectasia postquirdrgica son muy similares a
las observadas en cérneas con queratocono, pero difieren significativamente en la mayoria
de los pardmetros de aquellas cérneas que no han desarrollado ectasia tras la cirugia %’. En
cirugia refractiva corneal, la deteccion de formas leves de ectasia en el preoperatorio es

esencial para prevenir su progresion en el postoperatorio. Por ello, es fundamental incluir
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los pardmetros biomecdanicos en el protocolo preoperatorio, asi como desarrollar

herramientas que permitan relacionar la biomecanica con la geometria corneal.

1.3.3. Anillos intraestromales

Los segmentos intraestromales son pequefios dispositivos poliméricos que se introducen
en el estroma corneal para regularizar la superficie corneal y corregir errores de refraccién
elevados. Se utilizan en el tratamiento del queratocono, las degeneraciones marginales

peltcidas, la ectasia post-LASIK y la miopia alta *°.

La forma y el tamafio de la seccidon transversal del implante, su didmetro y la longitud del
arco, asi como su posicidon de implantacién, influyen en la forma postquirurgica de la cdrnea
y en la correccidn refractiva resultante. Ademas, factores mecdnicos, como la presion
intraocular (PIO) y la biomecanica de los tejidos, juegan un papel importante y deben ser
considerados al disefiar un nomograma . En este contexto, resulta interesante la relacion

entre la modificacién de la geometria corneal y la biomecanica.

1.3.4. Ortoqueratologia

En optometria, los parametros biomecdanicos podrian ser interesantes para incluir en los
protocolos ortoqueratoldgicos. Este tratamiento se basa en el moldeo corneal para corregir
temporalmente defectos refractivos como la miopia. La ortoqueratologia (Orto-K) utiliza
lentes de contacto (LC) de geometria inversa. Con estas lentes de contacto de uso
nocturno, se consigue aplanar la zona central de la cdrnea, lo que provoca que pase de

forma prolata a oblata .

Una vez retiradas las lentes de contacto, la cérnea no recupera su forma inmediatamente
debido a las caracteristicas viscoeldsticas de la misma, lo que hace que durante algunas
horas permanezca moldeada. El patrén de deformacién viscoeldstico producido por las
lentes Orto-K es desconocido, se ve afectado tanto por las horas de uso de las lentes como

por su disefio. Los modelos biomecanicos pueden desempefiar un papel importante en los
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mecanismos de moldeo corneal, pero hasta el momento, son pocos los que logran predecir

con precision el resultado del tratamiento ©2.

Por el contrario, el efecto del uso de las lentes Orto-K es muy evidente en la topografia,
especialmente en el mapa refractivo. Se observa una disminucion de la potencia en la
region central y un aumento en la periferia ya desde la primera noche de uso. Tras una
semana, se produce una estabilizaciéon del patrén topografico. Estos cambios se deben
principalmente a la redistribucién del epitelio corneal, con un adelgazamiento en la zona
central y un engrosamiento en la media periferia. El efecto de las lentes Orto-K no provoca

cambios en todo el grosor corneal, ya que parece limitarse al epitelio corneal 53¢,

Por otro lado, la cuestidon de si este tipo de lentes modifica la biomecanica corneal sigue
siendo controvertida. Sin embargo, los uUltimos estudios indican que no se ha alterado

significativamente la biomecénica corneal *’.

1.3.5. Glaucoma

El glaucoma es una neuropatia dptica crénica que se caracteriza por la pérdida de células
ganglionares de la retina (CGR), degeneracidon progresiva del disco dptico, adelgazamiento
de la capa de fibras nerviosas de la retina, aumento de la excavacion del disco dptico (DO)

y defectos del campo visual asociados 8.

En Europa, la prevalencia de glaucoma es del 2,93% entre las personas de 40 a 80 afios %.
Darba y Marsa, en 2022, encontraron que en Espafia la incidencia en entornos
ambulatorios fue de 2,2 por 10.000 personas, mientras que en hospitales fue de 0,2 por
10.000 personas ’°. La fisiopatologia del glaucoma estd relacionada con el gradiente entre
la presion intraocular y la presion arterial. Una PIO elevada junto con una presidn arterial
baja producen una disminucién en el aporte sanguineo, lo que conduce a un deterioro del
transporte axonal en las fibras del nervio 6ptico, dafiando los axones de las CGR en la

lamina cribosa del nervio éptico %72,

Entre los factores de riesgo, la PIO alta se postula como uno de los que mas influyen en la
progresion del glaucoma, ademas de ser el Unico sobre el que se puede actuar actualmente.
Los antecedentes familiares, el aumento de la edad, la raza, la miopia y el estado
cardiovascular también influyen, aunque en menor medida 527273, Ultimamente se esta

hablando de otro factor de riesgo: el grosor de la cérnea central (CCT). Los resultados del
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Ocular Hypertension Treatment Study y del Early Manifest Glaucoma Trial sugieren que los

0jos con cdrneas delgadas tienen un mayor riesgo de desarrollar y progresar el glaucoma®*.

Por otro lado, se ha observado que las cdrneas con el mismo grosor pueden tener
diferentes propiedades biomecanicas y viceversa. Existe evidencia de una fuerte relacién
entre la PIO y la CCT en sujetos sin glaucoma, pero esta relacion es solo moderadamente

74

fuerte en pacientes glaucomatosos De aqui la necesidad de introducir nuevos

parametros de diagndstico, como la histéresis corneal.

Los pacientes con una PIO superior a 21 mmHg que no presentan alteraciones en el nervio
Optico ni en el campo visual se denominan hipertensos oculares (HTO). Algunos de estos
pacientes desarrollan glaucoma, mientras que otros no se ven afectados, a pesar de los
valores elevados de presidn intraocular 72. También existen pacientes que presentan
alteraciones en el campo visual y en la cabeza del nervio dptico, caracteristicas del
glaucoma, pero con valores de PIO normales. A esta condicion se le denomina glaucoma
normotenso ’°. Para explicar esta condicidn, es necesario considerar la histéresis corneal,
dado que esta relacionada tanto con su presencia y gravedad, como con la progresion

estructural y funcional del glaucoma 7.

Una histéresis corneal mas baja se asocia con un volumen menor del area del disco, una
relacidn disco/copa disminuida y un grosor medio de fibras neurorretinianas mas delgado
en pacientes con glaucoma normotenso ’’. Las mediciones de histéresis corneal estan
asociadas con el riesgo de progresién del glaucoma. Los ojos con una CH mas baja
mostraron tasas mas rapidas de pérdida del campo visual en comparacion con aquellos con

una CH mas alta 7.

Los ultimos estudios ponen de manifiesto la importancia de las propiedades biomecanicas

de la cérnea en los cambios de la cabeza del nervio éptico, lo que mejora la comprensidn

de los mecanismos fisiopatoldgicos implicados en el desarrollo del glaucoma 773757881,
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1.4.Medida biomecanica corneal

Actualmente, existen diversas técnicas que permiten evaluar la biomecdnica corneal, las

cuales se clasifican en dos grupos: in vivo y ex vivo.

Dentro de las técnicas para medir la biomecanica corneal in vivo, se puede destacar los
siguientes aparatos comerciales: Ocular Response Analyzer (ORA) (Reichert Technologies,
Depew, NY, EE. UU.) y Corneal Visualization Scheimpflug Technology (Corvis ST) (Oculus

Optikgerate GmbH, Wetzlar, Alemania).

Ambos sistemas de medicion emplean un pulso de aire para medir la respuesta
biomecdnica de la cérnea. Otros sistemas menos utilizados incluyen la microscopia de
Brillouin, el analisis ultrasonografico de alta frecuencia, la elastografia por resonancia
magnética y la elastografia de coherencia dptica ¥#%8, La mayoria de los datos clinicos
estdn relacionados con la respuesta biomecanica a un pulso de aire, por lo que estos

métodos son los mas utilizados “°.

La microscopia de Brillouin se basa en el fendmeno de dispersion de la luz, el cual resulta
de la interaccidn entre los fotones que inciden en la superficie estudiada y la propagacion
de fluctuaciones termodindmicas en el medio. Dado que las velocidades de propagacion de
los fonones acusticos estdn asociadas con las propiedades mecanicas de la materia, la
cuantificacidn del desplazamiento de frecuencia causado por la interaccidén acustico-dptica

puede permitir la estimacion de pardmetros eldsticos .

Entre los métodos ex vivo se encuentran la interferometria electrénica de patron moteado

y la interferometria de patrén moteado de corte radial 2.

1.4.1. Ocular Response Analyzer

Cuando el ORA salié al mercado en 2005, supuso un avance significativo al permitir la
medicion de la biomecanica corneal in vivo, ya que, anteriormente, el Unico método
disponible para su medicidn era ex vivo 1. Su funcidn principal es proporcionar valores de
presion intraocular, los cuales estan correlacionados con los obtenidos mediante el

tonédmetro de Goldman, considerado el gold estdandar en el diagndstico de glaucoma.
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Ademas, permite obtener valores de PIO compensada con la biomecanica corneal (PIOb),
considerando el grosor de la cornea y la histéresis corneal. También proporciona valores

de histéresis y el factor de resistencia corneal “°.

El sistema emite un pulso de aire que ejerce una presidn con distribucién gaussiana. Este
pulso produce una primera fase de carga, donde la cérnea se indenta, seguida por una
segunda fase de descarga, en la cual la fuerza del pulso disminuye y la cdrnea vuelve a su
posicion normal. El punto maximo de la campana de Gauss coincide con el momento en el
gue la cérnea pasa a ser ligeramente céncava. De este modo, se obtiene un primer valor
de presion (P1) que coincide con el punto en que la cérnea pasa de convexa a plana, y un
segundo valor de presion (P2) cuando la curvatura de la cérnea vuelve de cdncava a plana
mientras recupera su forma. Para detectar el aplanamiento, el sistema utiliza un sistema
electrodptico de infrarrojos. Segun la cantidad de luz infrarroja reflejada por la cérnea, se
obtienen los valores de P1y P2. Cuando la cdrnea se aplana por primera vez, la luz infrarroja
reflejada por ella alcanza un primer maximo (P1). Durante la fase de descarga, en el
momento en que se produce la segunda aplanacion, se genera otro maximo de reflexion,

lo que da el valor de P2 2274685

La histéresis es la relacion entre la deformacion y la fuerza aplicadas sobre la cérnea en
funcién del tiempo, y se considera un valor de resistencia dindmica. Su valor esta
relacionado con los dos picos de aplanacién. Debido a la naturaleza viscoelastica de la
cornea, la presion del primer aplanamiento es distinta de la presidon en el momento de la
recuperacion, tal como se muestra en la figura 12. Esto ocurre porque la cérnea absorbe y
disipa parte de la energia del pulso de aire. La diferencia entre estos dos valores determina

el valor de histéresis (CH = P1 - P2), y su unidad de medida es mmHg 18586,

El CRF mide la resistencia mecanica global de la cérnea y representa sus propiedades
eldsticas. Este pardmetro proporciona la resistencia estatica a la deformacién de la cérnea.

Es una medida empirica que se deriva de la expresion 1 8>87:88,

CRF = (P1-0,70—P2) — 3,08 Expresién 1
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Figura 12: Representacion gréfica de aplanacion y presion de un paciente estudiado. Donde
P1 corresponde al primer valor de aplanacién y P2 al segundo dato de aplanacién.
Representacion del calculo de histéresis corneal (CH=P1-P2) en un paciente examinado.

1.4.2. Corneal Visualization Scheimpflug Technology

Es un tondmetro de no contacto que utiliza un pulso de aire para deformar la cérnea hacia
adentro y hacia afuera, pasando por dos momentos de aplanacién. La principal diferencia
con el ORA es que, en lugar de un sistema electrodptico de infrarrojos, utiliza una camara
ultra rapida de Scheimpflug. Realiza un barrido horizontal de 8 mm en el que captura 140
imagenes en 33 ms %, En la figura 13 se muestran las imagenes de la deformacion
producida por el pulso de aire. Otra diferencia es que la presion maxima es constante,
mientras que en el ORA depende de P1. La principal medida que proporciona es la PIO
correlacionada con Goldman y la PIO compensada biomecanicamente. También mide el

espesor corneal. 2,

El Corvis ST mide los parametros de deformacion corneal basandose en la respuesta
dindamica de la cérnea. Algunos parametros proporcionan datos precisos sobre el grado de
deformacién, considerando el desplazamiento mdaximo del apex corneal en direccién
antero-posterior durante la mayor concavidad. Otros pardmetros detallan el tiempo vy la

velocidad de dicha deformacidn “°.
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Figura 13: Imagen de Scheimpflug del Corvis ST durante el proceso de aplanaciéon por el
pulso de aire. Imagen tomada de Ramirez-Miranda et al. 2.

Los parametros proporcionados por la ventana principal de didlogo del Corvist ST (figura

14) son los siguientes “®:

12 Aplanacién: Se obtiene la velocidad y la cantidad de la primera aplanacion.
22Aplanacidn: Se obtiene la velocidad y la cantidad de la segunda aplanacion.

Concavidad mas alta: El instante en que la cdrnea asume su maxima concavidad.
Se da la distancia entre los picos, el radio de la maxima concavidad y la amplitud

maxima de la deformacion.

Radio de Curvatura Normal: La cdrnea en su estado natural radio de curvatura.
Radio céncavo inverso: Inverso del radio de curvatura durante la fase cdncava.
Espesor de la cérnea: Medicidn del espesor de la cérnea.

PIO: Medicién de la presion intraocular.

PIOb: PIO corregida biomecanicamente.

Este instrumento no mide directamente la histéresis corneal, ni permite obtener todos los

datos de presién y aplanamiento necesarios para modelizar biomecanicamente la cérneay

alimentar los modelos. Por este motivo, se decidio utilizar el ORA para el desarrollo de esta

tesis.
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OCULUS Corvis® ST - Dynamic Corneal Response

Name Pentacam Day XV, 19 Pre Op CVL -3250D E 300 D: JORA AL Date of birth: 29121997 Age: 19
Exam. Date: 17112017 Time: 171505 Eye: Lok (0S)
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Figura 14: Pardmetros estandar del Corvis ST. Imagen tomada de Esporcatte et al. %.

1.4.3. Elastografia

La elastografia es una técnica para medir la elasticidad de los tejidos, mediante el andlisis
de la velocidad de las ondas transversales en estos. Dentro de las distintas modalidades de
medicion, se encuentra la que se combina con las técnicas de tomografia de coherencia
Optica (OCT), lo que proporciona una resolucidn axial y lateral superior a la de la resonancia
magnética. Esto hace que la elastografia de OCT sea la técnica mas indicada para la

estimacién de la biomecdnica corneal *°.

El médulo de Young estd relacionado cuantitativamente con la velocidad de propagacion
de las ondas en el material estudiado (en los materiales mas rigidos, la velocidad de
propagacion es mayor). La deformacion de los tejidos produce ondas de cizallamiento, con
propagacion ortogonal a la fuerza aplicada 1. Esta deformacién se produce con un pulso
breve de aire (menos de 1 ms) y de baja presién (0-60 Pa) °2. Las ondas inducen una
vibracién en el tejido corneal, generando desplazamientos a escala submicroscdpica. Este
movimiento axial del ojo se registra mediante OCT. En resumen, el OCE utiliza un sistema
para aplicar las fuerzas de estimulacion y otro para observar el desplazamiento de los
tejidos causado por las ondas mecanicas, lo que permite estimar las propiedades

biomecanicas de la cornea.
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1.4.4. Medida de la frecuencia natural de resonancia corneal.

La frecuencia natural de resonancia corneal se refiere a la frecuencia a la que debe oscilar
la onda al propagarse por el tejido estudiado *°. Se han utilizado diversas técnicas para
estimular la cdrnea, como ondas de radio, ultrasonido, actuadores piezoeléctricos con
control de vibraciones, transductores de nanoparticulas magnéticas, pulsos de aire y

% Se ha demostrado que la frecuencia natural estd

sonido emitido por altavoces
correlacionada linealmente con la raiz cuadrada del mddulo de Young en un modelo

eldstico simple %,

En 2015 Akca et al. *3 estudiaron los modos de resonancia in vitro con corneas de vaca,
generando vibraciones con un altavoz y observandolas mediante OCT. Encontraron tres
frecuencias de resonancia a 86 Hz, 200 Hz y 310 Hz. Los patrones vibracionales en la
superficie corneal varian segun la frecuencia: para 86 Hz se produce el modo fundamental
de resonancia, mientras que para las otras dos frecuencias se generan oscilaciones a lo
largo de la superficie (figura 15). La maxima amplitud de vibracién observada fue de 8 um
a 86 Hz, para un nivel de presién sonora de 100 dB. Los autores concluyeron que la
geometria y el grosor corneal, asi como la edad y el médulo de rigidez, influyen en la

resonancia corneal.

200 Hz

. 3 »
b —I= |

+/- 600 nm

-200 0 +200 NM  —
Vertical displacement 1 mm

Figura 15: Modelos vibracionales experimentales de una cdrnea de vaca. Corte
transversal(a) y 3D (b) de iméagenes de vibrografia obtenidas con OCT para los
distintos modos de resonancia. Imagen tomada del trabajo de Akca et al. %3,
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En los ultimos 5 afios, se ha trabajado en la obtencién de la frecuencia natural de
resonancia de la cornea humana in vivo. Lan et al. °>%2, mediante elastografia de coherencia
Optica, produjeron oscilaciones del orden de micras utilizando un pulso de aire de baja
intensidad(13Pa). Encontraron un rango de frecuencias de resonancia entre 234 Hz y 277
Hz. En 2022, Crespo et al. & utilizaron OCT vibracional (VOCT), un método que consiste en
generar la vibracién de la cérnea con un altavoz mediante ondas de presidn sonora. Estas
oscilaciones corneales fueron recogidas por un SD-OCT. Este sistema ha sido utilizado para
medir in vitro la biomecanica de la piel, arterias, tendones, nervios y musculos. Testearon
un rango de frecuencias entre 50 Hz y 250 Hz en pasos de 10 Hz y lograron identificar 5
picos de resonancia. El primer modo de resonancia se encontré a 73,5 £ 4,9 Hz. Si se hace
una analogia con los trabajos relativos a la epidermis, se podria pensar que este modo
corresponde a la componente celular de la cérnea °*. Los demdas modos de vibracidn
podrian estar relacionados con las redes de coldgeno dentro del estroma . Es de esperar
gue, debido a que la cornea tiene distintas capas e interfases, posea diferentes modos de

resonancia .

1.5. Medidas geométricas y Opticas corneales

Los parametros estructurales de la cérnea, como el espesor, la curvatura y la geometria,
influyen notablemente en la medicién de su biomecdnica corneal, dado que determinan
cédmo se distribuyen las fuerzas mecdnicas a las que la cdrnea estd sometida 2. La cérnea,
como tejido viscoelastico, responde a la presion intraocular y a otras fuerzas externas de
manera que su forma y rigidez pueden variar en funcion de su grosor y curvatura . Estos
factores estructurales influyen directamente en la evaluacién de la respuesta biomecanica,
dado que las tecnologias empleadas para su medicion, como el ORA o el Corvis ST, se basan
en la deformacion corneal y la velocidad de recuperacidon ante un pulso de aire ¢, Por
ello, la caracterizacidn precisa de las medidas estructurales es esencial para interpretar los
resultados biomecanicos y realizar evaluaciones exactas en diagndsticos y tratamientos
relacionados con la salud ocular. Existen diversos dispositivos clinicos para la medicién de
estos parametros, como los topdgrafos, el Pentacam, OCT y el Galilei. En esta tesis se ha
optado por el uso del Galilei, ya que permite medir los parametros corneales tanto de la
cara anterior como posterior de la cérnea, CCT, aberraciones y, ademas, cuenta con un

madulo de densitometria corneal (DC).
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1.5.1. Galilei

El Galilei Dual Scheimpflug Analyser (Ziemer Ophthalmic Systems AG) es un sistema de no
contacto disefiado para evaluar el segmento anterior del globo ocular, proporcionando
informacién sobre las caracteristicas geométricas y dpticas de la cdrnea. Esto se logra
mediante la combinacién de dos tecnologias cominmente utilizadas en el diagndstico
oftalmoldgico: la topografia por discos de Placido y las imagenes de Scheimpflug. Los discos
de Placido ofrecen datos sobre la curvatura corneal, mejorando la precisién en el calculo
de la curvatura corneal anterior, mientras que la cdmara de Scheimpflug proporciona

informacién sobre la elevacién ¥.

Combinar ambas tecnologias nos proporciona
informacién precisa de la curvatura, elevacion, CCT y aberrometria corneales. Da
informacién de la topografia de la cara anterior de la cdrnea y de la posterior. Proporciona
un analisis en tres dimensiones del polo anterior, permitiendo obtener un mapa del
espesor corneal. A nivel aberrométrico obtiene informacién acerca de la aberracién éptica
corneal, pero tambien es capaz de dar informacién de los coeficientes de Zernike por
separado, lo que ayuda a entender como influyen las aberraciones de alto orden y las de

bajo orden por separado. Tambien nos permite obtener la densitometria de la cornea y del

cristalino 8.

En la toma de imagenes convencional, el plano del objeto, el plano de la lente y el plano de
la imagen son paralelos entre si. Las imagenes de Scheimpflug difieren de las técnicas
convencionales en que el plano del objeto, el plano de la lente y el plano de la imagen se
cruzan en linea recta, este hecho logra ampliar la profundidad de enfoque permitiendo
obtener secciones dpticas de todo el segmento anterior del ojo %. El sistema Galilei usa una
luz LED azul a 470 nm y mide 122.000 puntos por escaneo del segmento anterior del ojo,
cubriendo 14 mm de didmetro ¥. Incluye dos cdmaras de Scheimpflug rotatorias que
capturan imagen de hendidura y hacen un barrido de los 0° a 180° corneales. La principal
ventaja es que los datos de espesor de la cérnea se promedian para compensar los errores
de paralaje y movimiento, ya que en posiciones distintas del dpex corneal las cdmaras
subtienden distinto angulo con el punto medido. De este modo se obtiene un valor de
medicion corregido en la ubicacion correspondiente. El principio de imagen dual de
Scheimpflug es independiente de las superficies curvas y, por lo tanto, permite una

paquimetria precisa 11,
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El mdédulo de densitometria de Galilei incluye una imagen tomografica corneal de
Scheimpflug, en la que se puede seleccionar manualmente el punto de estimacién de la
densitometria corneal y cristalina. El resultado se presenta en unidades estandarizadas de
escala de grises, donde 0 representa la minima retrodispersién de luz (maxima

transparencia) y 100 representa la mdxima retrodispersién de luz (minima

)102, 103

transparencia En la figura 16 se ha seleccionado una seccién horizontal de

Scheimpflug, donde estd marcada una ubicacidn posterior de la cérnea para estimar la
densitometria corneal en ese punto. Del mismo modo se puede obtener en cualquier

estructura y meridiano su transparencia.
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Figura 16: Modulo de estimacion de DC con el instrumento Galilei G2. Imagen tomada de
un paciente de esta tesis.
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1.6. Motivacion

La biomecdnica es una rama de la biomedicina que estudia la estabilidad de los tejidos
cuando se aplica una carga/presidn externa. En particular, se habla de biomecanica corneal
cuando se analizan los cambios dindmicos en el tejido corneal humano debido a
deformaciones inducidas o a fluctuaciones de la presidn intraocular %2, Las propiedades
biomecdnicas corneales, como la elasticidad y la viscoelasticidad, pueden verse
gravemente afectadas en patologias corneales degenerativas como el queratocono o en

procedimientos de cirugia refractiva.

El desarrollo de la cirugia refractiva ha generado la necesidad de modificar la potencia
corneal, lo cual se logra alterando su geometria y estructura mediante ablacion laser 4,
Estos cambios, tanto microscépicos como macroscépicos en el estroma corneal, afectan su
estabilidad y sus propiedades biomecanicas. Una de las complicaciones derivadas de la CR
es la aparicion de ectasias corneales, que podrian predecirse antes de la cirugia si se
consideran los pardmetros biomecanicos en la seleccidon de candidatos. No obstante, en la
fase pre-clinica del trastorno ectasico, los estudios topograficos y tomograficos no suelen
revelar signos relevantes °!. Por ello, es fundamental establecer nuevos criterios de

seleccidon de pacientes que permitan comprender, clasificar y tratar eficazmente las

patologias ectasicas.

El queratocono es una patologia ectdsica en la que la red de colageno del estroma se altera,
debilitando la resistencia mecdanica y provocando una protrusion corneal 1. Esto reduce la
calidad visual debido al aumento de las aberraciones ptica 1%. En particular, el KC puede
generar una desestabilizacion biomecdnica de la cdrnea que precede a su manifestacion en

la topografia 1%.

Por otro lado, multiples estudios respaldan que la principal causa fisiopatoldgica del
glaucoma es una PIO elevada 710719 En su diagndstico, la tonometria de Goldmann es la

110 para la evaluacién de la PIO. Esta técnica estd estrechamente

prueba de referencia
relacionada con el espesor central de la cérnea ! y con factores biomecénicos como la
elasticidad, la viscosidad y la rigidez corneal 2. Debido a esta relacién, se ha planteado que
alteraciones en la viscoelasticidad corneal podrian representar un factor de riesgo en el

desarrollo del glaucoma ®.
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A nivel optométrico, el estudio de la biomecdnica corneal es relevante en el tratamiento
ortoqueratolégico y en la adaptacion de lentes de contacto. Estas técnicas pueden
modificar la geometria corneal y, en algunos casos, inducir edema corneal, lo que altera las

propiedades biomecanicas de la cérnea.

Por lo tanto, comprender la biomecdnica corneal y su relacién con los parametros
morfoldgicos es esencial para mejorar el diagndstico, tratamiento y seguimiento de
diversas patologias oculares, asi como para optimizar procedimientos quirurgicos, como la
cirugia refractiva o tratamientos optométricos, como la ortoqueratologia. A pesar de los
avances en el estudio de la respuesta mecdnica de la cdrnea, la falta de modelos
viscoelasticos precisos y la ausencia de protocolos estandarizados en la practica clinica
siguen limitando la aplicacidon de estos conocimientos en oftalmologia y optometria *%°, La
modelizacién biomecanica de la cérnea, junto con las nuevas herramientas de inteligencia
artificial, abre la posibilidad de desarrollar simuladores innovadores que faciliten la toma

de decisiones en la practica clinica.

La presente tesis busca responder a las incertidumbres y problematicas planteadas
mediante el desarrollo de un nuevo modelo biomecanico para el analisis in vivo de la
biomecanica corneal, asi como el desarrollo de nuevos métodos de tonometria basados en
resonancia por sonidos de baja frecuencia, con el objetivo de generar nuevo conocimiento

en el campo de la biomecanica corneal.

Los estudios realizados durante el desarrollo de esta Tesis Doctoral se han llevado a cabo
en el grupo de investigacién TOL (Tecnologias Opticas Ldser) de la Universidad de Zaragoza.
Este grupo pertenece al Instituto Universitario de Investigacion en Ingenieria de Aragdn
(I3A) y forma parte de la divisidon de Ingenieria Biomédica y Tecnologias de la Informacidn
y la Comunicacién. Su actividad investigadora abarca diversas lineas dentro del campo de
la dptica, con aplicaciones en metrologia, medicina y comunicaciones. En la actualidad, el
grupo TOL es un referente en investigacidn, reconocido por el Gobierno de Aragén durante

los periodos 2020-2022 (E44_20R)y 2023-2025 (E44 _23R).
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1.7.Objetivos

Los objetivos generales de esta Tesis son dos:
1. Desarrollo de un modelo visco-elastico para el estudio de la biomecdnica corneal.

2. Desarrollo de un nuevo método de tonometria ocular basado en resonancia

corneal mediante sonido.

Para ello, se han definido cinco objetivos especificos:

1. Caracterizacion de propiedades estructurales macroscoépicas, Oopticas vy

biomecanicas en sujetos jévenes y sanos.

2. Estudio de la influencia del uso de lentes de contacto de hidrogel de silicona
durante dos periodos cortos de tiempo en la biomecanica corneal.

3. Desarrollo del modelo del estado sdlido lineal para la obtencién de las
componentes elastica y viscosa in vivo mediante medidas experimentales de
tonometria por aplanacidén con aire.

4. Propuesta de un nuevo biomarcador para la enfermedad hipertensiva ocular,
basado en el tiempo de retardo corneal.

5. Desarrollo de un resonador de sonido de baja frecuencia como nuevo método de

tonometria corneal. Para ello se llevaron a cabo los siguientes subobjetivos:

5.2 Calibrado y testeo del resonador en estudio piloto para diferentes frecuencias
de sonido.
5.3 Caracterizacion de diferentes modos de resonancia corneal considerando

aspectos geométricos, biomecanicos y aberrométricos.
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1.8.]Justificacion de la tematica

La falta de estandarizacidon y protocolizacién de los parametros biomecdnicos puede
conducir a un uso inadecuado de estos, lo que implica un desaprovechamiento de los
recursos. Por ello, es fundamental adaptar la informacidn para hacerla mas comprensible

y facilitar su interpretacion clinica.

Con el enfoque expuesto a continuacidn, se ha logrado mejorar la comprensidon de cdmo
se modifican los parametros biomecanicos en funcién de las condiciones a las que esta
sometida la cérnea. Esto ha permitido un mejor entendimiento de los factores vy
condiciones que influyen en dichos cambios, ademas de la propuesta de nuevos conceptos
para profundizar en el conocimiento del estado biomecanico natural de la cérnea y su
comportamiento en patologias como la enfermedad hipertensiva ocular. Como resultado,
se han desarrollado nuevas herramientas en el campo de la oftalmologia para mejorar el
diagnéstico, el tratamiento de patologias y la toma de decisiones tanto en cirugias

refractivas como en su seguimiento postquirurgico.

Durante el desarrollo de esta tesis, se han llevado a cabo diversas acciones de investigacion
y experimentacién alineadas con los objetivos planteados. A continuacidn, se presentan las

acciones realizadas para alcanzar los objetivos de la Tesis.

Objetivo 1: Para relacionar la estructura corneal con las propiedades biomecdnicas y
Opticas del ojo, se planted un primer estudio en el que se determind el indice de
transparencia dptica, asi como los pardmetros biomecanicos y geométricos de la cérnea. A
partir de estos datos, se obtuvieron expresiones analiticas para modelizar la relacion de los
pardmetros macroscopicos y biomecdnicos de la cérnea. Este trabajo se basa en el
conocimiento de que la organizacion del estroma, con su patrén tridimensional de las
fibras de coldgeno, mantiene la cérnea transparente y proporciona estabilidad estructural
influyendo tanto en la geometria como en las propiedades biomecdnicas 2°. Ademas, se
investiga si el astigmatismo corneal influye de manera directa en los valores biomecanicos
obtenidos con tondmetros de aire, encontrando la necesidad de implementar una
compensacién de los valores obtenidos para evitar la subestimacion de los pardmetros

biomecanicos.
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Objetivo 2: Para relacionar el uso de lentes de contacto (LCs) de hidrogel de silicona con la
biomecanica corneal, se disefié un protocolo con dos grupos de estudio, los cuales
utilizaron LCs durante dos periodos de tiempo distintos (10 dias y 20 dias). Los sujetos
fueron analizados mediante un tonémetro de aplanacidn por aire, especificamente con el
Ocular Response Analyzer (ORA, Reichtert Instruments, Depew, NY, USA) y mediante
imagen corneal de Scheimpflug para monitorizar los cambios producidos tanto en las

propiedades biomecanicas como geométricas de la cornea.

Objetivo 3: Este objetivo tiene como finalidad la busqueda de nuevos parametros de
diagnéstico para la enfermedad hipertensiva ocular, para ello se propone el desarrollo del
modelo tedrico viscoelastico corneal basado en el Modelo del Estado Sdélido Lineal, y la
definicidn del concepto de retardo corneal (t). Una vez definido tedricamente el concepto,
se ha buscado obtener su valor de forma empirica. Para ello, se recopilaron los datos de

aplanacion corneal de 200 pacientes utilizando el ORA.

Objetivo 4: Las medidas biomecdnicas tradicionales proporcionan una medida de la
viscoelasticidad, es decir, una evaluacién conjunta de las componentes viscosa y elastica.
Este objetivo parte de la necesidad de comprender en qué medida contribuyen por
separado la componente viscosa y elastica a la biomecdnica general. Para ello, se propone
una metodologia basada en la alimentacién del modelo del estado sélido lineal mediante
mediciones experimentales de tonometria corneal de aplanacion por aire, con el fin de
determinar las componentes eldstica y viscosa. Este objetivo supone un hito, ya que es la
primera vez que se obtienen de forma separada las componentes viscosa y eldstica de la
cornea in vivo. Otros trabajos han medido el médulo de elasticidad corneal por

elastografia®®2 u OCT vibracional &, pero no el de viscosidad.

Objetivo 5: Hasta la fecha, los instrumentos utilizados en la practica clinica generan una
deformacién de la cornea mediante un pulso de aire. Estas medidas se realizan en una zona
central y dependen fuertemente de factores como el espesor corneal o su geometria, lo
gue puede sobreestimar (o infraestimar) de manera significativa la medida de la presién
intraocular o las propiedades viscoelasticas de la cérnea. Este objetivo surge de la

necesidad de obtener un método de deformacién corneal que afecte al tejido completo y
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que, ademas, responda a sus propiedades dpticas, biomecanicas y geométricas. Para ello,
se disend un generador de ondas de sonido de baja frecuencia para aplicacion corneal,
basado en las propiedades de resonancia natural de la cérnea. Se llevd a cabo un estudio
piloto en sujetos sanos y jovenes, analizando la respuesta biomecdnica y geométrica
corneal para diferentes frecuencias vibracionales aplicadas. El objetivo es identificar las
frecuencias que inducen los distintos modos de resonancia. Este estudio constituye el
primer paso para la caracterizaciéon de los modos de resonancia corneal de la cérnea

humana in vivo, utilizando una nueva técnica totalmente no invasiva.

En la Tabla 2 se presenta una relacion de los objetivos planteados para esta tesis y los
articulos correspondientes, de los seis expuestos, en los que se ha dado justificacién a cada

uno de ellos.

Tabla 2: Resumen de los objetivos presentados en la Tesis y los articulos en los que se han

llevado a cabo.

Articulo 2.1 Articulo 2.2 | Articulo 2.3 Articulo 2.4 Articulo 2.5 | Articulo 2.6
https://doi.o | https://doi.o | https://doi.o | https://doi.or | https://doi.o | https://doi.o
Objetivos rg/10.3390/j | rg/10.1007/s | rg/10.1088/ | g/10.3390/0p | rg/10.3390/ | rg/10.3390/
imaging7120 10792-022- 2057- 14040043 photonics1l | opt6010005
280 02270-0 1976/ad12fa 060524
1 X X X X X X
2 X
3 X X
4 X X X X
5 X X
5.1 X
5.2 X X
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https://doi.org/10.3390/jimaging7120280
https://doi.org/10.3390/jimaging7120280
https://doi.org/10.3390/jimaging7120280
https://doi.org/10.1007/s10792-022-02270-0
https://doi.org/10.1007/s10792-022-02270-0
https://doi.org/10.1007/s10792-022-02270-0
https://doi.org/10.1007/s10792-022-02270-0
https://doi.org/10.1088/2057-1976/ad12fa
https://doi.org/10.1088/2057-1976/ad12fa
https://doi.org/10.1088/2057-1976/ad12fa
https://doi.org/10.1088/2057-1976/ad12fa
https://doi.org/10.3390/opt4040043
https://doi.org/10.3390/opt4040043
https://doi.org/10.3390/opt4040043
https://doi.org/10.3390/photonics11060524
https://doi.org/10.3390/photonics11060524
https://doi.org/10.3390/photonics11060524
https://doi.org/10.3390/photonics11060524
https://doi.org/10.3390/opt6010005
https://doi.org/10.3390/opt6010005
https://doi.org/10.3390/opt6010005

2. PUBLICACIONES

La presente tesis se ha desarrollado en formato de compendio de publicaciones,
concretamente, a partir de seis trabajos cientificos publicados que se detallan a

continuacion:

2.1. On the relationship between corneal biomechanics,

macrostructure, and optical properties

Avila FJ, Marcelldn MC, Remén L. On the Relationship between Corneal
Biomechanics, Macrostructure, and Optical Properties. J Imaging. 2021;7(12):280.
https://doi.org/10.3390/jimaging7120280

JCI (2021): 0,56-Imaging science & photographic technology-17/31-Q3
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Abstract: Optical properties of the cornea are responsible for correct vision; the ultrastructure allows
optical transparency, and the biomechanical properties govern the shape, elasticity, or stiffness of the
cornea, affecting ocular integrity and intraocular pressure. Therefore, the optical aberrations, corneal
transparency, structure, and biomechanics play a fundamental role in the optical quality of human
vision, ocular health, and refractive surgery outcomes. However, the inter-relationships of those
properties are not yet reported at a macroscopic scale within the hierarchical structure of the cornea.
This work explores the relationships between the biomechanics, structure, and optical properties
(corneal aberrations and optical density) at a macro-structural level of the cornea through dual
Placido-Scheimpflug imaging and air-puff tonometry systems in a healthy young adult population.
Results showed correlation between optical transparency, corneal macrostructure, and biomechanics,
whereas corneal aberrations and in particular spherical terms remained independent. A compensation
mechanism for the spherical aberration is proposed through corneal shape and biomechanics.

Keywords: corneal biomechanics; corneal structure; corneal aberrations; optical density; Scheimpflug
imaging; ocular response analyzer

1. Introduction

Corneal biomechanics is a branch of biomedical sciences that deals with the analysis
of the stability of the tissue when an external load or pressure is applied [1,2] or when the
intraocular pressure fluctuates. The biomechanical properties of the cornea are responsible
for its shape and integrity, acting as a unique convergence point between balanced ductility
to preserve aspherical geometry (and correct ocular refraction), stiffness to compensate the
intraocular pressure, and an ultrastructure that allows optical transparency. Biomechanical
properties of the cornea can be affected by systemic diseases such as diabetes [3,4] or
sclerosis [5,6]. In particular, corneal keratoconus may compromise the biomechanical
stability, modifying the microstructure [7], weakening mechanical strength [8] and leading
to corneal protrusion [9,10], inducing optical aberrations [11,12] that reduce the quality
of vision or lead to transplants in advanced stages. The clinical relevance of the study of
corneal biomechanics reached special interest with the development of refractive surgery
techniques to modify the optical power of the cornea by laser ablation [13] or lenticular
extraction [14]. These techniques consist of modifying the lamellar structure of cornea,
causing a redistribution of mechanical stress. The biomechanical response is expected to
provide the correct corneal curvature [15], and together with optical transparency, normal
vision.

On the other hand, corneal transparency has been explained from the hierarchical
structure of the cornea. At the molecular scale, X-ray scattering revealed how the collagen
ultrastructure within the stroma is responsible for the tridimensional microstructure and
consequently for the macroscopic geometry and biomechanics [16].

To date, the maximum spatial resolution of structural hierarchy achieved in living
human eyes has been the microscopic scale using two-photon scanning microscopy [17].
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However, only confocal microscopes are currently clinically available, and although they
allow visualization of the cellular matrix, they are invisible for the stromal architecture [18].
In this sense, Scheimpflug imaging provides excellent tomographic measurements of the
macrostructure of the cornea as well as optical density (transparency) [19], which is widely
reported in anterior segment analysis for the assessment of normal and keratoconus or
ectatic corneas [20] or refractive surgery [21]. Corneal biomechanics is usually assessed
employing air-puff tonometry [22]; also, the combination of Scheimpflug imaging and
air-puff tonometry has been successfully integrated, bringing excellent results in dynamic
assessment of corneal biomechanics [23].

As stated, the molecular organization of the corneal stroma controls the optical trans-
parency, macroscopic shape, and structural stability (biomechanics) [16]. In this work,
we will investigate if the relationship between corneal transparency and optical proper-
ties, geometry, and biomechanics is preserved at the macroscopic level of the hierarchical
structure.

The biomechanical properties, corneal geometry, and optical properties and densitom-
etry measurements were collected from 102 eyes of 51 young-adult healthy subjects using
Scheimpflug imaging and air-puff tonometry.

This work focuses on the inter-relationships of corneal biomechanics, optical, and
structural properties to bring a comprehensive macroscale characterization of the cornea
that can also provide future predictive models of corneal biomechanics.

2. Materials and Methods
2.1. Participants

This research was reviewed by an independent Ethical Committee of Research of the
Health Sciences Institute of Aragon (Spain) approved with reference: C.P.-C.I.P120/377
(approval date: 14 July 2020). Measurements procedure and data collection were carried out
according to the tenets of the Declaration of Helsinki. All participants were informed about
the nature, risks, and possible adverse consequences of the study and signed an informed
consent document. The ethnicity of the participants involved in this study was European
Caucasian, all of them students from the School of Optics and Optometry of the University
of Zaragoza (Spain). A total of 102 eyes from 51 healthy young subjects (mean age 24 + 5)
were analyzed using dual Placido-Scheimpflug imaging and air-puff tonometry systems.
None of them presented ocular pathologies, corneal disorders, or abnormal intraocular
pressure. Exclusion criteria included contact lens wearers due to the influence of contact
lens wear in corneal optical density, thickness, and spherical aberration [24].

2.2. Experimental Measurements

Clinical measurements were carried out at the laboratory of Optometry of the Depart-
ment of Applied Physics of the University of Zaragoza and conducted by an experienced
clinical optometrist. Both eyes of all participants were analyzed in a sequential procedure:
First, optical and geometrical properties (see Table 1) were acquired by a dual Scheimpflug—
Placido disk imaging system, and next, corneal biomechanics was assessed using an air-puff
tonometer device.

2.2.1. Dual Placido-Scheimpflug Imaging: Structural and Optical Parameters

The Galilei Dual Scheimpflug Analyzer (Ziemer Ophthalmic Systems AG, Port,
Switzerland) is a clinical optical system that combines Placido Disk imaging and a re-
volving Scheimpflug camera providing simultaneous acquisition of corneal topography
based on the internal and external surfaces including eccentricity, astigmatism, pachymetry
(measures of central middle and peripheral cornea), three-dimensional analysis of the
cornea, power measures, wavefront aberration, and optical densitometry [25]. Figure 1
shows an example of wavefront aberration mapping and anterior segment Scheimpflug
image from a participant of our study. Table 1 summarizes those Galilei outputs selected
for data analysis.
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Figure 1. Total corneal wavefront aberration map (left) and anterior segment Scheimpflug image
(right) from a volunteer of the study.

Table 1. Structural and optical parameters from the Galilei system considered of interest in our study.

The total and spherical aberration wavefront were numerically evaluated by its root mean square
(RMS) value.

Structural Parameters Optical Parameters
Central Thickness Total Aberration RMS
Middle Thickness Spherical Aberration RMS

Peripheral Thickness

Anterior Eccentricity
Posterior Eccentricity Optical Density
Total Corneal Astigmatism

Optical Transparency Index Calculation

A Galilei device provides the degree of corneal and crystalline lens opacity by com-
puting the relationship between the intensity of the illumination light and back-reflected
rays expressed in standarized gray-scale units. It provides macroscopic visualization of
the whole anterior segment of the eye by capturing full-angle imaging by rotating the
Scheimpflug camera.

Scheimpflug imaging technology visualization is limited through strong scattering or
opaque tissues such as the sclera, which is totally opaque due to irregular arrangement
of collagen fibrils [16]. Nevertheless, toward the periphery of the iridocorneal angle in
Scheimpflug images, a reference gray level from the sclera can be obtained from the Galilei
outputs. In this work, the Optical Transparency Index (OTI) is defined and computed as:

OTI = 100 x (ODsclera — ODcornea) | - 1)

b
ODsjcera

The OD of the cornea and sclera (ODcoynea and ODsjers) Was the average of OD values
acquired at the same lateral location corresponding to 4 rotational images acquired at 0°,
45°,90°, and 135° meridians. Regarding OD ., the lateral location was the optical axis
reference, and the final OD value of each individual frame (i.e., corresponding to a given
oriented meridian) was the average of the anterior, central, and posterior axial depths of
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the cornea. Figure 2 shows an example of an OD measurement at the posterior corneal
location at a horizontal viewing angle.

OTI index ranges between 0 (total opacity) and 100 (absence of back-scattering light).
The maximum value implies total corneal transmittance for the illumination wavelength
underlying the understanding of corneal transparency.

Figure 2. Optical density measurement at the posterior corneal location and horizontal viewing of
the Scheimpflug camera.

2.2.2. Corneal Biomechanics Assessment

An Ocular Response Analyzer (ORA, Reichert Instruments, Depew, NY, USA) was
employed to obtain measurements of corneal biomechanics. ORA is a non-invasive device
based on air-puff applanation tonometry that measures intraocular pressure and corneal
biomechanics, in particular corneal hysteresis (CH) and corneal resistance factor (CRF)
parameters. Briefly, the corneal hysteresis can be defined as the energy dissipation when
an external stress is applied, resulting in a time-dependent stain unlike purely elastic
materials, which immediately recover their initial state once the stress stops. Whereas
CH is a measurement of the viscoelasticity of the cornea, CRF is a measurement of the
resistance (i.e., rigidity and/or elasticity) strongly associated to corneal thickness and then
an indicator of the corneal pure elastic properties [26]. CRF and CH are related, but they
do not describe the same biomechanical properties of the cornea.

CRF and CH are computed by quantifying the differential inward and outward corneal
responses to an air pulse (see Figure 3) of approximately 24 milliseconds [27]. Once the
first applanation is reached, the air pressure causes the cornea to move inward to a slight
concavity and then back to a second applanation before recovering the natural shape.
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Figure 3. ORA measurement from a participant in our study. P1, P2, Max P, and CH correspond to
the first and second applanation, maximum pressure, and corneal hysteresis, respectively.

Figure 3 shows an ORA measure from a participant of our study. From pressures P1
and P2 (corresponding to the first and second applanation pressures, respectively), CH and
CREF are calculated as [28]:

CH=P1 - P2. (2)

CRF = (P1 — 0.70 x P2) — 3.08. ®3)

From an elastodynamic point of view, the first applanation is given when the air pulse
compensates for the intraocular and atmospheric pressures. The stress—strain response
of the cornea undergoes elastic deformation, whereas the second applanation pressure is
affected by energy dissipation; that is, P1 can be related to the pure elastic properties of
the cornea, whereas P2 is used for viscoelasticity estimation. For instance, a pure elastic
cornea will provide a null CH value and symmetrical pressure curve (see Figure 3) during
an ORA measurement, which implies an applanation pressures equalization condition,
P1 = P2. In that sense, a stiffness parameter has been reported as the ratio between the
resultant pressure at the first applanation and the deflection amplitude [29]. In this study,
Equations (1) and (2) were employed to calculate P1 and P2 from ORA outputs (CRF and
CH).

2.2.3. Data Analysis
Dataset Clustering

Data segmentation is usually applied for dimensionality reduction. In this work, OTI
calculations computed from OD measurements made by the Galilei analyzer were found
to be discrete values ranging from 78.5 to 81.5 (0.5 step size) for all subjects involved in this
study. Table 2 shows the number of subjects (N) that presented a representative OTI value
within the range found experimentally, those data are normally distributed (Shapiro-Wilk
test), which motivated data clustering for graphical representation and data analysis. Each
cluster contains the information of the mean values of each corneal parameter and its
standard deviation. In that sense, graphical representation and statistical analysis have
been performed on clustered data.
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Table 2. Clustering of the OTI values as a function of the number of subjects (N).

OTI N Cluster
78.5 14 1
79.0 9 2
79.5 29 3
80.0 16 4
80.5 15 5
81.0 12 6
81.5 8 7

Figure 4 shows the standard deviation of the computed OTI value as a function of
the number of subject per discrete OTI value, all of the values were below 1% of error.
Therefore, any significant variability in the variance of the clusters will be due to that corneal
parameter to be correlated. In that sense, data clustering provides separate visualization of
the entire dataset as a function of the meaningful features.

0.10

0.08

0.06

0.04

OTI desvest

0.02

0.00

6 8 10 12 14 16 18 20 22 24

Number of subject per cluster

Figure 4. Standard deviation of OTI values as a function of the number of subjects per cluster.

Collected data were stored into an Excel spreadsheet and then migrated to Origin Lab
software (Origin Lab Corp., Northampton, MA, USA) for graphical representations and
statistical analysis.

Statistical analysis consisted of Spearman Rank Order Correlation and linear regres-
sion analysis in order to establish or discard significant relationships between geometrical
and optical parameters. The Shapiro-Wilk test was used to test the normality and make
valid the inferences of linear regression analysis (power of performed tests = 0.995 with
alpha = 0.05). The significance of the linear regression models was also indicated by the
F-test. Limits of agreement were used to quantify the agreement between those parameters
in graphical representations. Statistics was performed using the advanced statistical tool of
Origin Lab software.

3. Results

This section shows results of our study that are structured in the analysis of the rela-
tionship between optical density of the cornea and three main factors: optical aberrations,
biomechanics, and macroscopic geometry of the cornea.

3.1. Optical Density and Corneal Aberrations

Figure 1 showed an example of the total aberration wavefont map and the corre-
sponding Scheimpflug image from a participant measured with a dual Galilei imaging
system. Total and spherical aberration RMS and OTI average values (mean of 102 eyes
measurements) are shown in Table 3. Since spherical aberration is the dominant high-order
term at the cornea [30], it was evaluated apart from the total aberration RMS values. The
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statistical analysis (Spearman correlation) revealed no correlation between optical aberra-
tions (neither total nor spherical term) and OTI values of the cornea. Whereas aberrations
govern the correct focus of light and retinal image quality [31], it seems to be unrelated to
the transparency of the cornea.

Table 3. Optical transparency index (OTI); Total aberration RMS (TA RMS); Spherical aberration
RMS (SA RMS); and Spearman correlation analysis for the data collected from all participants of the
study (* p < 0.05); ** p < 0.005).

OTI TA RMS * (um) SA RMS ** (um) Spearman’s * Spearman’s **
80.0 £ 0.9 1.45+0.28 —0.15 £ 0.05 Failed, p = 0.38. Failed, p = 0.26.

3.2. Optical Density and Corneal Macro-Structure

The cornea and sclera are composed mainly of type-I fibrillar collagen whose structural
organization at the molecular scale is responsible for optical transparency. Due to the
hierarchical structure of the cornea [32], the macroscopic structure is a consequence of
the microscopic arrangement. This section investigates if the macroscopic structure of the
cornea plays a role in the optical density or it disappears as a corneal transparency factor
within the hierarachical organization. The total corneal astigmatism, anterior and posterior
eccentricity, central, middle and peripheral thickness were measured and compared with
the OTI index for all subjects.

Table 4 shows the mean values of thickness, corneal astigmatism, and eccentricity
computed from the 102 measured eyes. The statistical analysis revealed that the corneal
thickness and optical density are not related in young healthy subjects; however, both
total corneal astigmatism and posterior eccentricity (i.e., the inner surface of the cornea)
showed strong correlation with OTI parameters. These results imply that in the absence
of pathological or physiological (aging) scattering contributions at the cornea, its optical
transparency is related to the shape regardless of the thickness. Figure 5 shows the graphical
representation of the cluster sampled OTI values as a function of total corneal astigmatism
(Figure 5a) and posterior eccentricity (Figure 5b). The statistical analysis revealed positive
correlation (Spearman, R? = 0.87) between OTI and total corneal astigmatism (TCA), the
regression analysis (overall F-test p = 0.003) confirmed that OTI and TCA are related.

Regarding the posterior eccentricity (PE) of the cornea, Figure 5b shows negative
correlation (Spearman, R? =0.94) between OTI and PE; the results of the linear regression
analysis provided the significant relationship (overall F-test p =0.003). However, OTI and
anterior eccentricity were found to be independent corneal parameters (see Table 3).

Table 4. Mean values of geometrical parameters and correlation results with OTI index.

Structural Parameter Location Mean Value Spearman’s
Central 554 £ 30 pm Failed, p = 0.58.
Corneal Thickness Middle 601 + 30 um Failed, p = 0.42.
Peripheral 674 + 69 pm Failed, p = 0.29.
-

Comneal Astigmatism Global 0.87 + 0.34 Dpt. R*=0.87
Anterior Eccentricity Global 0.24 £0.16 Failed, p = 0.39

Posterior Eccentricity Global 0.42 +£0.12 R? =0.94
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Figure 5. Mean clustered OTI values as function of total corneal astigmatism (TCA) (a) and posterior eccentricity (PE) (b) for
all subjects. Standard deviation of the clustered data, equations, confident, and prediction bands of the regression analysis

are included.

3.3. Optical Density and Corneal Biomechanics

This subsection investigates the impact of biomechanics on corneal transparency.
Figure 6 shows a biomechanical image that represents the dynamic stress-strain response
of the cornea during an air-puff applanation measurement at ORA device. The maximum
deformation occurs at approximately 10 milliseconds. It can be observed how the distri-
bution of the pressure curve is not symmetric but lopsided; this skewness is due to the
viscoelastic nature of the cornea, while symmetric distributions correspond to corneas
characterized by purely elastic biomechanical properties.

500
400

300

Applanation (a.u.)

200

100

5 10 15 20

Time (ms)

Figure 6. Dynamical representation of corneal applanation as a function of time from a volunteer of
the study. Air pulse pressure is scaled in arbitrary units and shown in the bottom right corner legend.

As described in the Methods section, the ORA device provides CH and CRF biome-
chanical parameters. From them, we derived the applanation pressures P1 and P2, which
are related to the pure elastic (P1) and viscoelastic (P2) properties of the cornea. Figure 7
shows the graphical representation of the clustered sampling OTI values as a function of
P1 (Figure 7a) and P2 (Figure 7b). The statistical analysis revealed significant (negative)
correlations of OTI with P1 and P2 (R? = 0.96 and R? = 0.95, respectively). The error bars
that correspond to the standard deviation of the cluster mean value are within the predic-
tion bands of the regression analysis (overall F-tests p = 0.001 and p = 0.003, respectively).
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The statistical relationship between P1 and P2 with OTI proves that the optical density of
the cornea is related to both elastic and viscosity properties from a macroscopic approach.
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Figure 7. Mean clustered OTI values as function of first (a) and second applanation pressures (b) at the ORA device for all
subjects. Standard deviation of the clustered data, equations, confidence, and prediction bands of the regression analysis are

included.

3.4. Experimental Expression to Predict the Human Corneal Transparency through
Macroscopic Parameters

The results above described deal with the separated investigation of the relationship
between optical density and corneal parameters that describe the optical, biomechanical,
and macro-structural properties of the cornea. In this last subsection, the presence (or lack
of) relationships between those characterization parameters are investigated.

Regarding the macro-structural approach, Figure 8a shows a regression plot of PE
versus TCA cluster mean values. The statistical results (R = 0.88, p = 0.0028) revealed that
as the total corneal astigmatism decreases, the posterior eccentricity significantly increases.

In this sense, it is obvious that the more direct the influence of the macro-structural
shape on cornel aberrometry measurements, the less evident the relationship found be-
tween biomechanics and corneal aberrations. However, our findings did not show any
statistical relationship in either total or spherical aberration (which is the dominant high-
order term in the cornea) with respect to corneal biomechanics in young healthy subjects.

In that sense, corneal astigmatism is one of the low-order aberration terms that plays
a fundamental role in ocular refraction; however, in terms of wave-front distortion, it does
not increase the total RMS enough to show the dependence of total corneal aberrations
with OTT or corneal biomechanics. However, understanding total corneal astigmatism
as a measure of corneal asymmetry (structural parameter), Figure 8b shows the linear
regression plot of applanation pressures (i.e., P1 and P2) versus total corneal astigmatism.
The regression analysis revealed a strong dependence of the required pressures at ORA
for first (R = 0.94, p =0.001) and second ((R? =0.89, p = 0.002) applanations as the corneal
astigmatism increases; that is, the higher the corneal asymmetry (measured by astigmatism),
the lower the required air pressure to flatten the cornea. It is worth highlighting that the
higher correlation value corresponds to the first applanation pressure, which is related to
pure elastic properties unlike P2, which is related to viscous properties.
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Figure 8. Mean clustered posterior eccentricity versus total corneal astigmatism values (a) and mean clustered applanation
pressures at ORA versus total corneal astigmatism values (b). Linear regression fits are included.

Finally, multiple regression analysis revealed that corneal transparency can be mod-
eled from those macroscopic parameters that showed significant correlation. OTI parameter
can be predicted from a linear combination (significant dependence) of the following vari-
ables: P1(p = 0.13), P2 (p = 0.22), TCA (p = 0.15), and PE (p = 0.021) (analysis of the variance
of the multiple linear regression, p = 0.018) as:

OTI = 236,895 — [(7.817 x P1) + (0.561 x P2) + (4.458 x TCA) + (18.497 x PE)].  (4)

4. Discussion and Conclusions

Whereas the role of the corneal ultrastructure in the three-dimensional architecture
at microscale, corneal transparency, and mechanical stability is well understood [16], the
inter-relationships of those properties at the macroscale within the hierarchical corneal
structure has not been investigated.

Considering that most of the medical devices for corneal analysis offer macro-structural
resolution and information, in this study, we explore the relationship between the biome-
chanics, shape, and optical properties of the cornea in healthy young subjects. We analyzed
wavefront aberration, optical density, geometrical parameters (thickness, eccentricity, and
total corneal astigmatism) and corneal biomechanics using dual Placido-Scheimpflug
analyzer and air-puff applanation tonometry systems, respectively.

Corneal aberrations and, in particular the spherical term, seem to have a compen-
sation mechanism to keep stable the retinal image quality in the presence of intraocular
scattering [31]; also, in traumatic injuries, corneal opacity appears together with high-
order aberrations [33]. In particular, the decrease in optical density and corneal spherical
aberration is correlated in contact lens wearers due to corneal swelling [24].

Although corneal astigmatism is one of the most representative low-order aberrations,
in our work, we employed the total corneal astigmatism as a measure of the asymmetry
in corneal shape (macro-structure parameter) instead of a wavefront distortion, since the
contribution of astigmatism aberration term to the total aberration RMS was not enough to
establish a relationship between corneal aberrations and OTI.

Regarding structural aspects, the corneal thickness and optical density change in dry
eye syndrome, diabetes, and glaucoma [34] are correlated in edema processes such as
corneal swelling associated with contact lens wear [24]. However, our findings showed
that corneal thickness does not affect the optical transparency in healthy young subjects.

In addition, corneal surface irregularities are associated not only to optical aberrations
but also to light scattering [35]. In that sense, our study also included as macro-structural
parameters total corneal astigmatism and anterior and posterior eccentricities. As shown
in the Results section, the higher the OTI value, the higher the corneal astigmatism and the
lower the posterior eccentricity of the cornea. It is worth mentioning that only posterior
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corneal eccentricity depends on corneal astigmatism [36], and as shown in the Results
section, the total corneal astigmatism and posterior corneal eccentricity were negatively
correlated (R? = 0.88, p = 0.028), which implies that the optical transparency and corneal
macrostructure are related by means of the relative shape of the cornea independently of
the thickness.

Focusing at the molecular scale, the structure of Type-I corneal collagen is respon-
sible for the optical transparency and three-dimensional arrangement of the stroma [16].
The three-dimensional arrangement of the cornea determines its shape (geometry) and
biomechanics [37]. Changes in corneal structure associated to aging or disease factors
alter corneal biomechanics [38]. Thus, in our work, we also explored if biomechanics and
corneal transparency are actually related at the macroscopic level of study. Results showed
(see Figure 6) that both elastic- (P1) and viscoelastic-related parameters (P2) are strongly
correlated with OTI; the viscoelastic parameter is more weakly correlated, which implies
the dominance of the elastic property in corneal transparency.

Finally, a statistical relationship between biomechanics and corneal geometry (mea-
sured by total astigmatism) was found. That is, the corneal astigmatism, elastic, and
viscoelastic properties of the cornea are related. It is worth mentioning that the dynamic
corneal response depends not only on intrinsic biomechanical properties but also on in-
traocular pressure and corneal geometry [39]. In that sense, the ORA device provides
corrected biomechanical measurements from intraocular pressure and central corneal thick-
ness [23] but does not consider corneal astigmatism as a geometrical parameter affecting
biomechanical assessment.

The relationship between corneal aberrations (in particular spherical term) and biome-
chanics has been previously stated in keratoconic eyes [40]. However, in young healthy
subjects, the spherical aberration and corneal biomechanics are not related.

The independence of spherical aberration of corneal biomechanics in young healthy
subjects could be explained by a feedback cycle compensation mechanism that occurs
in the posterior cornea considering that biomechanical measurements are carried out at
the anterior surface of the cornea: our results showed on the one hand that posterior
eccentricity significantly increases as total astigmatism decreases, and on the other hand,
the lower the total astigmatism of the cornea, the higher the applanation pressures at ORA
(i.e., P1 and P2).

These results are consistent with the study reported by Li et al. [41], since their work
concluded that the posterior corneal surface plays an important role in compensating for
spherical aberration of the anterior corneal surface.

To conclude, within the hierarchical structure of the cornea, the nanoscopic scale leads
to optical transparency, whereas the microscopic architecture models corneal biomechanics
that impact the macroscale [16]. Previously to our work, Garzon et al. [42] reported a study
on corneal densitometry and its correlation with aging, corneal thickness and curvature,
and refractive error using Scheimpflug imaging; they found no correlation between optical
transparency and refractive parameters. In our study, we expanded the analysis of those
factors that could have an impact on corneal transparency.

In conclusion, if the macroscopic structure of the cornea is connected through optical
and geometrical properties, its optical transparency can be modelled. Optical transparency
measured through macroscale approaches is related to corneal biomechanics; in particular,
the elastic property seems to be the dominant contribution. In addition, corneal astigmatism
affects the biomechanical measurements in the sense that less applanation pressure is
required as the total astigmatism increases, so future corrections must be calibrated into
air-puff measurements to establish a compensation for asymmetric corneas and in short,
avoid underestimation of the corneal biomechanics assessment.

Future research will expand this dataset to be incorporated into a predictive convolu-
tional neural network including aging and pathological conditions to help us to develop
predictive models in terms of the inter-relationships of the optical properties, structure,
and biomechanics of the cornea.

52



J. Imaging 2021, 7, 280 120f13

Author Contributions: Conceptualization, FJ.A; methodology, EJ.A.; validation, FJ.A., L.R. and
M.C.M.; formal analysis, F.J.A.; investigation, F.].A.; data curation, F.J.A.; writing—original draft
preparation, F.].A.; writing—review and editing, FJ.A., LR. and M.CM.; supervision, EJ.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of Research of the Health Sciences
Institute of Aragon (Spain) with reference: C.P-C.I. P120/377. Approval date: 14 July 2020.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pinero, D.P; Alcon, N. Corneal biomechanics: A review. Clin. Exp. Optom. 2015, 98, 107-116. [CrossRef]

2. King, S.; Hafezi, F. Corneal biomechanics—A review. Opthalmic. Physiol. Opt. 2017, 37, 240-252. [CrossRef]

3. Del Buey, M.A; Casas, P; Caramello, C.; Lopez, N.; de la Rica, M.; Subiron, A.B.; Lanchares, E.; Huerva, V.; Grzybowski,
A.; Ascaso, FJ. An update on corneal biomechanical cornal differences between type-2 diabetic and nondiabetic patients. J.
Ophthalmol. 2019, 2019, 7645352. [PubMed]

4.  Beato, ].N.; Esteves-Leandro, ].; Reis, D.; Falcao, M.; Rosas, V.; Angela, C.; Falcao-Reis, F. Structural and Biomechanical Corneal
Differences between Type 2 Diabetic and Nondiabetic Patients. J. Ophthalmol. 2019, 2019, 3764878. [CrossRef]

5. Ayhan, Z; Kaya, M.; Ozturk, T.; Arikan, G.; Birlik, M. Association between Skin Thickness Measurements with Corneal
Biomechanical Properties and Dry Eye Tests in Systemic Sclerosis. Ocul. Immunol. Inflamm. 2019, 27, 1138-1143. [CrossRef]
[PubMed]

6.  Zimmermann, N.; Brandt, S.; Briinner, ].; Erb, C. Evaluation changes in corneal biomechanics in patients with systemic sclerosis.
Klin. Monbl. Augenheilkd. 2019, 236, 806-815.

7. Parker, ].S.; van Dijk, K.; Melles, G.R. Treatment options for advanced keratoconus: A review. Surv. Ophthalmol. 2018, 60, 459-480.
[CrossRef]

8. Roy, A.S; Shetty, R.; Kummelil, M.K. Keratoconus: A biomechanical perspective on loss of corneal stiffness. Indian . Ophthalmol.
2013, 61, 392-393. [CrossRef] [PubMed]

9. Binder, PS;; May, C.H,; Grant, 5.C. An Evaluation of Orthokeratology. Ophthalmology 1980, 87, 729-744. [CrossRef]

10. Ambrésio, R.; Correira, EE; Lopes, B.; Salomao, M.Q.; Luz, A.; Dawson, D.G.; Elsheikh, A.; Vinciguerra, R.; Vinciguerra, P,;
Roberts, C.J. Corneal biomechanics in ectatic diseases: Refractive surgery implications. Open Ophthalmol. ]. 2017, 11, 176-193.
[CrossRef]

11.  Aksoy, S.; Akkaya, S.; Ozkurt, Y; Kurna, S.; Acgikalin, B.; Sengor, T. Topography and higher order corneal aberrations of the fellow
eye in unilateral kerato-conus. Turk J. Ophthalmol. 2017, 47, 249-254. [CrossRef]

12. Naderan, M.; Jahanrad, A.; Farjadnia, M. Ocular, corneal, and internal aberrations in eyes with keratoconus, forme fruste
keratoconus, and healthy eyes. Int. Ophthalmol. 2018, 38, 1565-1573. [CrossRef]

13. Wilkinson, ].M.; Cozine, E.W.; Kahn, A.R. Refractive Eye Surgery: Helping Patients Make Informed Decisions About LASIK. Am.
Fam. Physician 2017, 95, 637-644. [PubMed]

14. Zhang, Y.; Shen, Q;; Jia, Y.; Zhou, D.; Zhou, J. Clinical outcomes of SMILE and FS-LASIK used to treat myopia: A meta analisis. J.
Refract. Surg. 2016, 32, 256-265. [CrossRef] [PubMed]

15.  Sultan, M.B.; Mansberger, S.L.; Lee, P.P. Understanding the Importance of IOP Variables in Glaucoma: A Systematic Review. Surv.
Ophthalmol. 2009, 54, 643-662. [CrossRef]

16. Meek, KM.; Knupp, C. Corneal structure and transparency. Prog. Retin. Eye Res. 2015, 49, 1-16. [CrossRef] [PubMed]

17.  Avila, E].,; Gambin, A; Artal, P; Bueno, J.M. In vivo two-photon microscopy of the human eye. Sci. Rep. 2019, 9, 10121. [CrossRef]

18.  Petroll, W.M.; Robertson, D.M. In Vivo Confocal Microscopy of the Cornea: New Developments in Image Acquisition, Recon-
struction, and Analysis Using the HRT-Rostock Corneal Module. Ocul. Surf. 2015, 13, 187-203. [CrossRef]

19. Otri, AM,; Fares, U.; Al-Aqaba, M.A.; Dua, H.S. Corneal Densitometry as an Indicator of Corneal Health. Ophthalmology 2012,
119, 501-508. [CrossRef] [PubMed]

20. Belin, M.W.; Ambrosio, R. Scheimpflug imaging for keratoconus and ectatic disease. Indian |. Ophthalmol. 2013, 61, 401-406.
[CrossRef] [PubMed]

21. Boulze-Pankert, M.; Dariel, R.; Hoffart, L. Corneal Scheimpflug Densitometry Following Photorefractive Keratectomy in Myopic
Eyes. J. Refract. Surg. 2016, 32, 788-791. [CrossRef] [PubMed]

22. Qin, X; Tian, L.; Zhang, H.; Chen, X; Li, L. Evaluation of corneal elastic modulus based on Corneal Visualization Scheimpflug
Technology. Biomed. Eng. Online 2019, 18, 42. [CrossRef] [PubMed]

23. Luce, D.A. Determining in vivo biomechanical properties of the cornea with an ocular response analyzer. |. Cataract. Refract. Surg.

2005, 31, 156-162. [CrossRef] [PubMed]

53



J. Imaging 2021, 7, 280 13 0f 13

24.
25.
26.
27.

28.

29.

30.

31.

32.

33.

35:

36.

87.

38.

39.

40.

41.

Motevasseli, T.; Baradaran-Rafii, A.; Yazdizadeh, F.; Karimian, F; Fekri, S.; Baradaran-Rafii, A. Comparison between two
scheimpflug anterior segment analyzers. J. Ophthalmic Vis. Res. 2017, 12, 23-29. [CrossRef]

Pifiero, D.; Alcon, N. In vivo characterization of corneal biomechanics. J. Cataract. Refract. Surg. 2014, 40, 870-877. [CrossRef]
Kaushik, S.; Pandayv, S.S. Ocular Response Analyzer. |. Curr. Glaucoma Pract. 2012, 6, 17-19. [CrossRef]

Lau, W.; Pye, D. A Clinical Description of Ocular Response Analyzer Measurements. Investig. Opthalmology Vis. Sci. 2011, 52,
2911-2916. [CrossRef]

Roberts, C.J.; Mahmoud, A.M.; Bons, ].P.; Hossain, A.; Elsheikh, A.; Vinciguerra, R.; Vinciguerra, P.; Ambrosio, R., Jr. Introduction
of two novel stiffness parameters and interpretation of air puff bio-mechanical deformation parameters with a Dynamic
Scheimpflug analyzer. |. Refract. Surg. 2017, 33, 266-273. [CrossRef] [PubMed]

Llorente, L.; Barbero, S.; Merayo, ].; Marcos, S. Total and corneal optical aberrations induced by laser in situ keratomileusis for
hypero-pia. J. Refract. Surg. 2004, 20, 203-216. [CrossRef]

Pérez, G.M.; Manzanera, S.; Artal, P. Impact of scattering and spherical aberration in contrast sensitivity. J. Vis. 2009, 9, 19.
[CrossRef]

Avila, EJ.; Ares, J.; Collados, M.V.; Marcellan, M.C.; Remoén, L. An Update on Corneal Imaging Techniques: From Macroscale to
Nanostructure. SN Compr. Clin. Med. 2019, 2, 1-10. [CrossRef]

Shimizu, E.; Yamaguchi, T.; Tsubota, K.; Shimazaki, ]. Corneal high-order aberrations in eyes with corneal scar after traumatic
perfora-tion. Eye Contact Lens 2019, 45, 124-131. [CrossRef] [PubMed]

Lombardo, M.; Rosati, M.; Pileri, M.; Schiano-Lomoriello, D.; Serrao, S. evaluation of corneal optical properties in subjects
wearing hydrogel etafilcon A contact lenses and the effect of administering mannitol-enriched sodium hyaluronate ophthalmic
solution. Clin. Ophthalmol. 2014, 8, 2347-2354. [CrossRef] [PubMed]

Wegener, A.R.; Meyer, L.; Hauch, C; Sacchetti, M.; Plateroti, R.; Lambiase, A. Changes of Corneal Transparency and Thickness in
Dry-Eye Syndrome Single and in Combination With Other Ocular Diseases. Investig. Opthalmol. Vis. Sci. 2005, 46, 4473.
Spadea, L.; Maraone, G.; Verboschi, F; Vingolo, EM.; Tognetto, D. Effect of corneal light scatter on vision: A review of the
literature. Int. |. Ophthalmol. 2016, 9, 459-464. [CrossRef]

Mohammadi, S.-F.; Khorrami-Nejad, M.; Hamidirad, M. Posterior corneal astigmatism: A review article. Clin. Optom. 2019, 11,
85-96. [CrossRef]

Whitford, C.; Studer, H.; Boote, C.; Meek, K.M.; Elsheikh, A. Biomechanical model of the human cornea: Considering shear
stiffness and regional variation of collagen anisotropy and density. |. Mech. Behav. Biomed. Mater. 2015, 42, 76-87. [CrossRef]
Blackburn, B.J.; Jenkins, M.W.; Rollins, A.M.; Dupps, W.]. A Review of Structural and Biomechanical Changes in the Cornea in
Aging, Disease, and Photochemical Crosslinking. Front. Bioeng. Biotechnol. 2019, 7, 66. [CrossRef] [PubMed]

Ariza-Gracia, M.A.; Zurita, ].E; Pifiero, D.P.; Rodriguez-Matas, ].E.; Calvo, B. Coupled biomechanical response of the cornea
assessed by non-contact tonom-etry. A simulation study. PLoS ONE 2015, 10, 0121486. [CrossRef]

Pifiero, D.P.; Alio, J.L.; Barraquer, R.I1; Michael, R.; Jiménez, R. Corneal biomechanics, refraction and corneal aberrometry in
Keratoconus: An inte-grated study. Investig. Opthalmol. Vis. Sci. 2010, 51, 1948-1955. [CrossRef] [PubMed]

Li, X.; Wang, Y.; Dou, R. Aberration compensation between anterior and posterior corneal surfaces after Small incision lenticule
extraction and Femtosecond laser-assisted laser in-situ keratomileusis. Ophthalmic Physiol. Opt. 2015, 35, 540-551. [CrossRef]
Garzon, N.; Poyales, E; Illarramendi, I.; Mendicute, J.; Jafiez, Oscar; Caro, P.; Lopez-Mufioz, A.; Argiieso, F. Corneal densitometry
and its correlation with age, pachymetry, corneal curvature, and refraction. Int. Ophthalmol. 2017, 37, 1263-1268. [CrossRef]

54



2.2.  Corneal hysteresis and intraocular pressure are altered in

silicone-hydrogel soft contact lenses wearers.

Marcellan MC, Remén L, Avila FJ. Corneal hysteresis and intraocular pressure are
altered in silicone-hydrogel soft contact lenses wearers. Int Ophthalmol.

2022;42(9):2801-2809. https://doi.org/10.1007/s10792-022-02270-0

JIF (2022): 1,6- Ophthalmology- 50/62-Q4

JCI (2022): 0,65- Ophthalmology-52/95-Q3

55


https://doi.org/10.1007/s10792-022-02270-0

Int Ophthalmol
https://doi.org/10.1007/s10792-022-02270-0

ORIGINAL PAPER

®

Check for
updates

Corneal hysteresis and intraocular pressure are altered
in silicone-hydrogel soft contact lenses wearers

Maria Concepcion Marcellan - Laura Remon -
Francisco J. Avila®

Received: 28 October 2021 / Accepted: 12 March 2022
© The Author(s) 2022

Abstract

Purpose The aim of this work is to determinate the
effects in the physical parameters in terms of intraoc-
ular pressure (IOP) and central corneal thickness
(CCT) and corneal biomechanics in terms of corneal
resistance factor (CRF) and corneal hysteresis (CH)
of wearing silicone-hydrogel soft contact lenses (SiH-
CLs) in young adult subjects during a short-term
follow-up.

Methods 40 eyes of 20 healthy patients with a
mean age of 22.87 +4.14 were involved in this study.
Subjects with corneal diseases, dry eye, irregular
astigmatism or who have been previous contact lens
wearers were excluded. The ocular response analyzer
(Reichert Ophthalmic Instruments) was used to meas-
ure CH, CRF and IOP and Scheimpflug imaging (the
GALILEI™ Dual Scheimpflug camera analyzer, Zie-
mer) was used to measure CCT before and 10 days
(Group 1) and 20 days (Group 2) after wearing the
SiH-CLs.

Results TOP was significantly decreased 10 days
after using the SiH-CLs (p=0.009). Within the
20 days’ period, Group 2 revealed an even more
pronounced decrease in IOP (p=0.003) while CH
increased significantly (p=0.04). CCT and CRF
did not show a significant change during the period
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of SiH-CLs use. Our finding allowed obtaining an
empirical expression that relates IOP, CCT, CRF and
CH within a biomechanical compensation experimen-
tal model.

Conclusions Corneal biomechanical parameters and
physical properties of the cornea may be altered due
to SiH-CLs use. Our findings could have an impact
on the management of glaucoma progression and
ocular hypertension.

Keywords Corneal biomechanics - Soft contact
lenses - Intraocular pressure - Glaucoma

Introduction

The biomechanical properties of the cornea are
responsible of its stability and functionality with high
impact in vision [1]. The cornea is characterized by
elastic and viscoelastic properties [2] that play a fun-
damental role in refractive surgery [3], orthokeratol-
ogy [4], keratoconus progression [5], glaucoma or
corneal ectasia [6].

Refractive errors are very common human eye dis-
orders and are leading causes of visual impairment
worldwide. Soft contact lenses (CLs) are non-surgical
vision correction alternatives to spectacles, with more
than 140 million wearer’s worldwide [7]. The devel-
opments in CLs design technologies have focused on
comfortability, tear film stability, biocompatibility
and the development of new materials [8]. On the one
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hand, hydrogel CLs offer materials with good wet-
tability, optical quality and comfortability. However,
the oxygen permeability is moderate and this can lead
to symptoms of dryness at the end of the day.

Oxygen-deficient metabolism (i.e., hypoxia) leads
to metabolic changes and then to alterations in cor-
neal biomechanics [9]. In this sense, silicone hydro-
gel CLs (SiH-CLs) have been chosen as the best
option by new CLs users in the last decades [10]. This
type of material provides more than five times oxygen
permeability through the material compared to stand-
ard hydrogel materials [11], preventing the hypoxia-
related [12] physiological changes within the corneal
tissue and allowing patients wearing CLs for long
daily use.

Despite the advantages of SiH-CLs, SiH materi-
als present higher modulus of elasticity than conven-
tional hydrogel lenses. Although the new generation
of SiH-CLs have balanced the oxygen transmissibility
obtaining a lower modulus of elasticity compared to
the first generation, these two factors continue playing
an important role in corneal biomechanics [13].

Some studies have reported topographic changes
in both central and peripheral cornea [14, 15] after
short-term CLs wearing including corneal swelling
[16], optical aberrations [17] or loss of radial sym-
metry [18]. Those physical changes were observed
in both soft hydrogel [19] and silicone hydrogel CLs
[16].

In this sense, previous studies reported altera-
tions in corneal biomechanics induced by long-term
soft CLs wearing [20]. Lu et al. [21], reported altera-
tions in the biomechanical properties of the cornea
after wearing soft contact lenses during eye closure.
Matalia et al. [22], demonstrated correlation between
corneal stiffness and myopia. Few studies have inves-
tigated biomechanical changes after short-term period
of wearing contact lenses [15, 23]. Tyagi et al. [15]
reported changes in corneal thickness and morphol-
ogy after analyzing different types of soft toric con-
tact lenses materials (silicone hydrogel and hydrogel).
Radaie-Moghadam et al. [23] studied the effect of
toric soft contact lens wear on corneal biomechanical
properties over a 3-month period.

The knowledge about any physical and/or biome-
chanical change in the short-term use of CLs could be
crucial in occasional wearers, patients with corneal
pathologies such as keratoconus, ectasia or glaucoma,
in order to detect early contraindications or discard

@ Springer

candidates for whom some transient biomechanical
alterations may compromise the corneal stability.

In this sense, air-puff tonometers provide excellent
measurement of corneal biomechanics [24] and have
been successfully employed to analyze corneal altera-
tions in glaucoma patients [25], keratoconus degener-
ation [26], or patients undergoing refractive surgery.

The aim of our work is to carry out a prospective
observational study to determine the impact of wear-
ing SiH-CLs on biomechanical and corneal physical
parameters during 10 and 20 days of follow-up peri-
ods by combining non-contact air-puff tonometry and
Scheimpflug imaging.

Methods
Participants

This research was reviewed by an independent ethi-
cal review board and conforms to the principles and
applicable guidelines for the protection of human sub-
jects in biomedical research (Ethical Committee of
Research of the Health Sciences Institute of Aragon,
Spain) approved with reference: C.P.-C.I.P120/377.
Measurements procedure and data collection were
carried out according to the tenets of the Declaration
of Helsinki. All participants were informed about the
nature, risks and possible adverse consequences of
the study and signed an informed consent document.
The participants were European Caucasian popula-
tion, non-wearers contact lenses students from the
school of Optics and Optometry of the University of
Zaragoza (Spain), a total of 40 eyes from 20 healthy
young adult subjects (mean age of 22.87 +4.14 years
old) were involved in the study.

Inclusion criteria consisted of age range between
18 and 28 years with myopia, hyperopia or astigma-
tism and best corrected visual acuity at distance at
least of 20/20 for each eye. Exclusion criteria were
history of using any type of contact lenses, corneal
diseases or surgery, dry eye, or irregular astigmatism.
In addition, patients who presented contact lens intol-
erance during the first day of use were excluded.

Contact lens use

The short-term wear time was divided into two differ-
ent temporal intervals: 10 participants were asked to

57



Int Ophthalmol

wear SiH-CLs 8 h of uninterrupted daily use during
10 days, and the second group (10 participants) dur-
ing 20 days with the same conditions.

Silicon hydrogel soft CLs of monthly replacement
(Horizont Bio, Tiedra Farmacéutica S.L. Spain) were
selected for this study. Table 1 shows the technical
specifications:

Keratometric, pachymetric parameters and ocu-
lar refractive errors were measured using a dual
Scheimpflug analyzer (see “Experimental Proce-
dure” for details) and an open-view autorefractometer
(Grand Seiko, WAM-5500), respectively. Subjective
refraction and evaluation of the anterior segment of
the eye were conducted by an experienced optom-
etrist. Total diameter and the effective optic zone
radius of the CLs were chosen following the manu-
facturer’s guidelines.

Experimental procedure and data analysis

Ocular response analyzer (ORA, Reichert Instru-
ments, Depew, NY, USA) is a non-contact air puff
applanation tonometer that provides corneal hyster-
esis (CH) and corneal resistance factor (CRF) meas-
urements. Briefly, CH can be defined as the energy
dissipation when an external stress is applied result-
ing in a time-dependent stain unlike purely elastic
materials, that immediately recover the initial state
once the stress stops. Thus, CH is a function of the
corneal viscoelastic behavior.

CREF is related to the pure elastic properties of the
cornea [27]. Therefore, CH and CRF are representa-
tive parameters of the biomechanical properties of the
cornea. ORA instrument also provides compensated
IOP measurements independent of corneal biome-
chanics and pachymetry.

Table 1 Contact lenses technical specifications

Material Fanfilcon A
Hydration 55%

Central Thickness 0.08 mm
Dk/t 110
Modulus 0.6 Mpa
Optical design Aspheric
Border design Round shape
UV filter Class 1

In our study we first measured the central
corneal thickness (CCT) using a dual Placido-
Scheimpflug imaging analyzer (the GALILEI™
Dual Scheimpflug camera analyzer, Ziemer). Then,
CCT measurement was incorporated to the operat-
ing interface of the ORA’s operating interface to
start biomechanical measurements.

The measurement protocol was a simple sequen-
tial procedure: first Scheimpflug analyzer measures
the CCT of the participant and next after incorpo-
rating this parameter to ORA instrument the com-
pensated IOP (hereinafter IOP) CH and CRF are
measured by air-puff applanation. Each final data
were the average of three sequential experimental
measurements.

The measurements were separated in two tem-
poral groups: 10 and 20 days after SiH-CLs wear-
ing. The control measurements were acquired after
the first insertion of the CLs, the follow-up meas-
urements were carried out two hours after asking
the participants to remove the CLs once the wear-
ing time ended. The reason for waiting two hours
between contact lens removal and the measurements
was motivated by the reported fluctuation [21] in
corneal thickness after CL removal that recovers
baseline values after 100 min.

Collected data were stored into an Excel spread-
sheet. Every participant was identified by a ref-
erence number, no personal data were included.
Once the experiment was finished, the spreadsheet
was migrated to Origin Lab software (Origin Lab
Corp.) for graphical representations and data anal-
ysis. The statistical analysis was performed using
the advanced statistical tool including two-sample
hypothesis tests and Spearman Rank Correlation
Coefficient.

Results

Intrinsic biomechanical (CRF and CH) and bio-
physical (IOP and CCT) parameters were measured
in a total of 40 eyes of 20 young healthy participants
before and after wearing SiH-CLs. Two temporary
periods of SiH-CLs use were considered in this study:
10 and 20 days, for which the described measure-
ments were acquired immediately before and after
starting and ending wearing periods.
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Follow-up of biomechanical and physical parameters
after SiH-CLs wearing

Figure 1 compares the IOP (Fig. 1a), CCT (Fig. 1b),
CH (Fig. lc) and CRF (Fig. 1d) values of the two
groups of participants. The mean IOP showed a sig-
nificant reduction after 10 (p=0.009) and 20 days
(p=0.003) of SiH-CLs use. The pachymetry revealed
a mean increase in CCT, although no significant dif-
ferences were found, a slight edema was observed in
the first group (p=0.35) which reverted to stabiliza-
tion in the 20-days group (p=0.48), recovering the
control values.

In addition, the analysis of the biomechanical
parameters revealed how the use of SiH-CLs leaded
to an increase in CH in both groups, showing a sta-
tistical shift in the 20-days group (p=0.04). On the
other hand, the use of SiH-CLs did not significantly
affect the CRF, however the behavior of this parame-
ter (Fig. 1d) showed the opposite trend as observed in
CCT (Fig. 1b), that is, a more accused decrease after
20 days of SiH-CLs wear (p=0.13) compared to the
10-days group (p=0.32).

For the sense of completeness, Fig. 2 compares
the mean variation values of the parameters plotted in
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Fig. 1. This mean variation is calculated as the differ-
ence between the averaged values after SiH-CLs wear-
ing and the control measurements. The bio-physical
and biomechanical parameters that presented signifi-
cant alterations as a consequence of SiH-CLs wearing
were IOP (p=0.008) and CH (p=0.04), respectively.

In that sense, the increase in the time of SiH-CLs
wearing implied a reduction in the variation in the IOP
value and an increase in CH. Whereas CCT and CRF
were not greatly affected by the use of SiH-CLs, those
parameters showed opposite mean variations accord-
ing to the behaviors observed in Fig. 1. That is, as the
wearing time increases, the induced corneal edema is
less pronounced while CRF shows higher variation in
average rate.

Relationship between physical and biomechanical
parameters

The results presented in Figs. 1 and 2 assessed the
corneal alterations as a consequence of wearing SiH-
CLs during two short follow-up periods measured
by means of biomechanical (CH and CRF) and pure
physical parameters (CCT and IOP). These alterations
were quantified by measuring CH and CRF parameters.
Nevertheless, for a better understanding on how the
biophysics of the cornea is modified, it is necessary to
investigate how the different properties are related.

A Spearman’s correlation analysis was performed
by including the whole dataset (i.e., including both con-
trol and the two temporal groups) of the experiment.
The statistical analysis revealed significant relationships
between the biomechanical parameters and between
physical and biomechanical data.

Panels (a) and (b) of Fig. 3 shows linear correla-
tions between physical parameters (IOP and CCT)
and the CRF parameter. In both cases, higher corneal
resistance is related to higher IOP and corneal thick-
ness with statistical significance (the results of the cor-
relation are shown in the shaded boxes). CRF, IOP and
CCT parameters are related by means of the following
experimental fittings:

CRF = 0.49 * IOP + 2.84 (1)

CRF = 0.05 %« CCT — 22.86 (2)

Figure 3d also relates the corneal thickness (CCT)
and the viscoelastic property (CH) that according to
the results, the greater the corneal pachymetry, the
higher the viscoelasticity or the viscoelastic response
of the corneal tissue under an external stress.

From data of Fig. 3c, the relationship between vis-
coelastic (CH) and elastic (CRF) properties can be
analytically computed from Eq. (3):

CRF = (.34 - "¥CH 3)

The best mathematical fitting was an exponen-
tial function. This nonlinear behavior of the CRF as
a function of the hysteresis can be explained by the
transient viscous response of the cornea. This finding
plays an important role in this study to explain one of
the compensation mechanism acting as biomechani-
cal response when the intraocular pressure fluctu-
ates but the corneal thickness and resistance remain
constants.

In this sense, biomechanical and physical corneal
parameters that can be unified through an empirical
biophysical expression by adding Eqs. (1), (2) and (3)
as follow:

CRF = — - (0.49 - IOP + 0.05 - CCT + 0.34 - "1 — 22.86)

“4)

From a dynamical point of view, Eq. (4) describes

a biomechanical compensation model to explain how

the viscoelastic response compensates for IOP and

CCT imbalances, in order to preserve the corneal
resistance.

w

Discussions and conclusions

Corneal swelling, shape alterations, refractive stabil-
ity or induced optical aberrations are crucial factors
for normal vision [1] that must also be specially con-
trolled in severe corneal pathologies such as kerato-
conus [5], ectasia [28] or other ocular degenerative
diseases with corneal manifestations such as glau-
coma, for instance.

In this sense, there has been an increasing effort to
understand how corneal biomechanics is affected by
soft contact lenses wearing. It is well-known that both
hydrogel and silicone hydrogel soft contact lenses
induce structural corneal alterations: thickness [14],
warpage [29] or morphology [16].
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Lau and Pye [30] reported biomechanical overesti-
mation measured with applanation tonometry due to
the temporal hydration or induced corneal edema as a
consequence of wearing hydrogel soft contact lenses.
This overestimation is due to an increasing in corneal
stiffness induced by corneal hyper-hydration.

In addition, Lu and coworkers studied biome-
chanical changes after inducing corneal edema by
eye closure while wearing Hydroxyethyl-meth-
acrylate soft CLs [21] during 3 h. Immediately
after lens removal they found significant correla-
tion between IOP and CRF with corneal thickness

@_ Springer

but no association of CH with corneal edema. Both
CRF and CCT recovered the baseline values after
100 min. These two studies revealed short-term
time-dependent changes in CRF and CCT because
of the induced corneal edema.

In this work we have investigated the corneal
biomechanics, IOP and CCT alterations after wear-
ing SiH-CLs during two temporal groups: 10 and
20 days. Results herein showed that after 10 days the
IOP is significantly reduced, whereas CH slightly
increases and CRF and CCT remain without impor-
tant variations.
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The longer period of follow-up (20 days) revealed
a stronger decrease in IOP and a statistical increase
in CH. No induced edema or increased corneal stiff-
ness (CRF) were observed. This inverse relationship
can be explained by the La Place’s law: as the IOP
increases the rigidity is greater and therefore the vis-
cous damping reduces, that is, IOP and CH are nega-
tively correlated [31, 32].

In this sense, Radaie-Moghadam and collabora-
tors [23] extended the following time of corneal bio-
mechanics after using soft toric contact lenses up to
three months. They found a significant reduction in
both CH and CREF after 1 month of CLs wearing, but
not a significant variation in CCT or corneal swelling.
This last finding is consistent with our results, how-
ever the main discrepancies in our study and the study
by Radaie-Monghadam et al. [23] can be due to an
absence of IOP analysis that could explain an increase
in CH instead of the observed reduction in our study.
A second discrepant factor may lie in the relation-
ship between corneal biomechanics stiffness and the
refractive error [22] and the fact that all the subjects
were chosen to present regular astigmatism. Other
factors such as contact lens properties or patient’s age
difference could explain the discrepancies.

Although it is clear the direct influence of soft CLs
wear in corneal biomechanics, a deep knowledge on
how biomechanical and physical corneal parameters
are related is necessary. In our work we have analyzed
the whole data set of the study (including control and
the two temporal groups) in order to find the possi-
ble relationships between pure physical (IOP and
CCT) and biomechanical corneal parameters (CH and
CRF).

Our results revealed that IOP is positively corre-
lated to CREF, that is, the higher the elastic property
the higher the measured IOP. CRF was also linearly
associated with CCT, these finding are consistent
with the results reported by Bhan et al. [33].

From a physiopathological point of view, an
increase in CCT has been associated to ocular hyper-
tension [34-36] what could explain the observed
increase in CRF while measuring the IOP according
to the results previously reported by Sha et al. [37].
They observed highest values of CRF (and therefore
corneal rigidity) in ocular hypertension eyes. More
recently, the positive correlation between corneal
thickness and stiffness was demonstrated using opti-
cal coherence elastography [38].

In 2009, Mangouritsas et al. [39] reported a
strong association between CH and CCT in healthy
eyes that becomes weaker as IOP increases in glau-
comatous eyes. Our results are in good agreement
with this study as revealed a positive correlation
between CH and CCT (Fig. 3d).

Finally, the exponential relationship found
between CH and CRF allowed to obtain an ana-
lytical biophysical expression that unifies IOP, CH,
CRF and CCF parameters. This equation allows
explaining the follow-up biomechanics after SiH-
CLs wearing represented in Fig. 1 as follow:

If the IOP decreases while CCT remains with-
out significant fluctuations, in order to preserve the
corneal resistance the viscoelastic response increase
for mechanical compensation. These findings sug-
gest that while the elastic property is weakening,
the viscosity increases to compensate the corneal
biomechanics and preserve ocular stability.

To conclude, unveiling the biomechanical prop-
erties of the human cornea is crucial for under-
standing the development of corneal diseases and
new treatments. The main findings of our work lie
in fact that the use of SiH-CL during a short-term
period of wearing time reduces the IOP as the CH
increases. Considering that CH has been proved
a biomarker of visual field loss in glaucomatous
eyes [40], future work of this study could help in
the development of new biomechanical treatment
against the progression of glaucoma.

Acknowledgements Authors would like to warmly thank
“TIEDRA FARMACEUTICA S.L.” (Spain) company for the
donation of all contact lenses required in this study. Authors
thanks the Department of Applied Physics of the University of
Zaragoza (Spain) for the use of their equipment’s.

Funding Open Access funding provided thanks to the
CRUE-CSIC agreement with Springer Nature. No funding was
received for this research.

Declarations

Conflict of interest Authors declare no conflicts of interest.
Ethical approval This study was approved by the Ethical
Committee of Research of the Health Sciences Institute of
Aragon, Spain (C.P.-C.1LPI120/377). Measurements procedure
and data collection were carried-out according to the tenets of
the Declaration of Helsinki.

@ Springer

62



Int Ophthalmol

Informed consent All participants were informed about the
nature, risks and possible adverse consequences of the study
and signed an informed consent document.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

1. Kling S, Hafezi F (2017) Corneal biomechanics—a
review. Opthal Physiol Opt 37(3):240-252

2. Woo S, Kobayashi A, Schlegel W (1972) Non linear
material properties of intact cornea and sclera. Exp Eye
Res 14(1):29-39

3. Damgaard IB, Reffat M, Hjortdal J (2018) Review of
corneal biomechanical properties following LASIK and
SMILE for myopia and myopic astigmatism. Open Oph-
thalmol J 12:164-174

4. Lam AK, Hon Y, Leung Y (2019) Association between
long-term orthokeratology responses and corneal bio-
mechanics. Sci Rep 29(1):12566

5. Catalan-Lopez S, Cadarso-Suarez L, Loépez-Ratéon M
(2018) Corneal biomechanics in unilateral keratoconus
and fellow eyes with a scheimpflug-based tonometer.
Optom Vis Sci 95(7):608-615

6. Esporcate LPG, Salomao MQ, Lopes BT (2020) biome-
chanics diagnosis of the cornea. Eye Vis (Lond) 7:9

7. Nichols JJ, Willcox MDP, Bron AJ (2013) Members of
the TFOS international workshop on contact lens dis-
comfort. The TFOS international workshop on contact
lens discomfort: executive summary. Invest Ophthalmol
Vis Sci 54:TFOS7-TFOS13

8. Stapleton F, Stretton S, Papas E (2006) Silicone hydro-
gel contact lenses and the ocular surface. Ocul Surf
4:24-43

9. Papas EB (2014) The significance of oxygen dur-
ing contact lens wear. Contact Lens Anterior Eye
37(6):394-404

10. Sankaridurg P, Lazon de la Jara P, Holden B (2013)
The future of silicone hydrogels. Eye Contact Lens
39:125-129

11. Seitz ME, Wiseman ME, Hilker I (2017) Influence of sili-
cone distribution and mobility on the oxygen permeability
of model silicone hydrogels. Polymer 118:150-162

12. Sweeney DF (2013) Have silicone hydrogel lenses elim-
inated hypoxia? Eye Contact Lens 39:53-60

@ Springer

20.

21.

22.

23.

24.

23,

26.

27.

28.

29,

30.

31.

. Ballesteros JF (2017) Cambios corneales fisicos y fisi-

olégicos inducidos por el moédulo de elasticidad del
lente de contacto. J] Chem Inf Model 53(9):1689-1699

. Bailey IL, Carney LG (1973) Corneal changes from

hydrophilic contact lenses. Am J Optom Arch Am Acad
Optom 50:299-304

. Tyagi CM, Read S (2010) Regional changes in corneal

thickness and shape with soft contact lenses. Optom Vis
Sci 87(8):567-575

. Alba-Bueno F, Beltran-Masgoret A, Sanjuan C (2009)

Corneal shape changes induced by first and second gen-
eration silicone hydrogel contact lenses in daily wear.
Cont Lens Anterior Eye 32:88-92

. Lu F, Mao X, Qu J, Xu D, Che J (2003) Monochromatic

wavefront aberrations in the human eye with contact
lenses. Optom Vis Sci 80:135-141

. Arranz I, Gonzalez-Garcia MJ, Galarreta DJ (2003) Low

water content hydrogel contact lenses (HCL) induce
corneal Irregularity. Invest Ophthalmol Vis Sci 44:3701

. Schornack M (2003) Hydrogel contact lens-induced cor-

neal warpage. Cont Lens Anterior Eye 26:153-159
Cavdarli C, TopCu-Yilmaz (2018) Does long-term soft
contact lens wear affect corneal and anterior chamber
parameters? Turk J Ophthalmol 48:166—170

Lu F, Xu S, Qu J (2006) Central corneal thickness and
corneal hysteresis during corneal swelling induced by
contact lens wear with eye closure. Invest Ophthalmol Vis
Sci 52(6):3207-3214

Matalia J, Francis M, Gogri P (2017) Correlation of
corneal biomechanical stiffness with refractive error
and ocular biometry in a pediatric population. Cornea
36(10):1221-1226

Radaie-Moghadam S, Hashemi H, Jafarzadehpur E (2016)
Corneal biomechanical changes following toric soft con-
tact lens wear. J Ophthalmic Vis Res 11(2):131-135

Luce DA (2005) Determining in vivo biomechanical prop-
erties of the cornea with an ocular response analyzer. J
Cataract Refract Surg 31:156-162

Sullivan-Mee M, Billingsley SC, Patel AD (2008) Ocular
Response Analyzer in subjects with and without glau-
coma. Optom Vis Sci 85:463-470

Pinero DP, Alio JL, Barraquer RI (2010) Corneal bio-
mechanics, refraction, and corneal aberrometry in kera-
toconus: an integrated study. Invest Ophthalmol Vis Sci
51:1948-1955

Pinero D, Alcon N (2014) In vivo characterization of cor-
neal biomechanics. J Cataract Refract Surg 40:870-877
Salomao MQ, Hofling-Lima AL, Esporcatte LPG (2020)
The role of corneal biomechanics for the evaluation of
ectasia patients. Int J Environ Res Public Health 17:2113
Alipour F, Letafatnejad M, Hooshang-Beheshtnejad A
et al. (2016) Corneal biomechanical findings in contact
lens induced corneal warpage. J Opthalmol ID: 5603763
Lau W, Pye D (2011) Changes in corneal biomechanics
and applanation tonometry with induced corneal swelling.
Invest Ophthalmol Vis Sci 52:3207-3214

Orssenjo GJ, Pye DC (1999) Determination of the true
intraocular pressure and modulus of elasticity of the
human cornea in vivo. Bull Math Biol 61:551-572
Roberts C (2014) Concepts and misconceptions in corneal
Biomechanics. J Cataract Refract Surg 40:862-869

63



Int Ophthalmol

33.

34.

35

36.

37.

Bhan A, Browning A, Shah S (2002) Thickness on
intraocular pressure measurements with the pneumoto-
nometer, Goldmann applanation tonometer, and Tono-
Pen. Invest Ophthalmol Vis Sci 43:1389-1392

Argus WA (1995) Ocular hypertension and central corneal
thickness. Ophthalmology 102:1810-1812

Wolfs RCW, Klaver CCW, Vingerling JR (1997) Distribu-
tion of central corneal thickness and its association with
intraocular pressure: the Rotterdam Eye Study. Am J Oph-
thalmol 123:767-772

Copt RP, Thomas R, Mermoud A (1999) Corneal thick-
ness in ocular hypertension, primary open-angle glau-
coma and normal tension glaucoma. Arch Ophthalmol
117:14-16

Shah S, Laiquzzaman M, Mantry S (2008) Ocular
response analyser to assess hysteresis and corneal resist-
ance factor in low tension, open angle glaucoma and ocu-
lar hypertension. Clin Exp Ophthalmol 36(6):508-513

39.

40.

Vantipally S, Jiasong L, Manmohan S (2018) Effects of
thickness on corneal biomechanical properties using opti-
cal coherence elastography. Optom Vis Sci 95(4):299-308
Mangouritsas G, Morphis G, Mourtzoukos S (2009)
Association between corneal hysteresis and central cor-
neal thickness in glaucomatous and nonglaucomatous
eyes. Acta Ophthalmol 87:901-905

Medeiros FA, Meira-Freitas D, Lisboa R (2013) Cor-
neal hysteresis as a risk factor for glaucoma progres-
sion: a prospective longitudinal study. Ophthalmology
120:1533-1540

Publisher’s Note  Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer

64



2.3. Corneal retardation time as an ocular hypertension disease

indicator.

Del Barco O, Avila FJ, Marcelldan MC, Remon L. Corneal retardation time as an ocular
hypertension  disease indicator. Biomed Phys Eng Express. 2023;10(1).
https://doi.org/10.1088/2057-1976/ad12fa

JIF (2023): 1,3-Radiology, nuclear medicine & medical imaging-139/204-Q3

JCI (2023):0,44-Radiology,nuclear medicine & medical imaging-132/204-Q3

65


https://doi.org/10.1088/2057-1976/ad12fa

10P Publishing

@ CrossMark

RECEIVED
19 September 2023

REVISED
17 November 2023

ACCEPTED FOR PUBLICATION
6 December 2023

PUBLISHED
14 December 2023

Biomed. Phys. Eng. Express 10 (2024) 015014

https://doi.org/10.1088/2057-1976 /ad12fa

Biomedical Physics & Engineering Express

- PAPER

Corneal retardation time as an ocular hypertension disease indicator

Oscar del Barco"" @, Francisco J Avila’ @, Concepcién Marcellan®

and Laura Remoén’

! Laboratorio de Optica, Instituto Universitario de Investigacién en Optica y Nanofisica, Universidad de Murcia, Campus de Espinardo,

E-30100, Murcia, Spain

* Departamento de Fisica Aplicada, Universidad de Zaragoza, E-50009, Zaragoza, Spain

* Author to whom any correspondence should be addressed.

E-mail: obn@um.es

Keywords: corneal viscoelastic models, non-contact tonometry, ocular hypertension diseases, glaucoma

Abstract

Objective. A detailed analysis of the corneal retardation time 7as a highly related parameter to the
intraocular pressure (IOP), and its plausible role as an indicator of ocular hypertension disease.
Approach. A simple theoretical expression for 7 is derived within the corneal viscoelastic model of
Kelvin-Voigt with 3 elements. This retardation time can be easily calculated from the well-known
signal and pressure amplitudes of non-contact tonometers like the Ocular Response Analyzer (ORA).
Then, a population-based study was performed where 100 subjects aged from 18 to 30 were analyzed
(within this group, about 10% had an elevated IOP with more than 21 mmHg). Main results. A clear
relationship between the corneal retardation time and the corneal-compensated intraocular pressure
(IOP.) was found, underlying the risk for ocular hypertensive (OHT) subjects with lower 7 values to
develop hypertension illnesses (due to the inability of poorly viscoelastic corneas to absorb IOP
fluctuations, resulting in probable optic nerve damage). Significance. Our results might provide an
useful tool to systematically discern which OHT patients (and even those with normal IOP values) are
more likely to suffer glaucoma progression and, consequently, ensure an early diagnosis.

1. Introduction

Corneal biomechanics (CB) is a branch of biophysical
sciences that deals with deformation and equilibrium
of corneal tissue when any external force is applied. In
this sense, the mechanical properties of the corneal
tissue depend on the specific organization of fibres,
cells and ground substance within the structure.
Collagen in Bowman’s layer and stroma make a
significant contribution to corneal elasticity, whereas
the ground substance would give the viscous beha-
viour (Garcia-Porta et al 2014). The increasing interest
in CB is due to, among others, its role in the detection
and management of ectatic disease (Ortiz et al 2007,
Gonzilez-Méijome et al 2008, Roy and Dupps 2011,
Ambrésio et al 2017, Padmanabhan and
Elsheikh 2023) and an accurate estimation of IOP to
manage pathological diseases such as glaucoma (Liu
and Roberts 2005, Asejczk-Widlicka et al 2019, Con-
sejo et al 2019, Susanna et al 2019, Chan et al 2021,
Cataniaetal 2023).

There are different material models which
describe with more or less accuracy the corneal

biomechanics. In this respect, we can mention the
visco-hyperelastic model, where a highly nonlinear
elastic response is achieved when very large strains are
applied (Ariza-Gracia et al 2015, Whitford et al 2018,
Liu et al 2020), the viscoelastic model (i.e. the materi-
al’s elastic stress-strain relationship depends on the
strain rate) (Fraldi et al 2016, Maczynska et al 2019) or
the finite element methods, where a complete 3D
model of the cornea is designed to study its mechanical
behaviour (Sénchez et al 2014, Simonini et al 2016).
On the other hand, one-dimensional (1D) rheological
models have been useful to describe the viscoelastic
properties of the cornea (Glass et al 2008, Han et al
2014, Jannesari et al 2018), though they are not meant
to study the 3D corneal deformation.

In this regard, 1D models consist of parallel and/
or series combinations of springs and dashpots which
mimic the elastic and/or viscous character of the cor-
nea. Thus, a Kelvin-Voigt model with an additional
spring can reproduce the instantaneous deformation
of the cornea (Glass et al 2008), while a four-element
viscoelastic model (i.e. the Burgers model) has also
been selected for modeling the corneal biomechanics
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(Jannesari et al 2018). More recently, a more sophisti-
cated rheological model that takes into account the
elastic and viscous effects of cornea, crystalline lens
and the whole eyeball has been reported (Jimenez-Vil-
lar et al 2022). Although more complex models with a
greater number of elements (i.e. springs and/or dash-
pots) should be more accurate in corneal modeling
(Kok et al 2014, Jannesari et al 2018), these approaches
might not present a unique mathematical solution,
due to the higher-order differential equations inherent
in these models. So, as clearly stated by Jannesari et al
(2018), rheological models combining simplicity with
accuracy are desired.

Furthermore, it has been amply demonstrated that
CB influences IOP measurements (Medeiros and
Weinreb 2006, Grise-Dulac et al 2012, Brown et al
2018). For that matter, the corneal-compensated
intraocular pressure provided by the non-contact ton-
ometer ORA is less influenced by corneal bio-
mechanics (Medeiros and Weinreb 2006, Hager et al
2008, Lee et al 2019), so it might be a reliable para-
meter to characterize OHT subjects. As it is well-
known, an elevated IOP is the major risk factor for
developing glaucoma (De Moraes et al 2012, Matlach
etal 2019), however, this is not the unique factor. It has
been reported glaucomatous damage at low IOP
values (Anderson 2003), whereas no significant glau-
coma progression has been found at IOPs greater than
22 mmHg (Kass et al 2002).

In this connection, the gold standard method
widely used by ophthalmologists to evaluate structural
changes in the optic nerve head (ONH) or the retinal
nerve fiber layer (RNFL) and assist in the diagnosis of
glaucoma has been the fundus photography (Chakra-
barti et al 2016). The main advantage of this technique
is its simplicity and cost-effectiveness, despite the clin-
ical examination of ONH and RNFL is subjective and
qualitative, leading to considerable intra- and inter-
observer variability in assessing the ONH among qua-
lified specialists. Alternative methods such as optical
coherence tomography (OCT) (Geevarghese et al
2021), scanning laser polarimetry (SLP) (Lemij and
Reus 2008), and confocal scanning laser ophthalmo-
scopy (CSLO) (Yaghoubi et al 2015) have been devel-
oped to evaluate nerve fiber loss and optic disc changes
in glaucoma. Nonetheless, these retinal imaging
instruments are costly and present some drawbacks,
among them, the susceptibility of CSLO to inter-
observer variabilities or the inability of SLP method to
provide both RNFL and ONH data. Additionally,
selective perimetry techniques such as short-wave-
length automated perimetry (SWAP) and frequency-
doubling technology (FDT) perimetry have been
extensively studied as adjuncts to standard automated
perimetry evaluation (Sharma et al 2008).

Accordingly, the aim of this work is to yield a rea-
sonable indicator related to the viscoelastic corneal
quality, which might be useful to discern which OHT
subjects are more probable to develop ocular
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hypertensive disorders such as glaucoma. This para-
meter is the corneal retardation time 7, that is, the time
in which about 63% of the final corneal strain is deter-
mined (Brinson and Brinson 2008, Jannesari et al
2018), and might serve as an indicator of how elastic or
viscous a cornea should be. In other words, this metric
would measure the cornea’s ability to absorb IOP fluc-
tuations. As we will show in this article, the 7 para-
meter might explain why some OHT subjects (and
even those with normal IOP values) should undergo
glaucoma progression, while others not.

The paper is organized as follows. In section 2 we
describe our 1D corneal viscoelastic model to derive a
practical expression for the corneal retardation time 7,
as a function of the corneal applanation pressures and
their first derivatives. A detailed explanation of our
methods to calculate the 7 parameter is performed in
section 3, and our corneal retardation results concern-
ing a population of 100 healthy young subjects is pre-
sented in section 4. Finally, we discuss and summarize
our results in section 5.

2. Theoretical calculation of the corneal
retardation time

Let us first introduce the theoretical model for the
corneal biomechanics, in order to derive a simple and
useful expression for the corneal retardation time 7 (
i.e. our crucial parameter which might be used as a
plausible OHT disease indicator).

When loaded, the cornea demonstrates some
instantaneous deformation (purely elastic behavior)
followed by a progressive viscoelastic deflection. This
trend can be fairly described by the Kelvin-Voigt vis-
coelastic model of three elements (KVM) (please, see
figure 1) where the dashpot 7 symbolizes the time-
dependent viscous resistance to the applied force, and
springs E; and E, mimic the purely elastic behavior
(Glass et al 2008). When a stress o is applied, a corneal
strain € is induced. This configuration allows an
instantaneous deformation of the cornea through
spring E,. More precisely, the right-hand spring E,
stretches immediately upon loading. Then, the dash-
pot 7 then takes up the stress, transferring the load to
the second spring E, as it slowly varies over time. Upon
unloading, E, contracts immediately and the left-hand
spring slowly shortens, being held back by the
dashpot.

Though more sophisticated 1D rheological mod-
els have been recently studied (Jannesari et al 2018,
Jimenez-Villar et al 2022), we have chosen the KVM
over other viscoelastic approaches (such as the Zener
or Burgers models) for two reasons: its ability to
mimic the corneal response to an applied force (as
above-mentioned, an instantaneous deformation fol-
lowed by a progressive viscoelastic deflection) and the
limited number of independent variables (thus, redu-
cing its mathematical complexity). As currently
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c (stress)

¢ (strain)

Figure 1. Kelvin-Voigt viscoelastic model of three elements for the corneal biomechanics. This configuration allows an instantaneous
deformation of the cornea through spring E; and a progressive deflection though the parallel component of dashpot 7yand spring E;.
Upon unloading, E, contracts immediately and the left-hand spring slowly shortens, being held back by the dashpot.

explained by Torres et al (2022), the Kelvin-Voigt
model is quite appropriate and straightforward to
characterize the viscoelasticity of the cornea, as well as
it has been experimentally validated with artificial
phantom corneas (Glass et al 2008).

Our KVM relates the applied stress (o) to the cor-
neal strain (e) through the following set of equations
(Kelly 2013)

og=0 + o0,
U:Ezfz

e=6+ 6
0y = Néy, 2.1

o =Ee

and ¢ corresponds to the strain rate of the parallel
elements. Assuming the cornea to be axisymmetric, a
single elastic constant should govern corneal behavior
(Glass et al 2008), so we can identify E, = E, = E. After
Laplace transforming, the constitutive relation can be
written as (Kelly 2013)

Ee + né =20 + 10, (2.2)
where ¢ is the stress rate and 7= 1/E stands for the
corneal retardation time. The latter parameter
describes the time dependent response of the cornea
with respect to the applied load.

On the other hand, non-contact tonometers such
as ORA applanate the cornea in two instants, when the
strain is minimum. Consequently, the strain rate can-
cels at these applanation moments and ¢ = 0. So,
from equation (2.2) we can write for the first applana-
tion time .1

Ef(tap,l) — 20'(tap,l) T+ Té'(tnp,l)
:_zla(tap,l)l ¥ Tid([ap.l)l) (2.3)
where it is assumed a compressive stress (0(t,p,1) < 0)
during the load stage (& (t,p,1) > 0). Moreover, for the
second applanation time (also a compressive regime
with o(t,,2) < 0), we have
Ee (tup,Z) = zg(tap,z) + Td(tap,2)
=—2|U(tap,z)| = Tlﬁ(tap,z)]) (2.4)

and now, during the unload process, & (t,p,2) < 0.
Provided that the strain at applanation is the same for
both load-unload processes (i.e. €(tap,1) = €(tap,2)), We
obtain the following expression for the corneal retar-
dation time 7 from equations (2.3) and (2.4)

__ 2(|(T(tap,l)| — |0'(t¢\p,2)|)' (2.5)

|é'(tap,l)| o d(tap,Z)

Let us now analyze how the different pressures act
on the anterior and posterior corneal surfaces at appla-
nation (please, see figure 2). The intraocular pressure
IOP on the posterior surface of the cornea is sub-
tracted to the sum of the tonometer applied pressure
Py(t,p,;) and the tear film pressure s, 50 as to obtain the
resultant intraocular pressure at applanation Py(t,;)
(Liu and Roberts 2005, Glass et al 2008, Kotecha et al
2015)

R’(tnp,i) = Pt(tap.i) + s — 10P,

fori=1, 2.
(2.6)

This radial stress Py(f,,;) can be related to the
membrane stress o(f,p,) in the KVM via the Laplace
law (Glass et al 2008)

R, .
r"(tap,i) e Zpr(tap,iL fori=1,2, (2.7)

where R and e state for the corneal radius of curvature
and corneal thickness, respectively. Therefore, intro-
ducing equation (2.7) into (2.5) and performing some
elementary calculations, we derive the final expression
for the corneal retardation time

L_20Pl-IPD) __2CH
1Pi| + 1P |PA| + 1P

where P;=P(t,,;) are the tonometer applanation
pressures, CH = [P, | — [P the corneal hysteresis and
P; the tonometer applanation pressures rates. One
observes that the corneal retardation time 7 is directly
related to CH, but with a clear different behaviour and
physical meaning, as will be examined in the next
sections.

(2.8)
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Figure 2. Pressures acting during applanation tonometry. The intraocular pressure IOP on the posterior surface of the cornea is
subtracted to the sum of the tonometer applied pressure P, and the tear film pressure s so as to obtain the resultant intraocular pressure

atapplanation P,.

3. Methods

To our purpose, a total number of 200 eyes from 100
healthy European Caucasian subjects (mean age
24 + 5 years old) were involved in the study. Within
this group, about 10% had an elevated IOP with more
than 21 mmHg, and only patient number #278 had
been undergoing medical treatment for elevated IOP
and diagnosed glaucoma disease during the measure-
ments. The inclusion criterion was to be aged between
18 to 30 years old, whereas subjects with history of
ocular pathologies, corneal injuries or surgery, contact
lens wearers or irregular astigmatism were excluded.
This study was reviewed by an ethical review board
and conforms to the tenets of the Declaration of
Helsinki (Ethical Committee of Research of the Health
Sciences Institute of Aragén, Spain) approved with
reference C.P.-C.I.PI20/377. All participants were
informed about the nature of the project and signed an
informed consent document.

Hence, participants involved in this study were
divided into two groups: control (with intraocular
pressure values less than 21 mmHg) and ocular hyper-
tensive (where IOP.. is greater or equal than 21
mmHg), all of them (as previously mentioned) healthy
subjects without ophthalmological clinical manifesta-
tions, except for patient number #278 with diagnosed
glaucoma disease (please, see table 1). This differentia-
tion will be more necessary and evident when we study

4

the corneal retardation time as a function of the
intraocular pressure, as described in figure 7 of the
next section.

The applanation pressure data were collected with
the non-contact tonometer Ocular Response Analyzer
(ORA“’; Reichert Ophthalmic Instruments, Depew,
NY) which measures, apart from the Goldmann-cor-
related IOP (IOP,) and the corneal-compensated IOP
(IOP,.), some biomechanical properties such as the
corneal hysteresis (CH) (related to the capacity of the
cornea to absorb and dissipate energy) or the corneal
resistance factor (CRF). This last metric is thought to
be a better indicator of the corneal viscoelasticity than
CH (Gatinel 2007).

The ORA device generates a 25 ms collimated air
jet to deform the cornea and uses an infrared (IR)
detection system in which the IR emitter is aligned on
one side of the cornea with an IR detector
(Roberts 2014). As the cornea deforms under the
applied air pressure, it rapidly traverses a state of
applanation, causing the reflected IR light to align with
the detector. As a result, the captured light increases
significatively and a spike in the IR signal is recorded.
Hereafter, the cornea takes on a slight concave shape,
to then move outward in another applanation state.
Finally, the cornea recovers its normal configuration
state. In our study, four measures were carried out for
each subject’s eye in order to get averaged values.
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Figure 3. ORA’s pressure and signal amplitudes for subject #136 in our population, where the upper (bottom) panel shows the results
for the left (right) eye. The gaussian center 7. (located near the corneal concave state), corneal hysteresis CH and corneal retardation

time 7 (as calculated via equation (2.8)) are also shown.

Table 1. Control population and OHT subjects that participated in our study.

Control population (IOP. < 21 mmHg)

ocular hypertensive (IOP.. = 21 mmHg)

90 subjects
mean IOP.. = (16.38 £ 2.52) mmHg

10 subjects
mean IOP,. = (22.43 £ 1.10) mmHg

In this sense, the accurate method to determine
the corneal retardation time 7 was performed via the
two ORA’s characteristic curves: the signal amplitude
(corresponding to the IR light which is reflected off the
surface of the cornea during perturbation) and the
pressure amplitude (i.e. the external applied pressure
P((t) as depicted in figure 2). The last curve can be fairly
fitted by the following gaussian profile
(0.985 < R* < 0.997 inall cases)

2
P(t) = Pyo + exp [—0.5(’&—:6) ] G.1)

where At stands for the pressure amplitude width, and
the gaussian center f. is located near the corneal
concave state. Hence, we have represented in figure 3
both the pressure and signal amplitudes versus time
for subject #136 in our population, where the upper

(bottom) panel shows the results for the left (right) eye.
As easily noticed, the pressure curve conforms a clear
gaussian shape in accordance with equation (3.1),
where the gaussian center f. is also depicted.

Once this gaussian fit is performed, the signal
amplitude provides the two applanation pressures P;
and P, (via the sharp peaks in both panels) and the
corresponding corneal hysteresis CH (which resulted
to be 10.9 mmHg for the left eye and 10.7 mmHg for
the right eye, respectively). The pressure rates P, can be
analytically evaluated from the first derivatives of the
tonometer pressures. Ergo, the corneal retardation
time 7 is calculated via equation (2.8) (for subject
#136, this parameter was 1.13 (1.06) ms for the left
(right) eye, respectively). These corneal retardation
time results are fairly close to the average mean of the

70



10P Publishing

Biomed. Phys. Eng. Express 10 (2024) 015014

O del Barcoetal

number of subjects

0.6 0.8 1.0

corneal retardation time (ms)

Figure 4. Histogram representation of the corneal retardation time 7 of our study population (200 eyes from 100 young subjects)
calculated via equation (2.8). A clear gaussian shape (RZ = 0.97) centered at 1.10 ms and FWHM of 0.39 ms is found. Elastic corneas
are associated with low 7 values (about 13.5% in our case) while elevated corneal retardation times are related to more viscoelastic

corneas (roughly a 13% of our population).

FWHM = 0.39 ms\

12 1.4 1.6 1.8

total population, as explained in detail in the next
section.

4. Results

In this section we deal with the fundamental results
concerning the corneal retardation time of our young
population, and its important relationship with the
intraocular pressure IOP.

To this aim, the histogram illustrated in figure 4
shows the corneal retardation time 7 (calculated via
equation (2.8)) of the 100 subjects that participated in
the study. It can be observed an explicit gaussian pro-
file centered at 1.10 ms with a full width half max-
imum (FWHM) of 0.39 ms. The R-squared parameter
for this gaussian fit was 0.97. In view of these results it
can be assumed that for a young and healthy popula-
tion, the corneal retardation time should be ranged
between 0.90 and 1.30 ms, where more elastic corneas
are associated with low 7 values (about 13.5% in our
case). In addition, elevated corneal retardation times
are related to viscoelastic corneas (roughly a 13% of
our population), not necessarily being pathological
cases those subjects with upper or lower 7 values
(though, in the later scenario, a clear connection with
higher intraocular pressures is found, as briefly
discussed).

On the other hand, it is expected that our bio-
mechanical parameter should be directly correlated to
the time interval between the two applanation times
At,,. That is, more elastic (viscoelastic) corneas, which
entail lower (higher) 7 values, might take less (more)
time during the applanation interval. In such a case
(not shown in this work), the linear coefficient of
determination resulted to be R?*=046 for
Atyp = taps — tap,1- Subsequent data analysis (please,

6

see figure 5) demonstrated that the optimized time
interval corresponded to Aty opt = 1.5tip2 — 0.5t 1,
where now R* = 0.72. This time lapse is depicted in the
inset of figure 5, however different applanation time
intervals might also be considered for our study (with
R?> 0.45, in all cases). As a matter of fact, the opti-
mized time interval for subject #0S231 was 18.46 ms,
fairly shorter than patient #0S174 with a time lapse of
20.49 ms. This may be interpreted assuming that the
cornea of the former subject is more elastic (that is, it
takes less time between both applanation times) than
subject #0S174, with a more viscoelastic cornea.
Moreover, these findings should be affected by the
intraocular pressure, because elastic corneas with low
IOP values might take longer to recover its original
shape than viscoelastic corneas of OHT subjects. This
relationship between the 7 parameter and the IOP will
be treated in detail shortly.

But before embarking on this study, let us first
analyze an important biomechanical parameter like
the corneal hysteresis CH and its dependence on the
corneal-compensated IOP, in our population (please,
see figure 6). Assuming that normal IOP ranges from
10 to 21 mmHg (Badakere et al 2021), one notices that
both parameters are not correlated, in consistency
with previous published work (Luce 2005), where no
statistical significance was found. For this reason, we
have not differentiated between control and OHT
populations. Nevertheless, it can be observed that low
CH values (such as subjects #0D278 or #0S231) also
possess high intraocular pressures and an possible risk
of glaucoma progression. This result agrees with prior
reported research, where low corneal hysteresis is
thought to be related to the risk and development of
glaucoma (Prata et al 2012, Deol et al 2015), though
there is no consensus on this topic. As stated by
Roberts (2014), low CH should not be interpreted as a
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Figure 5. Corneal retardation time 7 of our study population versus the optimized time interval At,
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dataare highly correlated, with R* = 0.72). The inset shows more clearly this optimized applanation lapse. It can also be appreciated
that lower (higher) 7 values correspond to more elastic (viscoelastic) corneas.

damaged cornea, and further work is required to
determine what component contributing to this vis-
coelastic parameter correlates to damage at the optic
nerve. In our study, when the corneal hysteresis CH is
divided by the sum of the first derivatives of the appla-
nation pressures P; (please, see again equation (2.8)),
the uncorrelated scheme illustrated in figure 6 turns to
a well-defined linear dependence, as immediately
discussed.

Accordingly, our fundamental result is exhibited
in figure 7(a) where the corneal retardation time 7 is
represented as a function of IOP... Now, a clear linear
dependence is found (with a coefficient of determina-
tion R* = 0.70), where lower 7 values are mostly asso-
ciated with higher intraocular pressures. This can be
easily understood since more pressurized corneas will
behave more elastically than those with lower IOPs.
So, for instance, subjects #0D170 or #0S174 have
the highest 7 values in our study (which should be con-
nected with small IOPs) but it cannot be assured that
such corneas are the most viscoelastic of our popula-
tion. This fact should be corroborated with a relevant
number of ocular hypotony patients, though it does
not constitute a subject of study in our current
research.

Nonetheless, this is not a fundamental rule.
Indeed, after inspection of figure 7(a), one notices that
for similar IOP_. values (such as for subjects #231,
#193 or #278), the corneal viscoelastic behavior is
different. Whereas subject #193 possess good viscoe-
lastic corneas for both eyes (greater than the average of
1.10 ms, as illustrated in figure 4), other OHT patients
like #231 or #278 have more elastic corneas (that is,
with lower 7 values). This means that the corneas of
subject #193 would be more prepared to absorb IOP
fluctuations (and avoid possible glaucoma progres-
sion) than the other OHT patients. As a consequence,

hypertensive subjects with low corneal retardation
times should be periodically monitored, in order to
prevent possible optical nerve damage. Moreover,
even normal IOP subjects present significant differ-
ences between their 7 values, although these patients
are not considered as a "risky population”. In this
sense, at a normal IOP of 18.4 mmHg (please note the
vertical dashed line in figure 7), subject #0OD209 exhi-
bits a more elastic cornea (0.79 ms) than patient
#08224, where the corneal retardation time resulted
to be 1.24 ms (a 57% higher than the latter). Addition-
ally, the corneal elasticity of subject #0D209 (quanti-
fied by our 7 parameter) is similar to some OHT
patients in our study, so such normal IOP subjects
should also be controlled, despite they do not belong
toarisk group.

For the sake of clarity, we have also illustrated the
corneal retardation time 7 for the control population
(Figure 7(b)) and OHT subjects (Figure 7(c)). Clearly,
the linear correlation between the 7 parameter and the
intraocular pressure 10P.. for the control group is
even increased (as compared to the whole population),
while no significant correlation for OHT subjects is
found. This fact reflects the difficulty in predicting the
corneal retardation time for our ocular hypertensive
population, probably due to the small number of OHT
participants in our study (please, see again table 1).

5. Discussion

Summarizing, a detailed analysis of the corneal
retardation time 7 of a young population (200 eyes
from 100 healthy subjects) has been carried out. Our
results show that this parameter is highly correlated
with the corneal-compensated intraocular pressure
IOP,. supplied by ORA tonometer, underlying the risk
for OHT subjects with lower 7 values to develop

7

72



Biomed. Phys. Eng. Express 10 (2024) 015014

QO del Barcoetal

-

N

o
T

100+ .

corneal hysteresis (arb. units)

80 |
60 \ |

= #OD278 | *

¥ !

~— normal IOP values —|"05%" L2

40 |, , . i -
8 12 16 20 =
IOP (mmHg)

Figure 6. Corneal hysteresis CH as a function of the corneal-compensated intraocular pressure IOP . for our study population. It can
be noticed that both parameters are highly uncorrelated, in consistency with previous reported research (Luce 2005). On the other
hand, low CH subjects like #:0D278 or #5231 possess high intraocular pressures and an possible risk of glaucoma progression.

hypertension diseases (due to the inability of the
poorly viscoelastic cornea to absorb IOP fluctuations).
Indeed, viscous damping of the cornea should be
crucial since increased damping capacity of the eye
may actually buffer hazardous IOP fluctuations,
diminishing the stress/strain on the optic nerve and
peripapillary  scleral  tissues  (Kaushik  and
Pandav 2012).

Furthermore, some authors argue that IOP_. is
overestimated (Martinez et al 2006) in comparison
with the gold standard technique in measuring [OP,
that is, the Goldmann applanation tonometry (Lee
et al 2018). Thus, a possible discrepancy between our
results for the 7 parameter and the corneal-compen-
sated intraocular pressure should be expected. How-
ever, given that all TOP.. values in our population
might be affected by the same (or similar) scale factor,
the linear dependence depicted in figure 7 should
remain the same, with comparable R-squared
parameters.

As previously stated, the fundamental aim of our
work is to yield an useful tool (i.e. the corneal retarda-
tion time 7) to systematically discern which ocular
hypertensive patients are more likely to develop OHT
diseases and ensure an early diagnosis. Among them,
glaucoma plays a leading role since this eye illness is
the most common cause of irreversible blindness and
affects about 80 million people worldwide, with many
more undiagnosed (Tribble et al 2023).

In this sense, our work might help in glaucoma
diagnosis (as compared to previous existing methods
already mentioned in the Introduction) due to the
easiness and robustness of our method. More specifi-
cally, it is straightforward to measure the corneal retar-
dation time 7 with non-contact tonometers (i.e. via
our equation (2.8) and the applanation pressures pro-
vided by such instruments). Besides, these values are

not affected by subjective or qualitative factors, so the
T parameter can be considered a strong biomechanical
indicator not subject to intra- or interobserver vari-
abilities. Also, it has been suggested in the literature
that increased viscoelasticity of ocular tissues may
have a protective role in glaucoma (Murphy et al 2017,
Del Buey-Sayas et al 2021), so the T parameter could be
an important metric to diagnose this disease, playing a
leading role in explaining normotensive glaucoma.
Instead, our method does not provide information
about structural changes in the optic nerve head or the
retinal nerve fiber layer, so a proper glaucoma diag-
nosis might not be guaranteed (and other techniques
such as the fundus photography or optical coherence
tomography are needed).

It has been widely reported in the literature that
the major risk factors for glaucoma are genetics, age
and an elevated TOP, so, intraocular pressure should
be adequately controlled to avoid visual field dete-
rioration. Beyond the diagnosis, the prediction of the
future glaucoma progression of an individual patient
is often extremely difficult for clinicians, due to the
mix of the abovementioned risk factors. In this regard,
corneal thickness, corneal hysteresis or horizontal and
vertical cup-disc ratio constitute additional OHT risk
factors (apart from an elevated IOP). As reported by
Murphy et al (2017), about 3050% of glaucoma
patients have normal IOP values, becoming evident
that other elements should be taken into account. Pro-
vided the large number of independent risk factors, it
might not seem plausible that a unique parameter as
the corneal retardation time would effectively serve as
a OHT indicator.

Nevertheless, the wvalidity of our theoretical
approach (as given by the fundamental equation (2.8)
for the 7 parameter) is based on the strength of the Kel-
vin-Voigt model to imitate the corneal viscoelastic
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Figure 7. (a) Corneal retardation time 7 of our study population (calculated via equation (2.8)) as a function of the corneal-
compensated IOP, given by ORA. It can be observed that both parameters are highly correlated with a linear coefficient of

determination R* = 0.70. On the other hand, it can be argued that O

HT subjects like #0D278 (who was receiving medication for

elevated IOP and possess a particularly elastic cornea with 7 = 0.67 ms) should be more likely to develop glaucoma than other OHT
subjects with more viscoelastic corneas (like patient #0S8193 in our population). Furthermore, the upper panels represent the 7
parameter for (b) our control population and (¢) OHT participants. A clear linear correlation is found for the control group, while no

significant correlation is obtained for our OHT population.

behaviour. In other words, the 7 metric constitutes a
valuable indicator of the corneal viscoelastic quality.
However, its validity is subject to obtaining well-
defined signals via non-contact tonometers (please,
see again figure 3): irregular signals with no evident
applanation peaks will not give reliable corneal retar-
dation time values.

In fact, our proposal is consistent with previous
reported glaucoma research (Matsuura et al 2017)
where it is suggested that careful consideration should
be given to patients whose eyes are applanated fast in
the first and second applanations (please, see again our
fundamental results concerning the applanation time
interval in figure 5, which are directly related to the 7
parameter shown in figure 7(a)). Additionally, the loss
of corneal viscoelasticity (which is correlated with
lower 7 values in our model) is a risk factor that can

9

lead an ocular hypertensive subject to develop glau-
coma disease (Roberts et al 2023). For that matter, the
corneal retardation time might represent an early
detector of those complications associated with ocular
hypertension before clinical signs manifest. None-
theless, such suspected glaucoma patients should be
periodically monitored to confirm this fact.

Among the potential limitations encountered dur-
ing our study, we can mention the reduced number of
OHT subjects (in comparison with the normal IOP
patients) and the difficulty in finding some OHT clin-
ical cases. It is worth mentioning that our young study
population consisted of 100 healthy subjects and,
within this group, about 10% had an elevated IOP
with more than 21 mmHg (only patient #278 was
medically monitored due to its high IOP). Certainly,
an increased number of OHT subjects is needed for a
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conclusive statement about the utility of the corneal
retardation time as an ocular hypertension disease
indicator. Moreover, it could be interesting to include
participants with pathological conditions such as dia-
betic retinopathy or glaucoma for a more comprehen-
sive analysis, as well as considering another age group.
In addition, it should be studied the effects of physical
parameters such as central corneal thickness (CCT) or
corneal morphology on corneal biomechanics (in line
with the proposals by Marcelldn et al 2022) which is a
subject of ongoing research by our group.
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Abstract: The cornea is the optical window to the brain. Its optical and structural properties are
responsible for optical transparency and vision. The shape, elasticity, rigidity, or stiffness are due
to its biomechanical properties, whose stability results in ocular integrity and intraocular pressure
dynamics. Here, we report in vivo observations of shape changes and biomechanical alterations in
the human cornea induced by acoustic wave pressure within the frequency range of 50-350 Hz and
the sound pressure level of 90 dB. The central corneal thickness (CCT) and eccentricity (€2) were
measured using Scheimpflug imaging and biomechanical properties [corneal hysteresis (CH) and
intraocular pressure (IOP)] were assessed with air-puff tonometry in six young, healthy volunteers.
At the specific 150 Hz acoustic frequency, the variations in e? and CCT were 0.058 and 7.33 um,
respectively. Biomechanical alterations were also observed in both the IOP (a decrease of 3.60 mmHg)
and CH (an increase of 0.40 mmHg).

Keywords: corneal biomechanics; corneal resonance; acoustic vibrometry

1. Introduction

Corneal biomechanics [1,2] depends on the distribution of the collagen fibers within
the stroma. The corneal type-I fibrillary collagen arrangement allows the maintenance of the
three-dimensional structure and transparency of the corneal stroma [3]. Knowledge of the
biomechanical properties (BMPs) of the cornea allows us to ensure the success of refractive
surgery [4] or the diagnosis and follow up of corneal pathologies such as keratoconus,
a progressive degeneration that can lead to corneal transplantation.

The clinical relevance of BMPs has attracted special interest with the development of
surgery techniques to modify the refractive power of the cornea via laser ablation [5] or
lenticular extraction [6]. These techniques consist of modify the lamellar structure of the
cornea, causing redistribution of mechanical stress. The biomechanical response is expected
to provide the correct corneal curvature [7,8] and normal vision.

Various methods based on different inherent principles have been developed to char-
acterize corneal biomechanics in vivo. The most commonly used approaches involve the
use of air-puff tonometry, such as the Ocular Response Analyzer (ORA), which is a non-
invasive device that measures the intraocular pressure (IOP) and corneal biomechanics,
including corneal hysteresis (CH) and corneal resistance factor (CRF) parameters [9]. The
ORA device has been extensively used to explore the impact of corneal biomechanics on
myopia development [10], asymmetry of visual field defects in glaucoma [11], the effect
of soft contact lens use in healthy subjects [12], or corneal changes due to degenerative
keratoconus disease [13].

The development of optical techniques, such as the Scheimpflug camera or optical
coherence tomography (OCT), allows the direct monitoring of corneal deformation fol-
lowing air perturbations (e.g., CORVIS ST) [14,15]. In recent years, new technologies,
including Brillouin microscopy [16] and corneal elastography techniques [17,18], have
emerged as potential tools for in vivo corneal biomechanical evaluation. Moreover, the
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finite element methods (a type of in silico method) are playing a fundamental role in corneal
modelling simulations in several studies to evaluate and establish predictive models of
corneal biomechanics [19-21].

Due to its inherent elastic properties, the cornea can behave as a biomechanical
resonance system under the action of certain mechanical vibrations [22], and then the
cornea can be considered a biomechanical resonant oscillator when external perturbations
are applied [23,24].

In this respect, sound-induced corneal vibrometry has previously been reported to
explore the corneal vibrational modes. Akca et al. [25] reported the visualization of the
resonance modes of ex vivo corneas using low-power sound waves and OCT imaging. In
addition, these vibrational resonance modes of the cornea are sensitive to the IOP [26].

Therefore, the corneal resonance induced by acoustic waves seems to be sensitive
to both the shape and the biomechanics of the cornea. This work presents an acoustic
wave generator to induce subtle modifications in corneal shape that can alters corneal
biomechanics within the physiological range. We show the first in vivo observations
of corneal biomechanics and shape changes due to acoustic pressure within the range
50-350 Hz at a maximum pressure level of 90 dB. The technique utilizes an arbitrary wave-
form generator, a sound amplifier, a subwoofer, a Scheimpflug camera (Galilei G2; Ziemer
Ophthalmic Systems AG, Port, Switzerland), and an ORA (Reichert Instruments, Depew,
NY, USA) tonometer. Shape parameters, including the CCT and e?, and biomechanical
measure (CH and IOP) changes were analyzed in six healthy volunteers as a function of
the oscillating frequency of the sound wave generator.

2. Materials and Methods
2.1. Experimental Corneal Acoustic Wave Generator

Figure 1a shows a schematic diagram of the custom-built instrument. The acoustic
waves are generated via a function/arbitrary waveform (FWG) generator (RSGD 805, RS
PRO, RS Components Ltd, Northants, UK) with maximum output frequency of 5 MHz,
125 MSa/s sample rate, and resolution frequency of 1 uHz (14-bit vertical resolution).
The output wave can be generated as a sine, square, ramp, pulse, Gaussian noise, or
arbitrary forms. The output is connected to a sound amplifier (SA), which drives a full-
range subwoofer (SW) (FR8, VISATON GmbH & Co, Haan, Germany) to produce acoustic
pressure at the corneal plane. Figure 1 shows a real picture of the set up, vertically orientated
for clinical measurements.

[

SW

(a)

FWG

O

SA

Figure 1. (a) Schematic of the corneal acoustic wave generator. (b) Real picture of the apparatus in
real-time operation. FWG represents the waveform generator for acoustic waves, SA is the sound
amplifier, and SW is a subwoofer that emits the sound wave directed towards the eyeball.

2.2. Instrument Calibration

A sinusoidal waveform signal was generated at the FWG for two different ampli-
tudes (peak-to-peak voltage): 1 and 2 Vpp. The sound pressure level was measured in dB
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using a digital sound meter placed at 100 mm from the SW, as a function of the signal fre-
quency. Figure 2 shows the measured acoustic pressure (dB) for a frequency range between
50 and 350 Hz (with a step size of 50 Hz) for two different amplitude values. For in vivo
corneal testing, we chose the lower amplitude that provided a maximum pressure of
90 dB at the maximum frequency (350 Hz), with a modulation of 11 dB within the range of
tested frequencies.
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Figure 2. Measured sound pressure (in dB) as a function of the sound frequency for two different
Vpp amplitudes generated at the FWG.

2.3. Experimental Measurements

Six volunteers (33 £ 9 years old) were included in the study. The measurements were
carried out at the Visual Science and Instrumentation Lab of the University of Zaragoza
(Zaragoza, Spain). The participants did not have any ocular diseases, glaucoma, or corneal
complications that could affect the measurements. Dual Placido-Scheimpflug imaging
(Galilei G2) and air-puff tonometry (ORA) commercial devices (ORA, Reichert Instruments,
Depew, NY, USA) were employed to obtain morphometric data for shape characterization
and biomechanical assessment, respectively, as shown in Table 1.

Table 1. Summary of the parameters measured in the experimental procedure. CCT: central corneal
thickness; IOP: intraocular pressure; CH: corneal hysteresis.

Shape Parameters Biomechanical Parameters
CCT (pm) I0P (mmg)
Eccentricity (?) CH (mmHg)

2.3.1. Galilei Dual Scheimpflug Analyzer: Shape Parameters

The Galilei Dual Scheimpflug Analyzer (Galilei G2; Ziemer Ophthalmic Systems AG,
Port, Switzerland) is an advanced clinical optical system that combines Placido Disk imag-
ing with a revolving Scheimpflug camera [14]. This integration allows for the simultaneous
capture of corneal topography information from both the internal and external surfaces of
the cornea. The device captures two corneal images for each analyzed meridian, and the
Galilei G2 software (version G4) overlays these images to enhance the accuracy of corneal
parameter estimation. The central corneal thickness (CCT) and eccentricity (€2) were ex-
tracted for each participant and sound frequency. Three measurements of good quality, as
indicated via the Galilei G2 software, were captured at each session to assess repeatability,
using the 16-picture (i.e., 16 corneal meridians) scan mode. Corneal shape involved the CCT
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and e? measures. While variations in CCT correspond to tissue compression, eccentricity
values reveal the rate of corneal flattening due to sound pressure waves.

2.3.2. Ocular Response Analyzer: Biomechanical Assessment

Ocular Response Analyzer (ORA, Reichert Instruments, Depew, NY, USA) is a non-
contact air-puff applanation tonometer that provides corneal hysteresis (CH) and corneal
resistance factor (CRF) measurements [9]. CH refers to the dissipation of energy when an
external stress is applied to the cornea. Unlike purely elastic materials that immediately
return to their initial state once the stress is removed, the cornea exhibits time-dependent
stress. On the other hand, the CRF measures the resistance of the cornea, encompassing
aspects of rigidity and/or elasticity. CH and the IOP were measured for each volunteer
for different sound wave frequencies. Each experimental measurement was the average of
four measurements of good quality.

2.3.3. Pneumatic Viscoelastic Damping

CH deals with the inherent viscous damping nature of the human cornea [27]. CH
can be defined as the biomechanical property that describes the biophysics of the corneal
viscoelastic nature when the tissue is deformed by an external load (air pulses). In that
sense, CH is the corneal capability to absorb and dissipate energy such as mechanical stress
or intraocular pressure [28].

The proposed method delivers sound waves to the corneal tissue with a sine-wave
form at a given amplitude and angular frequency (see Section 2); those waves create back-
and-forth oscillations of the air molecules, creating a wave pressure. This study deals with
the transition of the “pneumatic tonometry” concept [29], the principle of which is based
on corneal depression against the IOP due to the injection of an air column flow.

In this work, we introduce the concept of pneumatic viscoelastic damping (PVD) as
the variation in CH as a consequence of a sound wave pressure (swp) as a function of the
sound frequency (v), defined as:

()

CHgyp — CH
PVD (v) = 100 x (—““L—")

CHp

Let us consider a viscoelastic cornea under external pressures. When loaded, the
cornea exhibits immediate deformation (pure elastic component) that is damped by the
viscous component followed by creep deformation (viscoelastic damping) [30]. More
elastic corneas are prone to greater deformation due to a decreased viscoelasticity
response [27] (i.e., lower CH values); in this sense, PVD reflects the ability of the cornea
to modify its elastic and viscous properties under dynamic load conditions. Positive PVD
values correspond to an increased viscosity component. On the contrary, PVD negative
values indicate a reduced capability to absorb and dissipate energy as the elasticity the
predominant component.

3. Results
3.1. Corneal Shape Changes as a Function of the Sound Frequency

Understanding the acoustic sinusoidal wave reaching the corneal surface as an external
sound pressure perturbation applied to a viscoelastic material, an observed deformation or
structural change is expected in relation to the relaxed state (i.e., FWG off). As described in
Section 2.3, the structural changes in the corneal tissue were quantified via computing the
CCT and e? parameters from Scheimpflug imaging. Figure 3 shows the mean values for
six volunteers as a function of the sound frequency compared to the control baseline mean
values (FGW off). The results showed that, at a given sound frequency, the corneal tissue
reaches the lowest values of e? and CCT. In particular, the most sensitive sound frequency
was 150 Hz, which resulted in an average reduction of 0.058 in &? (Figure 3a) and 7.33 um
in CCT (Figure 3b) compared to the relaxed state.
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Figure 3. Averaged (mean and standard deviation of the six participants) corneal eccentricity (a) and
central corneal thickness (b) measured as a function of the sound frequency. Red lines intersect the
mean values for e? and CCT.

Figure 4 displays an example from one volunteer of the Scheimpflug output elevation
maps for a regular measurement (upper row, instrument off) and a measurement taken
while the acoustic wave generator was operating at 150 Hz for anterior and posterior
corneal surfaces. The images demonstrate quantitative modifications in both the anterior
and posterior surfaces during the presence of the sound pressure.

Sound off

150 Hz

Figure 4. Scheimpflug output elevation maps corresponding to a regular measurement (upper row,
instrument off) and a measurement during the acoustic wave generator operating at 150 Hz. The
right and left column correspond to anterior and posterior corneal surface elevation, respectively.
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3.2. Biomechanical Variations and Sound Frequency

The previous section showed how the frequency modulation of the sound pressure
at a constant signal amplitude can induce slight changes in corneal shape, specifically in
the central thickness, to the order of a few microns. These changes, unlike those produced
via air-puff tonometry at a macroscopic scale, are microscopic in nature. However, even at
the microscopic scale, this section presents evidence of how acoustic pressure can induce
measurable biomechanical changes in the cornea. Figure 5 shows the mean IOP values for
six healthy young adult subjects as a function of the sound frequency. The average control
value falls within the normal range established between 11 and 21 mmHg [27]. According
to our findings, the IOP is reduced for all the tested frequencies (Figure 5a), reaching a
minimum value at 150 Hz that corresponds to an absolute difference of 3.60 mmHg with
respect to the control baseline (pink line).

=
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ACH $+0.40 mmﬂg[

—@

14 J. AIO) =—3.60mmiig b Il | J 1

12 f ] 10 f < E

IOP (mmHg)
CH (mHg)

= Control baseline = Control baseline
) N A A /

0 50 150 250 350 0 50 150 250 350

Sound Frequency (Hz) Sound Frequency (Hz)

Figure 5. The averaged (mean and standard deviation of the six participants) IOP (a) and CH
(b) measured as a function of the sound frequency. Red lines intersect the mean values for IOP and CH.

Regarding the viscoelastic property measured using the CH parameter, it shows a
maximum value (an increase of 0.40 mmHg with respect to the average control value) for
150 Hz. Those preliminary results suggest that the application of acoustic waves can alter
the corneal biomechanics, specifically reducing both the IOP and CH at a specific sound
frequency of 150 Hz.

The air-puff system enables the acquisition of stress—strain dynamic measurements
during the duration of the air pulse. Figure 6 illustrates a comparison of the air pulse
pressure curves and corneal applanation responses (averaged value of the six volunteers)
under normal operation (with the acoustic wave generator off) and with the application of
acoustic wave pressure at 150 Hz. It can be observed that the application of external sound
pressure causes less air pressure to reach the first applanation of the cornea (Figure 6a).
This fact can be associated with reduced corneal stiffness, which aligns with the results
presented in Figure 6b, where the first applanation occurs earlier when acoustic waves
are applied. It is noteworthy that in Figure 6b, an intersection is observed on the left
side of the graph between the applanation curves corresponding to normal measurements
(blue line) and measurements taken during acoustic pressure (green line). A statistical
comparison was performed via applying Student’s {-test, revealing significant differences
in both air-puff pressure (p = 0.036) and applanation waveforms (p = 0.039), respectively.

While the cornea still undergoes deformation due to the air pressure (sound off), the
effect of acoustic interaction alters the viscoelastic properties over time, causing the cornea
to begin relaxation at a point where it is still deforming.

83



Optics 2023, 4

590

Air-Puff Pressure (a.u)

Air Pulse duration (ms)

r ' 1000
( a) Sound off (b) Sound off
b w150 Hz S 800 ~— 150 Hz
&
=
2 600
]
2
=
400
-5
-
E 20
-
£
< 0
10 15 20 0 5 10 15 20

Air Pulse duration (ms)

Figure 6. The air-puff pressure and applanation averaged response curves during an air-pulse time
lapse for a normal measurement (a) and during acoustic pressure application (b).

Pneumatic Viscoelastic Damping for Different Sound Wave Frequencies

Figure 7 shows the PVD values for different sound frequencies. At the specific fre-
quency of 150 Hz, the PVD showed a maximum value of +3.75% (green box) which
corresponds to an increased viscosity with respect to the baseline viscoelasticity (pink line).
In agreement with the data shown in Figure 5b, the maximum PVD value occurs for the
same sound frequency at which an increasing CH is observed. On the contrary, negative
values for PVD (red box in Figure 7) correspond to decreased CH values with respect to the
control baseline.
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Figure 7. PVD (%) mean values as a function of the sound frequency. Vertical red dotted lines show
the relative position of the mean PVD values with respect to the baseline viscoelasticity. Green and
red boxes indicate the maximums positive and negative minimums PVD values, respectively.

3.3. Shape and Biomechanical Stability during Cornea and Acoustic Wave Interactions

The previous sections showed how the application of acoustic pressure by means of
our proposed acoustic wave generator can alter the corneal shape at a microscopic scale
and modify its biomechanical properties. This raises the question of whether these changes
remain stable over time or whether they fluctuate randomly. To address this question,
we conducted four consecutive measurements on a volunteer while applying the specific
frequency of 150 Hz using both Scheimpflug imaging and the ORA analyzer. The results of
these measurements are presented in Figure 8.

84



Optics 2023, 4

CCT (um)

585

584

582 F

17.0
() (b)
3
= 16.5 F i Y3 o
= ] E - | -] :E
b= G B = Z £
v, ACC lma‘ =3 pm EC 160 £ & E -
= — e | ~ v,
. i1 E v v v -
' - ' E 155 F — - . .
>
£ £ £ 1€ 0| ‘ @ @
2 - 8 8
2 2 2
’ g « AIOP,,,. =3 mmHg
T T T 14.0 . 4 T
1 2 3 4 1 2 3 4
Number of measurements Number of measurements

Figure 8. Sequential CCT and IOP measurements in one volunteer at the same experimental
conditions (acoustic generator operating at 150 Hz and 1 Vpp). (a,b) Horizontal black lines represent
the reference bands for the experimental values (central, upper and lower correspond to mean and
control lines for a standard deviation error of +1%, respectively). ACCTmax and AIOPmax are the
maximum variation found for CCT and IOP values, respectively.

4. Discussion and Conclusions

The corneal shape and transparency are related to biomechanical properties, and the
elastic component plays a dominant role [31]. Based on the corneal pneumatic tonometry
concept [29], we developed a clinically orientated instrument to deliver acoustic waves to
the corneal plane by combining a function/arbitrary waveform generator and a wide-range
subwoofer mounted in a vertical orientation. The system was first calibrated via placing
a digital sound meter at the position at which the corneal apex should be aligned. Sinusoidal
signals at two different peak-to-peak amplitude voltages (1 and 2 Vpp.) were generated
within the range frequency of 50-350 Hz (50 Hz step), obtaining a maximum sound pressure
around 90 dB (see Figure 1) at the maximum frequency (350 Hz).

As a proof of concept, we tested the instrument on six healthy volunteers in a lab-
conducted experiment. In the experimental set up, two commercially available ophthalmic
devices were employed to establish a set of measurements of biomechanics and corneal
biometry using the Ocular Response Analyzer (ORA, Reichter) and dual Scheimpflug
tomography and Placido topography (Ziemer Ophthalmic Systems, AG) systems.

Previously to our work, Akca et al. [25] reported the observation of three corneal
vibrational modes using sound waves within the frequency range of 50-400 Hz in ex vivo
bovine ocular globes. They found a vibration amplitude of ~8 um for a fundamental mode
in the range of 80-120 Hz and at the sound pressure level of 100 dB.

In our work, we delivered acoustic sinusoidal acoustic waves in the frequency range
of 50-350 Hz (1 Vpp. amplitude) and a 90 dB pressure level at the living human cornea,
using a custom corneal acoustic waveform generator (see the description in Section 2.1).
Corneal changes were visualized using a dual Scheimpflug camera and Placido rings
analyzer and an Ocular Response Analyzer to monitor the corneal structure and
biomechanics, respectively.

We found a reduction in the central corneal thickness of 7.33 pm at the sound frequency
of 150 Hz together with a flattening of the corneal eccentricity of 0.058 (e?) (see Figure 3).
These results are visualized in the elevation maps shown in Figure 4. The application
of acoustic waves can then induce measurable axial deformation in the cornea that is
consistent with the results of Akca et al. [25] in ex vivo corneas.

On the one hand, the application of acoustic waves induces an IOP decrease (on
average) from 18.5 = 0.71 to 14.9 + 3.27 mmHg at a sound frequency of 150 Hz; this
induced change is within the reported physiological transient variations in the IOP [32,33].
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In this sense, corneal hysteresis (CH) reacts to elevated IOP levels, rendering the tissue
more elastic and reducing the viscous component; this alteration in CH due to an elevated
IOP is considered a biomarker of glaucoma disease [27]. Agarwal et al. [34] evaluate the
relationship between the IOP and CH before and after applying prostaglandin analogue
therapy in 57 patients with glaucoma; they found a correlated reduction in the IOP of 18.8%,
with increased CH in 5.2%. Our results showed an IOP reduction of 19.46% and an increase
in CH of 3.5% during acoustic pressure application with respect to the baseline reference
values (see Figure 5), which are in agreement with those reported by Agarwal et al.

On the other hand, Herndon et al. [35] compared the CCT values in normal and hyper-
tensive eyes; they found significantly greater CCT values in normal eyes compared with
those of ocular hypertension patients. In addition, the positive linear correlation between
the CCT and IOP was demonstrated by Wei et al. [36] in a healthy young population, so
a decrease in IOP implies a reduction in CCT. In good agreement, our results showed a re-
duction in CCT of 1.16% as a consequence of the decrease of 18.8% in IOP as a consequence
of acoustic pressure application at 150 Hz.

Finally, the pneumatic viscoelastic damping (PVD) concept was introduced as the
adaptive capability of the human cornea to modify its viscoelasticity by modulating the
elastic and viscous components when low-magnitude external forces are loaded, such as
sound wave pressures. We found two specific sound frequencies at which both scenarios
occur: at 150 Hz, PVD showed positive values that correspond to a mean increase of +0.40
in CH and maximum corneal deformation (see Figure 3), consistent with an increased
viscous component. On the contrary, at 250 Hz the PVD turned into negative values that
are (as described in Section 2.3.3) related to an increased elastic component.

These preliminary results suggest that the corneal shape and biomechanical alterations
due to sound wave pressure depend not only on the minimum pneumatic load to interact
with the tissue but also on the specific oscillating frequency.

To conclude, we present a new and versatile system to generate acoustic waves
for corneal applications. As a proof of concept, the system was tested on six volun-
teers, delivering a maximum sound pressure of 90 dB of sinusoidal acoustic waves at
the range of 50-350 Hz (50 Hz step size). At the given frequency of 150 Hz, we found
corneal deformation and changes in both IOP and CH that are consistent with those in
the reported literature. Therefore, the application of acoustic waves allows us to mod-
ify the corneal biomechanics and the structure of the cornea in physiological transient
physiological variations.

The main limitations were the small size of the sample, which did not allow the whole
statistical analysis of the results, although the main goal was to demonstrate a proof of
concept of biomechanical response in the human cornea’s interaction with acoustic waves.
The exposure time to sound waves was 10 s per measure to ensure continuous acoustic
pressure before, while, and just after Scheimpflug and air-puff tonometry measures. The
upcoming clinical study will include larger sound pressure exposure times to track whether
changes in corneal biomechanics occur due to the time-dependent properties associated to
the viscous damping nature of the human stroma. Future work will include a clinical study
in a large population as a function of age and pathological conditions such as hypertensive
and glaucomatous eyes, including contact lens wearers, and patients undergoing refractive
surgery and minimally invasive glaucoma surgery. Those future steps will allow us to
investigate changes in PVD over time.
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Abstract: Corneal biomechanics is a hot topic in ophthalmology. The biomechanical properties (BMPs)
of the cornea have important implications in the management and diagnosis of corneal diseases
such as ectasia and keratoconus. In addition, the characterization of BMPs is crucial to model the
predictability of a corneal surgery intervention, the outcomes of refractive surgery or the follow-up
of corneal diseases. The biomechanical behavior of the cornea is governed by viscoelastic properties
that allow, among other structural implications, the damping of excess intraocular pressure and
the reduction of damage to the optic nerve. Currently, the most versatile and complete methods to
measure corneal viscoelasticity are based on air-puff corneal applanation. However, these methods
lack the ability to directly measure corneal viscosity. The aim of this work is to propose a new
methodology based on the analysis of corneal air-puff measurements through the standard linear
solid model (SLSM) to provide analytical expressions to separately calculate the elastic and time-
dependent (corneal retardation time and viscosity) properties. The results show the mean values
of elasticity (E), viscosity (I]) and corneal retardation time (7) in a sample of 200 young and healthy
subjects. The influence of elasticity and viscosity on viscoelasticity, high-order corneal aberrations
and optical transparency is investigated. Finally, the SLSM fed back from experimental E and 1] values
is employed to compare the creep relaxation response between a normal, an ocular hypertension
patient and an Ortho-K user. Corneal biomechanics is strongly affected by intraocular pressure (IOP);
however, corneal hysteresis (CH) analysis is not enough to be employed as a risk factor of glaucoma
progression. Low values of CH can be accompanied by high or low corneal elasticity and viscosity
depending on the IOP threshold from which the time-dependent biomechanical properties trends
are reversed.

Keywords: corneal biomechanics; standard linear solid model; corneal viscoelasticity; corneal
elasticity; corneal viscosity; corneal retardation time; ocular hypertension; Ortho-K; ocular response
analyzer; corneal Scheimpflug imaging

1. Introduction

The hierarchical architecture of the cornea is responsible for the structure and trans-
parency due to its collagen-based lamellar organization [1,2]. X-ray scattering has revealed
how the molecular collagen fibrils provide the mechanical properties of corneal tissue [3].
In particular, the spring-like and viscous crimp mechanisms are governed by the micro-
and nanoscale collagen structure. The elasticity of the cornea is enabled by the springs that
straighten the supramolecular torsion of tropocollagen, while the viscosity responds to a
curling mechanism of the fibrils [4]. In this sense, the cornea exhibits a viscoelastic nature
with differentiated elastic and time-dependent (viscous) properties.

Biomechanical properties (BMPs) of the cornea can be understood as the dynamic
response of the cornea to applied external forces [5]. BMPs have revolutionized the anterior
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chamber subspeciality in ophthalmology, allowing powerful competition in the progno-
sis and diagnosis of surgery treatments [6] and corneal diseases [7], respectively. The
main methodologies for in vivo assessment of corneal BMPs are based on air-puff tonome-
try [8], elastography [9] and Brillouin microscopy approaches [10]. The most widespread
approaches include the ocular response analyzer (ORA) [11] and corneal Scheimpflug
visualization (Corvis-ST) [12], which consist of corneal applanation tonometry and provide
the estimation of viscoelastic parameters and measurements of intraocular pressure (IOP).

Brillouin scattering allows the longitudinal modulus to be quantified from the analysis
of the Doppler Brillouin frequency shift [13]. This technique has successfully character-
ized biomechanical differences between normal, keratoconic and post-refractive surgery
corneas [14] due to its ability to observe mechanical anisotropy of the cornea [10].

Elastography methods include magnetic resonance imaging, ultrasound elastography
and the emerging optical coherence elastography [9], which provides micrometric scale mea-
surements of corneal stiffness and structural properties. In this sense, our group recently
reported a promising tool based on a sound pressure generator for in vivo observation of
the biomechanical response of the cornea to low-frequency acoustic waves [15].

The methodologies mentioned above are in progress on how to perform a rapid non-
invasive biomechanical assessment of the cornea with sufficient spatial resolution to also
provide reliable structural information. Obtaining accurate measures of biomechanical
parameters is essential for the reliable predictability of mathematical models that reproduce
the behavior of the cornea under normal and pathological conditions.

Under conditions of transient stress, the human cornea behaves as a viscoelastic
material [16]. Various methods have been used to mathematically model the viscoelastic
nature of the human cornea, particularly the Kelvin-Voigt, Maxwell and standard solid
models [17].

Glass et al. proposed a modified Kelvin-Voigt model to evaluate the effect of elastic and
viscosity properties on hysteresis (measure of the viscoelastic damping of the cornea [18])
in a corneal phantom [19]. Su et al. proposed a hyper-viscoelastic approach combining the
Mooney-Rivlin hyperelastic and modified Maxwell models for the specific simulation of
trephine and suture in corneal surgery [20]. Whitford et al. developed the first constitutive
model for corneal viscoelastic representation by combining complex anisotropy, shear
stiffness and fibrillar collagen density [21].

Recently, the standard solid model was proposed for the simulation of thermovis-
coelasticity of the human cornea [22] due to its reasonable predictability for loads applied
to the cornea on a constant or transient basis.

The study of corneal biomechanics through mathematical models achieves greater
robustness if feedback with experimental data (or at least derivable from experimental
measurements) is possible.

The aim of this work is to introduce a new methodology based on the analysis of
air-puff corneal applanation measurements and corneal Scheimpflug imaging with the
three-element standard linear solid model (SLSM) to provide experimental analytical
expressions to calculate separated elastic and time-dependent (i.e., viscous property and
corneal retardation time) of the human cornea in vivo.

2. Materials and Methods
2.1. Participants

Two hundred young healthy volunteers participated in the study (mean age
21.07 & 3.13 years old). None of them had a diagnosis of glaucoma or hypertensive oc-
ular disease or had undergone refractive surgery. In addition, a patient diagnosed with
ocular hypertension (intraocular pressure 24.8 mmHg) and an Ortho-K contact lens
user were recruited to compare normal response from their variations in biomechanical
properties in tensile creep relaxation tests. The motivation to include a comparison
with these two types of patients was the growing concern regarding glaucoma disease
and to explore the biomechanical complications of orthokeratology.
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This study was reviewed by an ethical review board (Ethical Committee of Research
of the Health Sciences Institute of Aragon, Spain. Reference C.P.-C.I.P120/377) according to
the tenets of the Declaration of Helsinki. All participants were informed about the nature
and risks of the study and signed an informed consent document.

2.2. In Vivo Corneal Assesstnent: Geometrical, Optical and Biomechanical Corneal Parameters

The Galilei dual Scheimpflug analyzer (Galilei G2; Ziemer Ophthalmic Systems AG,
Port, Switzerland) and the ocular response analyzer device (ORA, Reichert Instruments,
Depew, NY, USA) were used to measure geometrical and optical (optical density and
corneal aberrometry) corneal parameters and provide a biomechanical assessment of the
living human cornea. Table 1 summarizes the description of the parameters as a function
of the employed technology.

Table 1. Geometrical (Reor, CCT), optical (OD, SA, trefoil and coma) and biomechanical parameters
(IOP¢c and CH) measured for morphometric, optical and biomechanical corneal assessment.

Parameter [Units] Technology Description
Rcor (mm) Dual Scheimpflug analyzer Mean corneal radii
2:Xcor (mm) Dual Scheimpflug analyzer ~ Corneal applanation diameter
CCT (um) Dual Scheimpflug analyzer Central corneal thickness
OD (n.u) Dual Scheimpflug analyzer Optical density
SA (nm) Dual Scheimpflug analyzer Spherical aberration
Trefoil (um) Dual Scheimpflug analyzer Trefoil term
Coma (pm) Dual Scheimpflug analyzer Coma term

Corneal-compensated

IOPe: (mmHg) e intraocular pressure

CH (mmHg) ORA Corneal hysteresis

The measurements were carried out at the visual optics laboratory of the University
of Zaragoza (Spain) by an experienced clinical optometrist. All data were incorporated
into an Excel database without including more personal data than the date of birth and
an identification code. Graphical representations and numerical simulations were carried
out using Origin Lab software 2024b (Origin Lab Corp., Northampton, MA, USA) and
Matlab2019b (the MathWorks Inc., Natick, MA, USA) programming language.

2.3. The Three-Element Standard Linear Solid Model

Figure 1 shows the three-element standard linear solid model (SLSM) [23], which is
obtained by adding a spring series with a Kelvin—Vogt (KV) unit (blue box in Figure 1).
The KV model consists of a spring coupled in parallel with a dash pot that represents the
viscoelastic component of the model. E is the elasticity of the springs, I is the viscosity of
the dash pot, o is the applied stress (or external load) and ¢ is the strain, respectively. The
third element consists of an extra spring (E;) that forms the purely elastic behavior of the
system. In the three-element SLSM, the Kelvin-Voigt representation is used to distinguish it
from the Maxwell representation. The model is oriented in the plane of the corneal lamellae,
where the air pressure from the tonometer is perpendicular to our viscoelastic model with
3 elements. In this orientation, the model aligns with the forces generated in the lamellae
and represents the elongation and shortening of the lamellae as the wall stress in the cornea
changes during measurement.
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g, =E,&,

el ® Kelvin-Voigt unit

=g TEs

Figure 1. Representation of three elements of the standard linear solid model. E, I, o and € correspond
to elasticity, viscosity, applied stress and induced strain, respectively.

From the Figure 1, the equations for the SLSM are [23]:

(7'=0'1+0'2

g = E1€1

7 = Exe2 (00]
o2 =12
£=¢€1+é&

where ¢ is the stress rate. The constitutive law for the SLSM is given by [23]:

N . E1-Ep Ein .
= 2
U+(E1+EZ)U (El+Ez)E+(El+Ez)E @

Assuming the cornea to be axisymmetric, a single elastic constant should govern the
corneal behavior, so we can identify Eq = E; [19]. Consequently, the constitutive law for the
standard solid model can be written as:

(o= (5) e+ ()

In addition, the cornea is considered an isotropic spherical membrane with constant
thickness and the load on the cornea is assumed to be uniform. If the SLSM is loaded
(considering a step function for the stress o), the response is given by solving the differential

equation (Equation (3)):
wf B
£(t)=00{%+%(1fe (n)t)} 4)

Notice that, immediately after applying the load stress, the strain will be entirely from
the lone spring (E1). Thus, in fact, £(0) = og/E.
When the stress is removed, the absence of load (o = 0) reduces the constitutive law to:

(e
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and the relaxation response is:
= E
] = t;:oe (n)t<e(n)r,, _ 1) ©

where the time t begins at the zero load event at which the stress is applied. The point
at which the stress is removed is given by t,. Then, Equations (4) and (6) can predict the
response of the model (strain) under stress given the values for elasticity and viscosity. The
next section attemps to develop analitical expressions for the calculation of E and 1] from
air-puff corneal applanation measurements.

2.4. Experimental Calculation of Elastic and Time-Dependent Biomechanical Properties

The ORA device provides invaluable mechanical information beyond the CRF, CH
and IOP parameters provided by commercial software. Figure 2a shows a representative
measurement showing both signals corresponding to the force of the air jet applied to the
cornea and the deformation monitored by electro-optical detection. The red waveform
shows two peaks (P1 and P2) representing the first and second applanation events as
the cornea moves inward and outward, respectively. The green Gaussian-shaped curve
corresponds to the delivered pressure and is responsible for the forward and backward
corneal displacement phases. At the moment of maximum corneal deformation, the
Gaussian reaches maximum peak.

Aiir pressure

b, | I @

______________ [

. O (aPz)?‘\'Q 20T, First applanation Relaxation state
i, Y ”
[ARN

=Pl el

Applanation/pressure
signal (a.u)

Time (ms)

Figure 2. (a) Representation of the ocular anterior chamber during air-puff tonometry. Sy and
Reor correspond to the sagitta of the area of air jet application and corneal curvature radius before
applanation. (b) At the first applanation event, Sapp = —Sp. The diameter of the area of applanation if
given by 2-Xcor. () Representation of the applanation/pressure signals during air-puff tonometry
ORA measurement. P1, P2, CH, o(ap;) and 0 (ap,) are the first and second applanation pressures,
corneal hysteresis and first and second pressure rates at the moment of the two applanation events,
respectively.

In this sense, Figure 2b represents the first applanation event, where the applied stress
(op1) on the anterior corneal surface is given by [19]:

Pr,l 'Rcor

M = SCCT @

where Reor and CCT are the original corneal radius and central corneal thickness, respec-
tively. Pr ; is the resulting pressure in the first applanation event [24]:

P.1 = P; 4+ P4 — IOP ®)

where Py, Pyt and IOP are the first applanation pressure, the tear film surface pressure and
the intraocular pressure, respectively. Once the measurement is completed, the cornea
returns to its original state and shape (Figure 2c).
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The air jet applies stress on a total corneal diameter of 2-X¢or, which subtends an arc
length in the relaxed state, Leor [19]:

Leor = 2-CCT {sin’l (%)] ©)

When the cornea is completely applanated (i.e., corneal sagitta is Sapp), Leor = Laatt
=2 - Xcor, then the induced strain (gg,;) by the applanation pressure P; can be calculated
from Equation (4) [19]:

Lcor & Lﬂatt s Xcor
Leor CCT-sin™ (%)

Eflatt = o | (10)

Once the values for stress op; and strain g,y for the first applanation are known,
corneal elasticity can be calculated:

e B a1)
Eflatt

On the other hand, the corneal retardation time T is the time in which about 63% of the
final corneal strain is determined [25,26]. This metric would measure the cornea’s ability to
absorb IOP fluctuations. Recently, our group developed a theoretical method to derive a
practical expression for this parameter [27] once the applanation pressures (P; and P;) and
their first derivatives are known (please, see again Figure 2a):

2CH

= Tolan)] + o] =

The accurate method to determine the applanation pressures is performed via the two
ORA characteristic curves: the applanation signal (corresponding to the IR light that is
reflected off the surface of the cornea during perturbation) and the pressure amplitude
(please, see again Figure 2a). The last curve can be fairly fitted by a Gaussian profile with
a high confidence level (0.985 < R? < 0.997 in all cases) [27]. Then, the applanation signal
provides the two applanation pressures P and P; (via the sharp peaks in both panels),
whereas the derivatives of the applanation pressures ¢(apy) and o(apz) can be analytically
evaluated from the first derivatives of the fitted Gaussian profile.

Once the time-dependent parameter T is computed, the corneal viscosity can be easily
obtained by the following expression:

: GPI'CH
Eﬂatt'(|‘~7(“Pl)| 7t |d(“P2)|)

b = =8 (13)

2.5. Statistical Analysis

Experimental data are stored in an Excel spreadsheet and then migrated to Origin Lab
software 2024b (Origin Lab Corp., Northampton, MA, USA) for statistical analysis and
graphical representations. Statistical analysis consists of Spearman rank order correlation
and regression analysis. Data shown in Figure 4 are modeled by a piecewise 2 segment
linear regression for which the threshold values correspond to the point of discontinuity
obtained as a result of the regression analysis. Limits of agreement and confident bands are
used to quantify the agreement between the given parameters in graphical representations.
Statistics is performed using the advanced statistical tool from Origin Lab software.

3. Results
3.1. Efect of IOP on Elastic, Viscoelastic and Viscous Properties of the Cornea

The aim of this section is to investigate how fluid pressure within the eyeball impacts
corneal biomechanics due to its relevance to glaucoma disease [28]. Table 1 shows the repre-
sentative mean values of IOP, geometric and biomechanical parameters for all participants

95



Photonics 2024, 11, 524

7of 16

in this study. Elasticity, tau and viscosity are calculated using Equations (11), (12) and (13),
respectively.

Figure 3 represents CH as a function of the IOP. As the intraocular pressure increases,
the ability of the cornea to absorb and dissipate excess mechanical energy reflects a decrease
in CH measurements, with a significant negative correlation (R? = —0.49, p < 0.001).

14} . Data 4
e Linear fit

e 95% Confidence Band
— 95% Prediction Band

CH=-0.24*I0P+13.76 .
o[ R2=-0.49 ]
P<0.001
10 12 14 16 " 18 20 22 24

IOP (mmHg)

Figure 3. CH as a function of the IOP. for all participants involved in the study. The blue line
corresponds to the best linear fitting of the negative correlation found between both variables.

Figure 4 shows the experimental values for elasticity (Figure 4a) and viscosity (Figure 4b)
of the human cornea as a function of the IOPc. The results show piecewise linear behavior
with statistical correlations of R? = 0.81 (p < 0.0001) and R? = 0.80 (p < 0.0001), respectively.

Elasticity (KPa)
= (-} o

T T T 20 T T
orP,,
14 0P @ v 10P,, ] @ v
MiR| | e Regression = Regression
—— 95% Confience Band 15 e 95% Confidence Band
w— 5% Prediction Band ] w—95% Prediction Band
=z
%
& 10 |
£
>z
s sf
=2
. =
0 R2=0.81 0} R2=0.80 1
p <0.0001 (a) p <0.0001 or,| (b)
6 12 14 16 18 20 22 24 6 8 10 12 14 16 18 20 22 24

I0P (mmHg) 10P (mmHg)

Figure 4. Elasticity (a) and viscosity (b) as a function of the intraocular pressure. The blue lines
correspond to the piecewise linear fitted intervals. The green and blue boxes indicate the minimum
(IOPpyin) and maximum (IOPpax) IOP of the intervals separated by the IOP threshold (IOPy).

The two-segment linear regressions for E and 1] are given by experimental fitting
expressions 14 and 15. We find a threshold IOP value (IOPy) of 14.45 mmHg, for which
the intervals are defined. For IOP values less than 14.45 mmHg, the elastic and viscous
components of the cornea are negatively correlated, i.e., elasticity and viscosity decrease
as the IOP increases up to IOP,. However, for IOP values higher than IOP, the trend is
reversed and both elastic and viscous properties increase as a function of IOP.
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9.33-(I0P,, —IOP) 4 0.21-(IOP— 0Py

E(IOP) = { ,1.10p iolg‘f’ﬁ?{)'é“bﬂlomop y o D (14)
2 {JORja 10T 4 JOP, < IOP < TOPyax
14.33-(I0Py —TOP)+0.47-(IOP—IOPyin)

— ( ]OPHOmen , IOP i, < IOP < IOP, (15)
0.47~(]OPMAf(O—IJhCA)PI\’)Zir;)gltz;(l()P—IOPu)’ IOP, < TOP < IOPygax

3.2. Retardation Time as a Biomechanical Behavior Threshold: Role of Elasticity and Viscosity on
Corneal Viscoelasticity

Corneal retardation time (7) has been reported as a good biomarker of corneal vis-
coelasticity [26], which, in collusion with the CH parameter, provides combined information
regarding elastic and viscous properties. At this point, it is crucial to ask a fundamental
question: what is the elastic response of the cornea when its viscoelastic behavior changes?

Figure 5 shows the elasticity calculated from all subjects as a function of the retardation
time (7). The elastic property of the cornea shows an almost symmetric behavior around
a given value of the retardation time Ty = 1.22 ms. For those corneas characterized by a
retardation time less than 1.22 ms, elasticity decreases as viscoelasticity increases. However,
an inverse behavior is observed for values of Ty > 1.22 ms.

16 T T T T
14 Data .
12 £ -~ Regression 3
= —— 95% Confidence Band
a 10 F =~ 95% Prediction Band 3
< . _
£ 6
£
g 4f -
=
2 E
0 - -
! \ I
0.6 0.8 1.0 12 1.4 1.6 1.8

Tau (ms)

Figure 5. Elasticity as a function of the retardation time. The red dotted line indicates the threshold
retardation time (Ty) separating the trend intervals.

From the data observed in Figure 5, there appears to be a threshold in the retardation
(Ty) time, beyond which the elastic behavior of the cornea is reversed. To understand
the influence of this threshold on the evaluation of viscoelasticity, Figure 6 shows the
influence of the elasticity and viscosity on corneal hysteresis for values of Ty < 1.22
ms (Figures 6a and 6b, respectively) and for values of retardation time greater than Ty
(Figures 6¢ and 6d). For retardation times less than 1.22 ms, both the viscosity (Figure 6a)
and elasticity (Figure 6b) components contribute to an increase in corneal hysteresis with
parabolic correlation (R? = 0.60 and R? = 0.59, respectively). However, an interesting phe-
nomenon is observed for corneas exhibiting retardation times larger than 1.22 ms. If corneal
viscosity (Figure 6¢) or elasticity (Figure 6d) increases, the viscoelasticity measured by the
CH parameter decreases, with a statistically significant negative linear trend (R? = —0.66
and R? = —0.14, respectively). It is worth highlighting that, while for Ty < 1.22 ms, the
corneal hysteresis shows a similar dependence on viscosity and elasticity, for retardation
times greater than Ty, the main contribution to viscoelasticity comes from the viscous
component.
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CH (mmlig)

CH (mmilg)

R?=0.60

P<0.001

W R¥=059 ,

£ ''P<0.001

5 T<7y,
o

T> 1Ty

CH (mmlig)

10 2 6 8 10 1”2

Viscosity ( Pa*s) Elasticity (KPa)

Figure 6. CH as a function of viscosity (a) and elasticity (b) for retardation time values below the
thresold (ty) and CH versus 1) (¢) and E (d) for suprathreshold T values.

3.3. Influence of Elasticity and Time-Dependent Parameters on Corneal Optical Properties

The ultrastructure of the stromal lamellae (formed by type-I collagen fibrils) is respon-
sible for corneal optical transparency [3]. In addition, the three-dimensional architecture at
the microscopic level has an important implication for the corneal biomechanics [5]. In this
sense, this section studies the influence of elasticity and time-dependent corneal properties
on both corneal transparency (quantified by optical density measures) and high-order
corneal aberrations.

Table 2 shows the representative mean values of optical density (OD), spherical
aberration (SA), trefoil and coma terms of the study sample.

Table 2. (a) Mean values (+standard deviation) for the corneal-compensated intraocular pressure
(IOP¢), central corneal thickness (CCT), corneal radius (Rcor), corneal hysteresis (CH), elasticity (E),
viscosity (I) and tau (1) parameters. (b) Mean values (+ standard deviation) for the OD, SA, trefoil
and coma of all participating subjects.

(a)

10E (muntg) (i(nf) e (mglizlg) Rl e e
16.51 +2.32 555.75 +29.49  7.89 +0.30 978+ 116 344+267 3.57+239 112 +£0.13
(b)
OD (pd/um) SA (um) Trefoil (um) Coma (um)
0.034 £ 0.004 —0.15 = 0.08 0.19 £0.13 027 £ 0.14

Figure 7 shows the relationships found between viscosity and corneal optical density
(OD). Optical density increases moderately with viscosity (R = 0.28) (i.e., optical trans-
parency decreases as viscosity increases). No relationships are found between elasticity
and optical density.
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P<0.001
0.040 |

0.045 +
g 0.030 f
0.025 |

0.020
s 95% Confidence Band

95% Prediction Band

0.015 v ; :
0 2 4 6 8 10

Viscosity (Pa * s)

Figure 7. Optical density values as a function of the viscous component. Green lines correspond to
the statistical linear fitting (R? = 0.28, p < 0.001).

With respect to corneal optical imperfections measured by high-order aberrometry,
Figure 8 shows the correlations found between elasticity and retardation time with the coma
term. The data shown in Figure 8a indicate how increasing corneal elasticity correlates
(R? = —0.23) with a descent in the amount of coma term. On the contrary, longer retardation
times are related to an increase in corneal coma (Figure 8b).

10 = T 1.0
R = _0. 23 ‘ Data ‘ Data
08 P<0.00 o Y RE FiSe
4 — 5% Prodicton Band — 5% Prodcton Band

o

o
o
o

Coma (pm)
o
ESN

Coma (jum)
(=]
-

e

o
o
o

0.0

e
=}

0 2 4 6 8 10 12 0.8 1.0 12 14
Elasticity (Kpa) T (ms)

Figure 8. Coma high-order term as a function of elasticity (a) and corneal retardation time (b). Red
lines correspond to the best linear fittings of the data.

3.4. Creep Relaxation Response of the Human Cornea as a Function of Elasticity and Viscosity

Once the elastic and time-dependent biomechanical properties of the human cornea
are experimentally derived from ORA measures and Scheimpflug imaging, the SLSM (see
Section 2.3) can be fed back from the experimental data for the simulation of creep and
stress relaxation behavior under real conditions. Table 3 shows the experimental values of
elasticity and viscosity for the representative mean value of our study sample, for an ocular
hypertensive patient and for a healthy user of Ortho-K contact lenses.
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Table 3. Elasticity (E) and viscosity (1)) for a normal cornea (mean value of 200 healthy subjects), for
an ocular hypertensive patient and a healthy Ortho-K contact lens wearer.

Normal

Cosnea Ocular Hypertensive Ortho-K User
E (Kpa) 3.44 13.23 3.13
Il (Pa-s) 3.57 8.62 3.47

The data shown in Table 3 are entered as inputs into the solid model to perform a creep
and stress relaxation response over a time of 10 s. The ocular hypertensive patient showed
a drastic increase in both elastic (+42.2%) and viscous (+82.85%) components. However, the
Ortho-K user experienced a slight reduction in E (—9.44%) and almost negligible variation
in 1 (—2.84%).

Figure 9 compares the creep relaxation test between a pathological eye and Ortho-K
contact lens wearer with the normal response of a population of 200 healthy young subjects.
In agreement with the mean values shown in Table 3, the Ortho-K wearer showed an almost
negligible relaxation response compared with normal corneas, while a slightly weaker
reduction is seen in the creep response. The ocular hypertensive patient showed a rapid
stabilization of the creep (Figure 9a) and relaxation curves (Figure 9b), with a significantly
reduced response compared with the normal representative curves (Figure 9, blue lines).

Creep response ion response
6 5
(a) —— Normal subject (b) s Normal subject
Ocular hypertensitve patient ) 45 s Ocular hypertensitve patient
Orto-K wearer j 4 Orto-K wearer
4
35
3
"
o
g 25
»

1
1 |
! 0.5
2

4 6 8 1 0 2 4 6 8 10
Time Time

Figure 9. Comparative creep (a) and relaxation (b) tensile tests for normal corneas (blue curve), an
ocular hypertensive patient (red curve) and an Ortho-K contact lens user (orange curve).

4. Discussion and Conclusions

We proposed a simple experimental methodology to obtain information on separated
elastic and viscous components from the viscoelastic properties of the living human cornea.
The results from the ocular response analyzer combined with geometric information from
corneal Scheimpflug imaging allowed us to calculate the corneal retardation time [24]
(), the corneal elasticity (E) and finally the corneal viscosity (1) from a large sample of
young subjects.

To the best of our knowledge, this is the first work presenting the experimental
derivation of viscous and elastic components from measurements of living human corneas
combining non-contact tonometry and Scheimpflug imaging. In addition, we presented
analytical expressions to calculate both elastic moduli and time-dependent biomechanical
properties of the human cornea.

The SLSM was employed here to model the human cornea and obtain the creep and
stress relaxation response from experimental data by solving the constitutive stress—strain
equation of the constitutive law for the loading and unloading conditions of the system.
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Biomechanical and geometric experimental data from ORA measurements and Scheim-
plug imaging were acquired from 200 eyes of healthy young subjects (See Table 1). From
these data, E (Kpa), T (ms) and 1] (Pa*s) were calculated.

Mikula et al. found a mean elastic moduli value of 3.05 Kpa through the axial cornea
measured using acoustic radiation force elasticity microscopy [29]. In agreement, we found
an average elastic modulus of 3.44 + 2.67 Kpa.

Rahmati et al. [30] conducted in-depth research into the biomechanics of keratoconic
corneas (KCs), focusing on the viscoelastic properties of both healthy and pathological
patients via a finite element optimization algorithm. Though this paper reported interesting
conclusions on corneal viscosity in KC patients, the main population of our work consisted
of healthy subjects (with one exceptional case of possible glaucoma). Moreover, the authors
described the corneal viscoelasticity via the shear deformation parameter, whereas the goal
of our research was to separate both viscoelastic contributions, that is, the elastic modulus
and viscous component at a time. Nevertheless, the study of biomechanical properties in
keratoconic corneas is a matter for future research by our group.

Francis et al. reported a methodology for obtaining corneal viscous properties by
analyzing the temporal corneal deflection signal from air-puff applanation in a large sample
of normal subjects and patients with keratoconus [31]. In particular, they analyzed the
deformation data using the standard linear solid and Kelvin-Voigt models. Unfortunately,
they did not detect a significant corneal viscous response of the cornea and concluded
that viscous properties cannot be computed from air-puff applanation. Our proposed
methodology allowed us to experimentally measure (and calculate analytically) the viscous
property of the human cornea in vivo; we found an average value for normal corneas of
357+ 239 [Pa - s].

The discrepancies between our study and that published by Francis et al. reside in the
adequate definition of a time-dependent biomechanical parameter that relates the viscosity
and elasticity, such as the previously reported corneal retardation time [27].

Considering that intraocular pressure (IOP) is the main clinically interesting force
affecting the cornea (and its implications on the optical nerve and glaucoma disease),
Figure 1 explores the influence of IOP on corneal hysteresis (CH). A negative correlation
was found between IOP and CH in accordance with previous studies [32-34].

Therefore, the higher the IOP, the lower the CH and, therefore, the lower the ability of
the cornea to dissipate and/or absorb energy from an excess of intraocular pressure.

In this sense, the influence of IOP on the separated elastic and viscous components is
analyzed in Figure 4.

A piecewise asymmetric linear behavior was found between 1OP, E and 1 for an IOP
threshold value of IOPy = 14.45 mmHg. A negative linear correlation between E and 1
with IOP was found for values of IOP lower than IOP,,. However, for intraocular pressure
measurements greater than 14.45 mmHg, both the elastic and viscous components of the
cornea increased with IOP.

This seemingly anomalous behavior can be better understood by analyzing the results
shown in Section 3.2. The corneal retardation had a limit of 1.22 ms, from which the corneal
elasticity reversed its behavior (Figure 5).

Considering the threshold value of T = 1.22 ms, we investigated the influence of
separated elasticity and viscosity on corneal hysteresis.

In 2008, Glass et al. [19] reported a methodology based on a viscoelastic model to
evaluate how the individual contribution of viscous and elastic components affected
corneal hysteresis (i.e., corneal viscoelasticity) in a corneal phantom. They concluded
that low hysteresis can be related to either low and high elasticity, depending on the
viscous component.

In agreement, our finding revealed that, for low values of retardation time, an increase
in both elasticity and viscosity implied a growth in CH. But, consequently, for retardation
times higher than 1.22 ms, the dependence of the elastic component on CH decreased and
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governed a clear correlation of viscosity with corneal hysteresis. As the viscosity increased
the CH decreased, with negative significant correlation.

Therefore, for corneal retardation times greater than 1.22 ms, the cornea showed a
predominant viscous behavior. That is, the cornea was capable of absorbing energy but lost
the ability to dissipate energy.

Optimal visual acuity is contingent upon corneal transparency. Corneal infections,
contact lens complications, chemical injuries or neovascularization are causes of corneal
opacification. However, corneal surgery for refractive error correction such as photorefrac-
tive keratectomy and accelerated cross-linking for the treatment of degenerative kerato-
conus can lead to permanent corneal opacification in healthy patients [35]. These last two
corneal surgery techniques involve a redistribution of corneal stiffness and biomechanical
remodeling.

In this sense, Section 3.3 analyzed the influence of elastic and viscous components on
corneal transparency quantified by optical densitometry measurements (corneal Scheimpflug
imaging). The results showed a linear dependence on the optical density (OD) but no statis-
tical relationship with elasticity (See Figure 7). Our findings revealed a decrease in optical
transparency (i.e., higher optical density) as the viscosity increased.

The results shown in Figure 8 are especially relevant for refractive surgery to better
understand how photorefractive laser ablation redistributes the corneal stiffness and how
this affects the appearance of higher order aberrations such as coma.

On the other hand, one-dimension tensile creep and stress relaxation tests are usually
performed to analyze the viscoelastic nature of the cornea [36,37]. SLSM allowed us to
simulate feedback creep relaxation tests from calculated experimental data. The creep and
relaxation responses of normal (mean value of 200 healthy subjects), ocular hypertensive
and Ortho-K contact lens user were compared. The patient with ocular hypertension
showed a drastically reduced response in both creep and relaxation responses compared
with normal eyes; however, the Ortho-K user showed a weak and reduced response in the
creep response only.

The results obtained in the creep relaxation tests can help to better understand the
management of glaucoma and the biomechanical impact of the use of Ortho-K contact
lenses for the temporal correction of ametropia.

Finally, it is necessary to emphasize why it is clinically revelant to obtain the separated
elastic and viscous components with respect to the viscoelastic measure. Elasticity and vis-
cosity properties arise from different mechanisms governed by the structural arrangement
of type-I fibrillary collagen at micro- and nanoscales. Low values of viscosity or elasticity
cannot be detected in hysteresis measures and results, as both properties play potentially
offsetting ways [19].

Then, let us supose that, under normal physiological conditions, the cornea exhibits
a compensatory biomechanical mechanism in which the product E*I] remains constant,
that is, viscoelasticity is balanced by the individual contributions of the viscous and elastic
components. In this sense, Figure 10a shows the product E*1 for a range of IOP between
10 and 22 mmHg. It can be seen that, for an IOP range located aproximately between 14
and 16 mmHg, E*1 is practically constant; however, outside that range, the trends are again
reversed according to the results previously shown. Green and orange boxes delimit pairs
of experimental values exhibiting a similar E*] product, which would be equivalent to
presenting equal measures of viscoelasticity.
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Figure 10. E*1] as a function of the IOP (a) and averaged values of E and I corresponding to the green
and orange boxes marked (b), respectively.

This would be a clinical disagreement, since the corresponding IOP values are at the
extremes of the range. However, if the viscoelasticity is separated into its main components,
the elastic and viscous parameters reveal significant differences that could be hidden in
viscoelastic measures. While the values of the green and orange boxes appear similar in
viscoelasticity (Figure 10a), the individual components of E and 1] reveal that the cornea
becomes more elastic and less viscous as a result of the intraocular pressure.

It is well known that the measure of viscoelasticity (corneal hysteresis) is not strongly
correlated to IOP [38]; a moderate correlation (R? = —0.49) was found in this study. Low
values of viscosity or elasticity cannot be detected in hysteresis measures, as both proper-
ties play potentially offsetting ways [19]. The improved outcomes of obtaining separated
measures of elasticity and viscosity are directly related to glaucoma patients; lower mea-
sured values of CH can be clinically interpreted as a risk factor of glaucoma damage [ref];
however, the elasticity or viscosity can be a stronger contribution with the progression
of glaucoma.

To conclude, we present a new methodology to experimentally calculate the separate
corneal elasticity and viscosity components of the viscoelasticity measurement by feeding
the standard linear solid model with experimental air-puff applanation tonometry and
corneal Scheimplug imaging.

Ocular biomechanics is strongly affected by intraocular pressure. Low values of
hysteresis should not be considered on their own as risk factors in glaucomatous optic
neuropathy; however, the behaviors of the viscous and elastic components should be
considered. For subthreshold IOP values of 14.45 mmHg, corneal hysteresis increases
with elasticity and viscosity. However, for values above the IOP threshold, low values of
viscoelasticity are related to an increase in the viscous and elastic components, with a clear
predominance of the viscous property. Results also show that changes in corneal optical
density and high-order aberrations can be reflected in both elastic and time-dependent
biomechanical properties.
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Abstract: Repeatable and reliable assessment of corneal biomechanics with spatial res-
olution remains a challenge. Vibrational Optical Computerized Tomography (V-OCT),
based on sound-wave elastography, has made it possible to investigate the natural resonant
modes of the cornea and obtain the elastic moduli non-invasively. This pilot study presents
a characterization of four corneal vibrational modes from aberrometric, geometrical, and
biomechanical approaches in the living human cornea of five healthy volunteers by com-
bining a corneal sound-wave generator, dual Placido-Scheimpflug corneal imaging, and
the Ocular Response Analyzer (ORA) devices. Sound-induced corneal wavefront aber-
ration maps were reconstructed as a function of sound frequency and isolated from the
natural state. While maps of low-order aberrations (LOA) revealed symmetric geometrical
patterns, those corresponding to high-order aberrations (HOA) showed complex non-
symmetric patterns. Corneal geometry was evaluated by reconstructing corneal elevation
maps through biconical fitting, and the elastic and viscous components were calculated by
applying the standard linear solid model to the ORA measurements. The results showed
that sound-wave modulation can increase high-order corneal aberrations significantly.
Two frequencies rendered the corneal shape more prolate (50 Hz) and oblate (150 Hz)
with respect to the baseline, respectively. Finally, both the elastic and viscous properties
are sensitive to sound-induced vibrational modes, which can also modulate the corneal
stress-strain response. The cornea exhibits natural resonant modes influenced by its optical,
structural, and biomechanical properties.

Keywords: corneal vibrational modes; sound-wave vibrometry; corneal aberrations;
corneal biomechanics; corneal viscosity; corneal elasticity

1. Introduction

Ocular biomechanics focuses on the dynamic response the cornea when an external
stress is applied [1]. This response, typically measured through air-puff corneal deforma-
tion, reflects the cornea’s elastic and viscoelastic properties [1,2]. The cornea’s intrinsic
biomechanical characteristics are determined by its extracellular matrix (corneal stroma),
which ensures optical transparency, mechanical stability, and tissue shape [3]. Factors such
as hydration levels [4], environmental conditions, metabolic influences [5], and age [6] can
alter these properties. Pathological and external factors, including increased intraocular
pressure (IOP) [7], contact lens wear [8], laser refractive surgery [9], or diseases like kerato-
conus [10], glaucoma [11], and corneal ectasia [12,13], can further disrupt the biomechanical
stability of the cornea.
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Given the critical role of corneal biomechanics in ocular health, various tools have
been developed to assess these properties. Among the most widely used are the Ocular
Response Analyzer (ORA; Reichert Technologies) and the Oculus Corvis ST (OCULUS
Optikgerate GmbH), both of which employ non-contact air-puff tonometry. The ORA
measures corneal viscoelasticity [14,15] through corneal hysteresis (CH), a parameter that
has been extensively studied as a biomarker for glaucoma [16,17], Fuchs’ dystrophy [18],
and biomechanical changes in keratoconus and post-LASIK patients [19]. Meanwhile, the
Corvis ST combines tonometry with high-speed Scheimpflug imaging, offering dynamic
parameters that have been applied to studying keratoconus [20,21], orthokeratology [22],
dry eye [23], and myopia-related biomechanical alterations [24].

Although these devices provide rapid assessments, they do not directly measure
intrinsic biomechanical properties. Computational modeling, such as the viscoelastic
models proposed by Glass et al. [25], has been employed to infer these properties from
the devices” measurements. Recently, our group proposed a methodology based on ORA
measurements and the standard linear solid model to derive distinct analytical expressions
for elastic and time-dependent biomechanical parameters, including retardation time and
viscosity [26].

Emerging technologies, like elastography imaging, have also gained prominence
in biomechanics. Optical Coherence Elastography (OCE) provides spatially resolved
measurements of the elastic modulus by analyzing the propagation of mechanical shear
waves [27-29]. However, these measurements can be influenced by factors like corneal
curvature, thickness [30], intraocular pressure [31], and even systemic variables such as
heartbeat and respiration [32], potentially leading to inaccuracies.

This study aims to build on this foundation by investigating the biomechanical re-
sponse of the living human cornea under acoustic stimulation. Specifically, we seek to char-
acterize changes in wavefront aberrometry, corneal geometry, and stress-strain responses
across four vibrational frequency modes (50, 150, 250, and 350 Hz). By integrating these find-
ings, this work provides new insights into the dynamic behavior of corneal biomechanics,
offering potential advancements in the diagnosis and treatment of biomechanical disorders.

2. Materials and Methods
2.1. Subjects

Five healthy Caucasian participants (35 + 10 years old) were recruited to participate
in the study. Measurements were performed at the Vision Sciences Laboratory of the
University of Zaragoza (Zaragoza, Spain). Exclusion criteria included elevated intraocular
pressure (IOP), glaucoma, contact lens wearers, and patients undergoing refractive surgery
or corneal complications that could alter measurements results. Demographic information
is shown in Table 1.

Table 1. Demographic information of the cohort studied. N: number of participants; std: standard
deviation; IOP: intraocular pressure.

Demographic Information (N = 5)

Male/female 2/5
Age (mean = std) 35+10
Ethnicity Caucasian
Ophthalmic History Not found
Medical History Not found
IOP (mean + std) 15.32 4+ 2.94 mmHg
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The present study was conducted in accordance with the Declaration of Helsinki
and approved by the Ethics Committee of the Health Sciences Institute of Aragon, Spain
(protocol code: C.P.-C.I. P120/377; date of approval: 14 July 2020).

2.2. Experimental Measurements

A corneal acoustic wave generator [33] was used to obtain geometric, biomechani-
cal, and total corneal wavefronts for four different sound frequencies from a sine wave
signal applied at a maximum pressure of 90 dB. These sound frequencies were 50, 150,
250, and 350 Hz. Commercial dual Placido-Scheimpflug imaging (Galilei G2; Ziemer
Ophthalmic Systems AG, Port, Switzerland) and the Ocular Response Analyzer (ORA,
Reichert Instruments, Depew, NY, USA) devices were used to obtain the data summarized
in Table 2.

Table 2. Summary of experimental parameters required for wavefront aberration, geometrical, and
biomechanical analysis, the information provided, and the instrument from which they were acquired.

Parameter Information Instrument

el comthienss lmode sorther) Corneal wavefront aberrometry ~ Galilei G2

[pm]
Pupil aperture [mm] Arean:)efatifrzvne:;/:{ront Galilei G2
Q-factor Corneal asphericity Galilei G2
Flat R; [mm] Flat corneal radius Galilei G2
Steep R, [mm] Steep corneal radius Galilei G2
CH [mmHg] Corneal hysteresis ORA
CRF [mmHg] Corneal resistant factor ORA
IOP [mmHg] Intraocular pressure ORA

2.3. Wavefront Analysis

Corneal Zernike coefficients were obtained from the Galilei G2 measurements for 6 mm
of corneal zone (aperture), and those mode number were used to reconstruct wavefront
aberration (WA) maps as a function of sound frequency using Equation (1).

00 n
WAp,0) =Y Y. i x Z(p,6) M)
n=0m=—n
Equation (1) represents the corneal wavefront aberration in the Zernike polynomial
expansion according to the Optical Society of America (OSA) standards [34]. Here, Z} and
cj and are the Zernike modes and coefficients, respectively. The subscript n and superscript
m correspond to the radial order and angular frequency. Figure 1 shows a representation of
the Zernikes modes provided by the Galilei G2 device.
The root mean square (RMS) metric was used to numerically compare the influence of
sound waves on corneal WA, calculated as follows:

RMS = )

where j = W Then, the RMS was calculated for low-order and high-order aberra-

tions (LOA and HOA, respectively).

110



Optics 2025, 6,5

40f13

Zernikes
Modes Z n
- N
< ,
< w ® 4 Low order
- 046um  -1.22um  -0.37um
9 = as > -
3 |= & e Q) &
B v - . " High
5_ 003m -002um  0.08ym  0.06um order
s *"® & O @ @
0.01pm  -0.02um  0.11pm  -0.09um  -0.05um
Angular frequency

Figure 1. Scheme of Zernike coefficients provided by Galilei G2 device.

2.4. Corneal Surface Reconstruction

The geometrical information provided by the Galilei device (i.e., the Q-factor and radii
of curvature) was employed to reconstruct the corneal surfaces for each sound frequency
using the equation of the sagittal curve for a biconic surface, that can be expressed in
Cartesian coordinates, as in [35]:

x2 yz
mTE

2 - ®
1+\/ —(1+ Q)& - 1+ Q)

2(xy) =

Here, Ry, Ry, Qx, and Qy are the radii of curvature (i.e., flat and steep principal corneal
meridians) and conic constants of the cornea. Equation (3) allows for fitting the cornea to
a biconic surface, from which the mean corneal elevation is calculated and analyzed in
Section 3.2.

2.5. Biomechanical Model

The ORA device was employed to extract the parameters required to calculate the
elastic and time-dependent parameters (i.e., corneal retardation time and viscous compo-
nent) of the cornea, as reported in [26]. The elasticity, retardation time, and viscosity were
employed to simulate creep-relaxation tests as a function of sound frequency in Section 3.3.

2.6. Statistical Analysis and Image Reconstruction Processing

A statistical analysis was applied to aberrometric data to explore differences in the
mean values among the different sound frequencies. Basically, the analysis consisted
of performing the Shapiro-Wilk test to check the normality of the data and then the
One-Way Repeated Measures Analysis of Variance (One-Way RM ANOVA). Graphical
representations and statistics were carried out in Origin Lab v.13 software (OriginPro
2024, Origin Lab Corp., Northampton, MA, USA). Wavefront aberration maps and corneal
surface reconstructions were carried out using custom-written scripts in Matlab2019b (the
MathWorks Inc., Natick, MA, USA).
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3. Results
3.1. Wavefront Aberrometry

Figure 2 shows the averaged amplitude values (i.e., the mean of the five participants)
of the Zernike coefficients of the corneal WA for the relaxed state (Figure 2a) and for differ-
ent sound-wave frequencies (Figure 2b—e). The data show how different sound frequencies
modulate each individual Zernike coefficient in terms of low and high aberration. Figure 3
shows the low- and high-order aberration root mean square (LOA and HOA RMS, respec-
tively) values as a function of sound frequency. The maximum WA deviations differ for
LOA and HOA: while for 250 Hz LOA increases by up to 11.98% (Figure 3a) with respect to
the relaxed state (i.e., when the sound-wave generator is off), the maximum RMS variation
occurs at 150 Hz for HOA (Figure 3b). Furthermore, this observed increase in the RMS
value of 21.92% was found to be significantly higher (one-way Anova test, p = 0.039) than
the reference (control) RMS value. Although RMS modulation as a function of sound
frequency was observed in both LOA and HOA, no significant differences were found
between the rest of the values represented.

+1.0

+0.5 (a)
0
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Zernike Modes Zernike Modes

Figure 2. Average amplitude values of each Zernike mode number for control (relaxed state) (a) and
for each sound frequency (b-e).

To complete the WA description, Figure 4 shows the reconstructed wavefront aberra-
tion maps for LOA and HOA as a function of sound frequency. The first and third rows
show the original WA map for LOA and HOA, respectively. To highlight the induced
effects by sound waves, the second and fourth rows show the WA maps with subtracted
control aberrometric data (‘control-LOA WA’ and “control-HOA WA/, respectively). It
can be observed how WA LOA maps show symmetric geometric patterns, while the HOA
maps show complex irregular patterns.
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Figure 3. Average RMS values for low-order (a) and high-order aberrations (b) RMS values (LOA and
HOA RMS, respectively) as a function of sound frequency. Asterisk indicates statistically significant
difference (p < 0.005).
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Figure 4. Top row and third row: low- (a-d) and high-order (i-1) wavefront aberration (LOA WA and
HOA WA, respectively) maps as a function of sound frequency. Second and fourth rows: wavefront
aberration maps isolated from control measurements [Control-LOA (e-h) and HOA WA (m-p),

respectively].

The wavefront results showed that, although sound-induced mechanical vibrations
can modulate the low-order aberration (LOA) terms, none of the sound frequencies induced
a significant variation in these terms. On the contrary, the frequency of 150 Hz induced a
significant increase in corneal high-order aberrations (HOA) with respect to the baseline
corneal values. Reconstruction of the wavefront aberration maps allowed visualization of
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Corneal Elevation (um)

the formation of regular patterns in LOA (Figure 4), while for HOA, complex and asym-
metric WA maps were observed. These patterns suggest localized biomechanical responses
influenced by collagen fiber distribution and corneal viscoelasticity, as corroborated by
Crespo et al. [36] and Silver et al. [37].

3.2. Corneal Geometry

Corneal surfaces were reconstructed from the mean radii of curvature and conic
constants using the biconical equation described in Section 2.3. Figure 5a shows the fit of
the corneal surface corresponding to the mean corneal geometric parameters in the relaxed
state. This elevation map was set as a reference to be subtracted from those reconstructed
for the different sound frequencies. As an example, Figure 5b,c shows the relative elevation
maps induced by the application of sound waves for 150 and 350 Hz frequencies. While
for 150 Hz an asymmetric meridional elevation is observed, for the 350 Hz frequency the
induced elevation appears to be negligible.

—~
=
~—
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o d b N
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o
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5
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Figure 5. Corneal surfaces reconstructed using biconic fit. (a): control surface; (b,c): reconstructed
surfaces for 150 Hz and 350 Hz, respectively.

Figure 6a shows the mean corneal elevation as a function of sound frequency. It is
important to highlight how, depending on the applied frequency, depressions or elevations
can be observed. The geometric analysis was complemented by the analysis of corneal
asphericity; Figure 6b shows the mean Q-factor measured by Scheimpflug images for the
control (baseline) and for the different sound frequencies. As shown, the most oblate
induced deformation occurs for 150 Hz, which corresponds to the maximum corneal
elevation (Figure 6a). In contrast, the maximum depression observed for 50 Hz (Figure 6a)
corresponds to the most prolate deformation at the same frequency (Figure 6b).

025 "

-0.30 |
More (blate

-035  Bas
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-0.40 | 1
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Figure 6. Mean corneal elevation (a) and corneal asphericity (b) as a function of sound frequency.
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The geometrical analysis consisted of corneal elevation analysis computed from the
biconical surface corneal fit and asphericity measurements. The maximum corneal elevation
was found for the 150 Hz frequency, which corresponded to the most oblate Q-factor. On the
other hand, the 50 Hz frequency induced the maximum corneal depression and showed the
most prolate deformation of the four sound frequencies. In contrast, the 350 Hz frequency
induced negligible changes with respect the baseline values.

3.3. Biomechanical Analysis

Finally, this subsection analyzes the influence of the mechanical vibration of sound
waves on corneal biomechanics. A previously reported standard linear solid model [34]
applied to ORA measurements was used to extract the elastic and viscous properties of
the cornea as a function of sound frequency. Figure 7 shows the average elasticity and
viscosity values for the relaxed state (i.e., sound frequency = 0 Hz) and for four different
sound frequencies. The maximum modulation of corneal elasticity occurs for the sound
frequency of 250 Hz, while 250 Hz induces the maximum increase in the viscous component.
However, for the frequency of 350 Hz, both elasticity and viscosity decrease by relatively
similar percentages (decreases of 3.53% and 2.74%, respectively). This fact stands out
from the wavefront and geometrical analyses, for which this sound frequency seemed to
be innocuous.

13.5 16.0
(a) (b)
13.0 -
125
15.0

11.5

Elasticity (KPa)

Viscosity (Pa*s)

11.0

10.5F

10.0

50 150 250 350
Sound Frequency (Hz)

50 150 250 350
Sound Frequency (Hz)

Figure 7. The average (mean of the 5 subjects) elasticity (a) and viscosity (b) parameters for the
relaxed state and four sound frequencies.

The calculated biomechanical parameters were used to feed a previously reported
standard linear solid model [34] and then to perform a creep-relaxation (C-R) test as a func-
tion of sound frequency. Panels (a) and (b) of Figure 8 show a C-R test with an integration
time of 6 s for different sound frequencies. It can be observed that the sound frequency
modulates both the creep and relaxation responses. Figure 8c,d show the responses marked
in the red rectangles in the above figures for the first second of the C-R test, and those
ranges show the largest distances with respect to the control responses, which are given for
the frequency of 250 Hz.

The biomechanical analysis consisted of calculating the elastic and viscous components
of the cornea using a standard linear solid model (SLSM), previously reported in [26]. The
maximum variation in corneal elasticity occurred for 250 Hz, while the maximum increase
in the viscous component occurred for 150 Hz. However, the maximum reduction in both
elasticity and viscosity was given for 350 Hz.
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Figure 8. (a,b) Creep-relaxation test for different sound frequencies and integration time of 6 s.
(c,d) Enlarged view of red rectangles for better visualization of sound-wave modulation in stress-
strain curves.

4. Discussion

Since the first observation of sound-induced vibrational modes of the cornea almost a
decade ago by Akca et al. [38], the stimulation of the cornea through its natural resonance
frequency has attracted the interest of researchers working on the development of new
advanced techniques for the assessment of corneal biomechanics.

We have recently reported on the effect of sound-induced mechanical vibration on
the corneal biomechanics of the living human cornea [33] for a discrete range of sound
frequencies between 50 and 350 Hz at a maximum sound pressure of 90 dB. The study
reported by Akca et al. [38] revealed an amplitude of vibration of 8 um in the fundamental
resonant mode between 80 and 120 Hz for a sound pressure of 100 dB in enucleated corneas
of bovine eyes. In good agreement, our findings showed a variation of 7.33 pum in central
corneal thickness at the frequency of 150 Hz (90 dB sound pressure) in living human
corneas [33].

Lan et al. [39] reported an elastography-based OCT method to quantify the corneal
natural resonant frequency in living human eyes by air-pulse stimulation. Although they
found a dependence of the dominant natural frequency on corneal thickness, this frequency
appeared to be constant for different stimulation pressures and measurement distances.
Specifically, they found a natural corneal resonant frequency of the living human cornea
of 259 Hz. The same group quantified the natural resonant frequency range of the cornea
by inducing submicron corneal vibrations using low-power microliter air pulses [40].
They found a corneal natural frequency range of 234-277 Hz in a measured region of
2.5 x 2.5 mm? centered at the corneal apex, with an application time of 28.6 s. This range
was found to be repeatable over a smaller area (1 mm?) and shorter application time (0.9 s).
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Subsequently, Crespo et al. [36], used vibrational OCT imaging for the assessment of
the elastic modulus of the living human cornea by resonant frequency excitation. They
found five peak resonant frequencies at 73.5, 120.4, 148.7, 207.0, and 239.0 Hz and suggested
that peaks two to five might correspond to different collagen networks in the stroma, while
peak 1 was related to corneal cellular components.

The latter hypothesis was later confirmed by Silver et al. [37], demonstrating that vi-
brational OCT can isolate the cellular component of the cornea. Lan et al. [39] demonstrated
that different components of the natural frequency spectrum can correspond to different
tissue structures and thus characterize different heterogeneities of biological structures.

The natural resonant frequency of the cornea can be altered by variations in intraoc-
ular pressure, elasticity, or corneal thickness [41] and has been proposed as a biomarker
for corneal biomechanics. The objective of this pilot study was to characterize the in-
duced effects of four sound-induced vibrational modes in the living human cornea from a
multimodal analysis based on wavefront aberrometry, geometry, and biomechanics.

In our previous study [26], we introduced the concept of Pneumatic Viscoelastic
Damping (PVD) as the ability of the cornea to modify its viscoelastic properties under
dynamic loading conditions. Those results showed PVD values of +3.57% and —4.34% for
the frequencies of 150 and 250 Hz, respectively. While positive PVD values were associated
with an increase in viscosity, an increase in corneal elasticity corresponded to negative PVD
values. The possibility of obtaining the separated elastic and viscous components of the
human cornea in vivo allowed us to corroborate that the maximum increase in viscosity
and elasticity indeed occur at 150 and 250 Hz, respectively.

The SLSM model [33] also allowed the simulation of stress-relaxation tests with
the calculated biomechanical properties; such tests showed how vibrational modes can
affect both creep and relaxation behaviors. In particular, the application of specific sound
frequencies in vibrometry allows for obtaining faster deformation and stress relaxation
under the same external load conditions (see Figure 8).

Table 3 summarizes the variations induced by each sound frequency on wavefront
aberration, corneal geometry, and biomechanics. The frequency of 50 Hz has the ability
to reduce HOA, flatten the corneal surface, and increase corneal viscosity; however, this
sound frequency does not induce any effect on LOA or elastic properties.

Table 3. Percentage of variation with respect to reference parameters studied as a function of
vibrational mode. Low-order and high-order aberrations (LOA and HOA); corneal asphericity
(Q-value); elasticity and viscous corneal biomechanical components.

50 Hz 150 Hz 250 Hz 350 Hz
Wavefront
LOA 10.70% 1 5.10% 111.98% 1 6.70%
HOA 1 3.62% 1 21.92% 1 14.43% 1 3.15%
Corneal geometry
Q value 111.66% 1 16.56% 19.20% 4 1.23%
Biomechanics

Elasticity 10.18% 1 3.05% 1 3.56% 13.53%
Viscosity 12.65% 1 3.05% 12.71% 1 2.74%

At 150 Hz, LOAs are reduced by 5.10%, while HOAs showed a significant increase in
RMS values (21.92%, p = 0.039) compared to the baseline wavefront aberration.

The observed significant increase in HOAs at 150 Hz aligns with studies reporting
resonant frequency effects on corneal biomechanics [42]. Frequencies near natural resonant
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modes can amplify certain biomechanical responses, potentially explaining the pronounced
HOA variations.

Lower frequencies (e.g., 50 Hz) primarily impacted corneal shape and did not signifi-
cantly alter HOAs, possibly due to insufficient energy to excite low-order modes. Higher
frequencies (350 Hz) may not effectively couple with the cornea’s structural properties,
leading to minimal aberration changes.

The cornea becomes more oblate (a Q factor increase of 16.56%) and the elastic and
viscous components are affected in exactly the same proportion: both increase by 3.05%.
This frequency provides the maximum increase in viscosity of the studied vibrational
modes. A frequency of 250 Hz shows an inverse behavior compared to 150 Hz in the
wavefront analysis; while LOAs increase, HOAs decrease, as shown in Table 3. The corneal
geometry becomes more oblate and both elasticity and viscosity increase. This frequency
provides the maximum elastic modulation with respect to the other vibrational modes.

Finally, at 350 Hz all the parameters studied are reduced: wavefront aberration, corneal
geometry, and biomechanics. It is important to note that the corneal geometry seemed to
be insensitive to the specific frequency of 350 Hz; however, it is the only frequency capable
of reducing the elastic and viscous components of the corneal biomechanics.

5. Conclusions

In conclusion, the cornea exhibits vibrational modes whose behavior is influenced
by its mechanical, structural, and optical properties. These modes are being considered
as biomarkers of corneal biomechanics and can reveal critical information in pathological
processes such as corneal keratoconus [43].

Low-frequency sound vibrometry provides a non-invasive way to analyze different
natural corneal vibrational modes that are sensitive to wavefront aberration, macrostruc-
ture, and biomechanical properties such as elasticity and viscosity. The integration of
aberrometry and the interaction of sound-wave vibrometry can achieve a more compre-
hensive understanding of how mechanical and optical corneal aberrations correlate and
investigate how vibrational wavefront aberration patterns are altered, identifying areas of
potential weakness before surgery or corneal pathologies.

Finally, knowledge of how the elastic and viscous properties of the cornea respond
to different vibrational modes reflects the cornea’s ability to compensate for mechanical
stress, helping the physician improve clinical outcomes and minimize post-corneal surgery
complications.

Future research will focus on the integration of sound-wave corneal vibrometry into
new approaches based on structural contrast mechanisms to investigate how different vi-
brational modes can characterize the corneal tissue and reveal physiological or pathological
alterations not detected in current diagnostic modalities.
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3. DISCUSION

La presente tesis se centra en el andlisis de la biomecanica corneal y en la propuesta de
modelos biomecdanicos orientados a mejorar la comprensién del comportamiento
viscoelastico de la cérnea. Con el desarrollo del MESL, se introducen nuevos conceptos
relacionados las propiedades temporales (retardo corneal y viscosidad) y elasticas de la
biomecdnica corneal, los cuales resultan de gran interés para el diagndstico y tratamiento
de patologias en las que la biomecdnica corneal desempefia un papel crucial. Asimismo, se
propone una alternativa al tradicional pulso de aire para la evaluacion de la biomecanica
corneal, basada en el desarrollo de un nuevo resonador corneal mediante ondas de sonido

de baja frecuencia.

Dado que esta tesis se presenta en formato de compendio de articulos, cada publicaciéon
incluye su propia discusidon y comparacion con la literatura existente. Por este motivo, a
continuacién, se exponen de forma conjunta las principales aportaciones derivadas del

conjunto de publicaciones presentadas.

La principal propiedad de la cérnea es su transparencia dptica, la cual ha sido asociada con

20, Uno de los logros de este trabajo es la

parametros geométricos y biomecanicos
obtencién del primer modelo empirico que relaciona la transparencia corneal con la
geometria y la biomecanica de la cérnea. En la literatura, es frecuente el estudio de las
causas de la edematizacién y la pérdida de transparencia, asi como los esfuerzos por

establecer de forma clara las interrelaciones entre estos factores y su aplicacidn clinica 3,

En este trabajo se plantea que, desde un punto de vista biomecanico, la transparencia
corneal esta mas influenciada por la componente eldstica de la cérnea que por la viscosa.
Otra de las relaciones encontradas indica que, a mayor astigmatismo corneal, menor es la
presion necesaria para lograr el aplanamiento corneal, siendo este un factor influyente que

puede infraestimar las medidas si no es tenido en cuenta.

Se destaca, por tanto, la necesidad de introducir un nuevo parametro de compensacién al

medir la presién intraocular mediante aplanacién, como es el astigmatismo, ademas del

espesor central corneal **,
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Otro factor que modifica la geometria y transparencia corneal es el uso de lentes de
contacto, ya que disminuyen el aporte de oxigeno a la cérnea 4, lo que produce un déficit
metabdlico corneal que introduce cambios en su biomecdnica %6. Nuestro trabajo pone de
manifiesto que el uso de lentes de contacto de hidrogel de silicona durante periodos cortos
altera la biomecanica corneal, provocando una disminuciéon de la presién intraocular y un
incremento en la histéresis corneal. Estos cambios en la PIO y la CH se deben a los
mecanismos compensatorios que modulan las propiedades eldsticas y viscosas para
mantener el equilibrio corneal, estando relacionados con la le ley de Laplace’s, la cual
indica que un aumento de la PIO incrementa la rigidez y reduce la capacidad de absorcion

de energia 3115,

Desde una perspectiva biomecdnica, se observan mecanismos compensatorios entre la
viscoelasticidad y la PIO. En el globo ocular existen otros mecanismos de autorregulacién,
como los que mantienen el flujo sanguineo del nervio éptico y la retina. La regulacién del
flujo sanguineo en la red de capilares de la ldmina cribosa del nervio éptico esta mediada
tanto por la PIO como por la presién arterial . El propdsito de estos equilibrios es

preservar la integridad y funciéon ocular.

Como resultado de la investigacion de esta Tesis, se ha logrado un modelado experimental
corneal que relaciona la presién intraocular, factores fisicos y biomecanicos de la cérnea.
Esta relacion sugiere que un mayor espesor corneal se asocia con una mayor respuesta

elastica del tejido corneal.

Los mecanismos de compensacion biomecdnica se activan ante variaciones en la PIO.

Roberts et al. 3%%8

sostienen en sus investigaciones que es fundamental considerar la
combinacion de PIO y viscoelasticidad corneal (histéresis corneal) como un factor de riesgo
en pacientes con hipertensién ocular. Dada la relacién inversa entre estos parametros, se
incrementa la probabilidad de que estos pacientes desarrollen glaucoma. Por este motivo,
el desarrollo de nuevas técnicas para la medicion de la biomecanica corneal resulta de gran
interés, ya que los instrumentos actuales no miden directamente las propiedades

viscoeldsticas, sino que se basan en expresiones analiticas 3°. En este sentido, nuestro

trabajo aporta valor al obtener dichas expresiones de manera empirica.

122



Como se ha comentado anteriormente, uno de los objetivos de esta tesis es separar las
componentes viscosa y elastica para lograr un mejor entendimiento de las propiedades
biomecanicas de la cérnea. Para ello, ha sido necesario analizar distintos modelos de
representacién viscoeldstica. Dada la existencia de multiples modelos aplicables a la
cornea, en las siguientes lineas se justifica el uso del Modelo del Estado Sélido Lineal. Se
han propuesto diversos modelos viscoelasticos, entre ellos los modelos de Kelvin-Voigt,

3533 El modelo de Maxwell fue

Estado Sdlido Lineal, Maxwell, Kobayashi y Burgers
descartado debido a su comportamiento de fluencia indefinida y la falta de recuperacién
completa, ya que se basa Unicamente en un componente viscoso puro 3. El modelo de
Kelvin-Voigt tampoco resulta adecuado, debido a que carece de un componente
puramente viscoso; por ello, su respuesta a la deformacidn no es inmediata °. Por su parte,
los modelos de Kobayashiy Burgers presentan una mayor complejidad matematica, lo que
dificulta su aplicacion practica. El Modelo del Estado Sélido Lineal, en cambio, representa
eficazmente el comportamiento viscoelastico de la cérnea, ya que permite distinguir de
forma clara la respuesta puramente elastica de la viscoelastica y simular adecuadamente

el comportamiento viscoelastico de la cérnea, ya que ofrece una respuesta inmediata

similar a la de un material eldstico, y una recuperaciéon completa tras la descarga *.

Una vez comprendida la utilidad del MESL, se abordan los conceptos derivados de su
desarrollo matematico 3244, En primer lugar, se introduce el tiempo de retardo corneal (),
un parametro que mide la capacidad de la cérnea para absorber las fluctuaciones de la P1O.
Para analizar este comportamiento, se utilizaron datos de pacientes divididos en dos
grupos: un grupo control y otro con hipertension ocular sin glaucoma. El objetivo fue
observar como reacciona la cérnea ante procesos de deformacién y recuperacién. El
parametro biomecanico T representa el tiempo que tarda la cérnea en recuperar su forma
tras una deformacion. Cérneas con un comportamiento predominantemente eldstico
presentan valores bajos de T, lo que indica una recuperacion rdpida. En cambio, cérneas
con una mayor componente viscoeldstica muestran una recuperacién mas lenta y, por
tanto, valores elevados de t. Cabe destacar que los pacientes con tiempos de retardo
reducidos requieren un seguimiento mas riguroso, ya que podrian estar en mayor riesgo
de sufrir dafio en el nervio éptico, independientemente de que presenten o no una presiéon
intraocular elevada. Para comprender la relevancia del pardmetro 1, es fundamental
considerar los mecanismos viscoeldsticos compensatorios. Glass et al. 3° demostraron que,

aunque no se observen cambios en la histéresis corneal, si pueden producirse alteraciones

123



en la viscosidad y elasticidad, lo que afecta de manera compensatoria a la histéresis. Por

ejemplo, en pacientes con queratocono se ha observado una histéresis baja **’

y un mddulo
elastico reducido 8, lo cual sugiere la existencia de un mecanismo compensatorio. Otro
caso representativo es la disminucidn de la histéresis con la edad ¥, a pesar de que se sabe
que la cérnea tiende a endurecerse con el envejecimiento debido al aumento en el
didmetro de las fibrillas de coldgeno *°. Estos fendmenos reflejan cémo los mecanismos
viscoelasticos compensatorios contribuyen a mantener la integridad corneal, y refuerzan
la importancia de calcular por separado las componentes viscosa y elastica de la cdrnea.
Aunque en el pasado se desarrollaron modelos tedricos para describir estas propiedades,
nunca se habia logrado medirlas in vivo. Glass et al. 3 destacaron la necesidad de evaluar
la elasticidad y viscosidad en cdrneas vivas, mientras que Ahmed et al. 3¢ sefialaron las
dificultades asociadas a dichas mediciones, incluyendo la falta de equivalencia entre
condiciones ex vivo e in vivo. El desarrollo del MESL ha permitido obtener estos parametros
de forma independiente. Asi, se ha logrado calcular la elasticidad corneal con un valor
estimado de 3,44 + 2,67 kPa. Ademas, por primera vez se ha medido in vivo la viscosidad
de la cérnea (n = 3,57 £ 2,39 Pa:s), ya que hasta ahora solo se habia obtenido mediante

mediciones in vitro 3.

Una vez desarrollados los pardmetros derivados del MESL, es fundamental justificar su
aplicacion clinica. Para ello, debe considerarse la correlacidn inversa entre la PIO y la
viscoelasticidad, ampliamente documentada en la literatura %122, En nuestro estudio, se
observd que, para tiempos de retardo inferiores a 1,22 ms, la histéresis corneal muestra
una dependencia similar tanto de la viscosidad como de la elasticidad. No obstante, cuando
los tiempos de retardo superan un umbral critico, el principal componente que contribuye
a la histéresis es el componente viscoso. Nuestra principal aportacion clinica radica en la
identificacion de valores umbral a partir de los cuales el comportamiento viscoelastico de
la cérnea cambia de forma significativa. En particular, se hallé que, para una PIO inferior a
14,45 mmHg, la propiedad viscosa de la cdrnea tiende a aumentar. Este hallazgo es

123 una cérnea con mayor viscosidad presenta un

relevante, ya que segun Roberts et al.
menor riesgo de desarrollar glaucoma. Para tiempos de retardo corneal superiores a 1,22
ms, la cornea mostré un comportamiento predominantemente viscoso. En otras palabras,
fue capaz de absorber energia, pero perdid eficiencia en su capacidad de disiparla. Estos
hallazgos podrian tener implicaciones relevantes en el diagndstico y tratamiento del

glaucoma. Se plantea la hipdtesis de que los pacientes que reciben tratamiento para el
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control de la PIO y logran mantener sus valores por debajo del umbral de 14,45 mmHg,
presentan una menor pérdida de campo visual y menor afectacion del nervio dptico en
comparacion con aquella cuya PIO se mantiene por encima de dicho valor. En conclusién,
para un abordaje diagndstico y terapéutico adecuado del glaucoma, no es suficiente con
medir la presion intraocular. Es esencial considerar también parametros biomecdnicos,
como la histéresis corneal, el valor PIO umbral (PIOu) y el tiempo de retardo corneal.
Cuando se observa una histéresis corneal disminuida junto con un valor de t por debajo del
umbral (indicando predominio del componente elastico), se puede esperar una mayor
probabilidad de progresion glaucomatosa. Es importante destacar que una disminucidn de

la viscosidad corneal se ha asociado con un mayor riesgo de desarrollar glaucoma %,

Para comprender el comportamiento biomecdanico de la cérnea, se realizaron pruebas de

stress-strain alimentando el modelo viscoeldstico con pardmetros experimentalmente
medidos. Estas pruebas compararon un grupo control con pacientes que presentaban

hipertensidn ocular y otro usuario de lentes de geometria inversa “Orto-K”.

El objetivo del tratamiento ortoqueratoldgico es modificar la refraccién del paciente
mediante el moldeo epitelial, permitiendo asi una visién emétrope durante el dia **. El
usuario de lentes Orto-K mostré una mayor respuesta al estrés biomecanico en
comparacion con el grupo control, mientras que los valores de relajacién fueron similares
en ambos grupos. Estos pacientes presentan una elasticidad ligeramente reducida, lo cual
favorece el mantenimiento de la deformacién corneal inducida durante la noche. En la tesis
de Pérez Corral 15, se concluye que los pacientes sometidos a orto-K presentan una mayor
rigidez corneal por la mafana, la cual tiende a disminuir a lo largo del dia. Este hallazgo

sugiere la necesidad de profundizar en el estudio de las variaciones biomecdanicas diarias

inducidas por este tratamiento.

En comparacién con el grupo control, el paciente con hipertensién ocular mostré una
respuesta reducida tanto al estrés como a la relajacion. Es decir, con menores niveles de
estrés ya se producen cambios estructurales, y los tejidos se deforman mds rdpidamente
qgue en sujetos sanos. Ademas, debido a una respuesta mas lenta durante la fase de
relajacién, la recuperaciéon biomecanica de la cornea es también mas prolongada. Cabe
destacar que el disco 6ptico no posee una estructura estatica. La lamina cribosa puede
experimentar un desplazamiento anteroposterior inducido por aumentos tanto en la PIO
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desplazamientos del disco éptico tras aumentos bruscos de la PIO, mientras que Hocaoglu
et al. 1%® detectaron desplazamientos en pacientes normotensos con valores elevados de
histéresis corneal. Considerando estos estudios y su relacion con las curvas de
estrés/relajacion observadas en pacientes con hipertensién ocular, podria sugerirse que
estos factores podrian contribuir a la pérdida de fibras nerviosas en la cabeza del nervio

Optico.

El segundo objetivo principal de esta Tesis ha sido el desarrollo de un nuevo método de
tonometria basado en resonancia natural de la cornea. Los métodos actuales, basados
principalmente en tonometria de aplanacién, se ven afectados por factores como el
espesor y la forma de la cérnea, lo que puede conducir a estimaciones incorrectas tanto de
las propiedades biomecanicas como de la PIO 122130 Ademds, técnicas que implican la
deformacién de la cdrnea, transformando su forma natural convexa en una configuracién
concava mediante pulsos de aire, pueden no ser adecuadas para pacientes con cérneas
gravemente comprometidas, como aquellos que han sido sometidos a un trasplante
corneal. En estos casos, la medicidn precisa de la PIO resulta técnicamente compleja 2.
Por lo tanto, se vuelve imprescindible contar con un instrumento capaz de proporcionar
mediciones fiables en este tipo de pacientes, considerando que la incidencia de glaucoma

post-queratoplastia se estima en un 21,5 % %2,

Los resultados obtenidos han demostrado la respuesta biomecanica de la cdrnea a
diferentes frecuencias de vibracidn de sonido. Se ha introducido un nuevo concepto
conocido como “pneumatic viscoelastic damping” (PVD). Este pardmetro mide la capacidad
de la cérnea para modificar sus propiedades eldsticas y viscosas bajo una carga dindmica.
Valores positivos indican un comportamiento predominantemente viscoso, mientras que
valores negativos reflejan un comportamiento mas eldstico, con menor capacidad para

absorber y disipar energia.

Se identificaron dos frecuencias especificas, 150 Hz y 250 Hz, que afectan la viscoelasticidad
corneal al modular sus componentes eldsticos y viscosos. A 150 Hz, el pardmetro PVD
mostré valores positivos, lo que indica un aumento en el componente viscoso, resultando
en una reduccién tanto de la histéresis como de la PIO. En contraste, a 250 Hz, el PVD
presentd valores negativos, lo que sugiere un comportamiento mas elastico de la cdrnea,
con una menor capacidad de absorber y disipar energia a esa frecuencia. Se determiné la

frecuencia de sonido a la cual la cérnea alcanza la deformacién maxima de 7 um, que
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corresponde a una vibracidn sonora de 150 Hz. Akca et al. ® encontraron, en modelos

corneales cérneas ex vivo, una deformacién de 8 um para frecuencias entre 80-120 Hz.

Existen diferentes modos de resonancia de la cérnea. Para distintas frecuencias, la cérnea
vibra con diversas intensidades, dependiendo de las capas de la cérnea que se estimulen.
Estos modos de vibracidn han sido previamente estudiados en la epidermis: entre 50-70 Hz
se estimula el componente celular, mientras que entre 100-120 Hz se activa el
coldgeno® 133, Al comparar los modos de vibracién de la epidermis con nuestros resultados,
hemos identificado un modo de resonancia a 50 Hz. Considerando que la mayoria de las
células de la cérnea se encuentran en el epitelio y el estroma anterior 3, es posible que el
epitelio anterior de la cérnea esté siendo sometido a vibraciones. Esto tiene relevancia
particular en patologias que afectan al epitelio, como el queratocono. Estudios previos han
demostrado que las alteraciones en la capa epitelial ocurren en las etapas tempranas de
esta enfermedad %. Daher et al. identificaron un pico de resonancia entre 50-70 Hz v,
mediante andlisis histoldgico, determinaron que la densidad celular corneal es mayor en el
primer tercio de la cérnea 1%, Por otro lado, a 150 Hz se observa la frecuencia de resonancia
maés alta, lo cual podria estimular las fibras de coladgeno, como sugieren Crespo et al. &, al
correlacionar este modo de vibracion con los estudiados en la epidermis. En cuanto a los
modos de vibracion a 250 Hz y 350 Hz, se requiere un estudio adicional, ya que la literatura
actual no aborda estas frecuencias. Sin embargo, hemos observado que, a 250 Hz, el
comportamiento de la cdrnea es inverso al observado a 150 Hz. En relacién con la
frecuencia de 350 Hz, se destaca que esta frecuencia no altera la geometria de la cérneay

tiene la capacidad de reducir tanto la elasticidad como la viscosidad corneal.
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3.1. Limitaciones.

Esta seccion enumera las limitaciones encontradas a lo largo de esta tesis, explicando las

razones detras de dichas limitaciones.

Una de las principales limitaciones es la edad de las muestras estudiadas. En este sentido,

los estudios se han centrado principalmente en sujetos sanos y jovenes.

Otra limitacidn se refiere al uso de los nuevos parametros biomecanicos para el diagnédstico
y tratamiento del glaucoma. Es necesario contar con un mayor nimero de pacientes que
presenten una PIO superior a 21 mmHg, especificamente aquellos con hipertension ocular.
Aunque trabajar con pacientes que tienen tensiones oculares dentro de los rangos
normales ayuda a establecer las bases tedricas, es fundamental expandir la muestra para

incluir a pacientes con patologias especificas como el glaucoma.

En cuanto a los estudios piloto realizados con el resonador corneal, la principal limitacion
radica en la cantidad de pacientes examinados. No obstante, es importante sefialar que las
pruebas de concepto sirven como base para la planificacidon de investigaciones mds amplias

y detalladas.

Otro aspecto que considerar es la falta de evaluacion del nervio dptico y sus cambios
estructurales en el contexto del diagndstico y tratamiento del glaucoma. Esto plantea la

necesidad de nuevas lineas de investigacion.
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3.2. Lineas futuras de investigacion.

Esta tesis abre varias lineas de investigacion futuras, ya que ha establecido las bases
conceptuales que deben ser estandarizadas para su incorporacién en la practica clinica.

Ademads, abre el campo para el disefio de nuevas técnicas de medicién.
Concretamente, las lineas propuestas son las siguientes:

e Investigacién sobre la relacion entre la viscoelasticidad y la pérdida de campo
visual: Dado que la bibliografia muestra una clara relacién entre la histéresis
corneal y la pérdida de campo visual, los trabajos futuros deberian explorar el
potencial uso de lentes de contacto como tratamiento en pacientes
glaucomatosos’t737579,

e Estudio del tiempo de retardo corneal: Este parametro debe investigarse en
pacientes con glaucoma normotenso y HTO como posible indicador diagndstico.
También se debe estudiar si los pacientes con t inferior a T umbral (tu) presentan
una mayor prevalencia de progresién del glaucoma.

e Investigacidn en pacientes con PIO inferior al valor umbral: Es necesario
determinar si los pacientes diagnosticados con glaucoma y una PIO inferior al valor
umbral experimentan una menor pérdida de campo visual y una menor pérdida de
fibras del nervio éptico.

e Estudio de usuarios de ortoqueratologia: Es crucial realizar un estudio en usuarios
de ortoqueratologia para comprender como los componentes viscosos y elasticos
afectan la deformacidn corneal mantenida durante la noche. Esto permitira utilizar
parametros biomecanicos para predecir el efecto de este tratamiento.

e Investigar cdmo los diferentes modos vibratorios pueden caracterizar el tejido
corneal y revelar alteraciones fisioldgicas o patoldgicas que no se detectan con las

modalidades diagndsticas actuales.
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4. CONCLUSIONES

Tras la discusidn de los principales resultados obtenidos, se han obtenido las siguientes

conclusiones con relacién a los objetivos de la Tesis:

1. Relacién entre la estructura macroscopica de la cérnea y sus propiedades: La
estructura macroscépica de la cdrnea esta estrechamente relacionada con sus
propiedades Opticas, biomecdanicas y geométricas. El astigmatismo corneal
afecta las mediciones biomecdnicas; para evitar la subestimaciéon de las
medidas de la BMC, es crucial considerar tanto el espesor central corneal como

el astigmatismo corneal del paciente.

2. Disminucion de la presion intraocular tras el uso de lentes de contacto: Se
observa una disminucidn significativa de la PIO tras el uso de lentes de contacto

blandas a partir de 20 dias de uso.

3. Se ha conseguido separar la componente eldstica y viscosa de la cérnea
mediante la implementacion del modelo viscoeldstico propuesto. Esta nueva
informacién puede resultar de gran utilidad en el tratamiento y seguimiento

de enfermedades como el glaucoma, el queratocono y en cirugia refractiva.

4. Nuevo biomarcador: retardo corneal. La introduccion del nuevo biomarcador
“tau” permite conocer la capacidad real de la cérnea para amortiguar las

oscilaciones de la PIO.

5. Modos de resonancia corneal: Las propiedades viscosas, elasticas,
estructurales y Opticas de la cérnea determinan sus modos de resonancia
natural. Se ha identificado que la frecuencia de resonancia de la cdrnea
humana ocurre a 150 Hz, con una deformacién mdaxima de 7,33 um. El
conocimiento de estos modos vibracionales refleja la capacidad de la cornea
para compensar el estrés mecdnico, lo cual puede ser crucial para el manejo
de resultados clinicos y reducir las complicaciones posteriores a la cirugia

corneal.
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