UNIVERSIDAD COMPLUTENSE DE MADRID
FACULTAD DE MEDICINA

TESIS DOCTORAL
Microcirugia de glaucoma con el implante Preserflo: fluidica

experimental, morfologia de la ampolla de filtracion, cambios
biométricos y corneales

MEMORIA PARA OPTAR AL GRADO DE DOCTOR
PRESENTADA POR

Marta Ibarz Barbera

Directores

Laura Fernandez Morales
Rosario Gomez de Lianio Sanchez
Miguel Angel Teus Guezala

Madrid

© Marta Ibarz Barbera, 2022



UNIVERSIDAD COMPLUTENSE DE MADRID
FacuLTtaDp DE MEDICINA

TESIS DOCTORAL

Microcirugia de glaucoma con el implante Preserflo:
Fluidica experimental, morfologia de la ampolla de filtracién,
cambios biométricos y corneales.

MEMORIA PARA OPTAR AL GRADO DE DOCTOR
PRESENTADA POR

Marta Ibarz Barbera

DIRECTORES

Laura Fernadndez Morales
Rosario Gomez de Liafio Sdnchez
Miguel Angel Teus Guezala









AGRADECIMIENTOS

A Laura Morales Fernandez, tutora de esta tesis, por su tiempo, dedicacion y apoyo tan valiosos.
De directora a amiga.

A Rosario Gémez de Liaino, directora de esta tesis, por darme la oportunidad de trabajar con ella por
segunda vez y conseguir que la Doctora Morales se convirtiera en directora de esta tesis.

A Miguel Teus Guezala, director de esta tesis, por ser mi maestro en los afios de aprendizaje transcurri-
dos en Vissum, por aconsejarme y guiarme en las diferentes investigaciones sobre el implante Preserflo,
sugiriendo siempre el articulo adecuado en el momento ideal.

A Pedro Taid Rivero, por darme la oportunidad de trabajar en el gran equipo que es el Grupo Oftalvist, y
por apoyarme en todo momento en el desarrollo de esta tesis doctoral.

A Jean Bragard y Javier Burguete, por el tiempo v el esfuerzo puesto en el estudio experimental gravita-
cional desarrollado en la Universidad de Navarray su posterior colaboracion en actuales y futuras inves-
tigaciones.

A mi tio, D. Manuel Garcia Velarde, por aclarar todas mis dudas sobre la fluidica del implante Preserflo,
ayudarme con los primeros calculos y ponerme en contacto con Jean Bragardy Javier Burguete.

A Jose Luis Hernandez Verdejo, por su ayuda con la investigacion sobre la ultraestructura del implante
Preserflo desarrollada a través de la Universidad Complutense en colaboracién con el Instituto de Nano-
ciencia de Aragon.

A Isabel Rivas, del Instituto de Nanociencia de Aragon, por facilitar el estudio del implante Preserflo con
microscopia electronica de emisién de campo.

A Fatima Martinez Galdon y Arturo Corroto Cuadrado, por su ayuda en la recogida de datos y andlisis
estadistico, respectivamente.

A mis padres, por apoyarme siempre y haberme brindado las mejores oportunidades. A mi madre, porque
siempre estas ahi con el consejo adecuado en el momento que lo necesito. A mi padre, por haber sido un
padre maravilloso, te echo mucho de menos.

A mimarido y a mis hijos, por todo el tiempo que no os he dedicado mientras trabajaba en esta tesis, por
vuestro apoyo, comprension y carino. Os quiero muchisimo.

A mis amigas, por estar siempre a mi lado de manera incondicional. Arancha, Loreto y Laura, amigas
del alma.

A mis companeros de Oftalvist, un gran equipo sin el que nada de esto habria sido posible, recordando
de maneraespecial al Doctor Jose Luis Rodriguez Prats, gran amigo y companero que siempre creyd enmi.






INDICE

RESUMEN. . ... i i i ittt tttteeeeeeeeeeeeennnnneeeeaeeeeeesnnnnnanaannns 11
SUMM ARY ittt ittt ittteteeeeeeeeeeeoonnneessssessssssssnnesssssosssssssnnnnnnss 17
PUBLICACIONES . ....iiiitiiiiiiiii it ttteteeeeeeeeeeeeeeennnneaaeeseesessnnannanaannns 23
COMUNICACIONES ACONGRESOS .....ciiiiiiiiiiiiiiieiieeeeneeeeeennnessssaassasannns 29
INTRODUCCION. . ..ttt ettt ettt ettt ettt ettt te e eeeneennens 33
1.1. Ultraestructuray fluidica del implante Preserflo. ... 33
1.2. Morfologia de la ampolla de filtracion tras la cirugia de glaucoma con el implante Preserflo . ... .. 35
1.3. Efectos biométricos y topograficos de la cirugia con el implante Preserflo........................ 36
1.4. Efectos sobre la densidad de células endoteliales del implante Preserflo.......................... 36
OBJETIVOS/ HIPOTESIS .. vtititit ettt ettt e et ettt ettt ie e eneenns 41
2. 1. Fluidicadelimplante Preserflo. . ... ... 41
2.2. Morfologiay geometria de la ampolla de filtracién tras la cirugia con el implante Preserflo. ... ... 41
2.3. Efectos biométricos y topograficos del implante Preserflo.................... oo L. 42
2.4. Efectos sobre la densidad de células endoteliales del implante Preserflo.......................... 43
] oL 0] [ 47
3.1. Fluidica del implante Preserfloy su relacion con la morfologia y geometria de la ampolla de
11 r= o o 47
3.2. Efecto del implante Preserflo sobre la vision, topografia, refraccion, biometria y densidad de
células endoteliales. . ... o 54
3.3 Cambios observados en la densidad de células endoteliales tras la cirugfa con el implante Preserflo........ 56
3.4 Fisiopatologia de la pérdida endotelial con el implante Preserflo....................oooo o ... 59
CONCLUSIONES. . .\ttt iiieeeeeeeeeeeeeoonnnneessseasssssssnnncssssoassssannns 63

4.1. Anélisis con microscopia electronica de la ultraestructura del implante Preserflo y estudio
experimental gravitacional de lamecanicadefluidos....... .. ..o 63

4.2. Morfologiay geometria de la ampolla de filtracion en el postoperatorio temprano del implante
e STSY<] o 1 o T 64

4.3. Efecto del implante Preserflo sobre la cérnea: topografia, refracciony biometria................. 65

4.4, Efecto del implante Preserflo sobre la cérnea: densidad de células endoteliales .................. 66



CONCLUSIONES GENERALES . ...ttt ittt ittt it i eeees 67

INTRODUCTION. . .ottt ittt ittt et eantennseanacenacenacennennns 71
5.1 Preserflo ultrastructure and fluid dynamics ....... ..o 71
5.2 Bleb morphology after glaucoma surgery with the Preserflo Microshunt.......................... 73
5.3 Effect of the Preserflo Microshunt on corneal topography and ocular biometry................... 74
5.4 Effect of the Preserflo Microshunt on endothelial celldensity ..................... ... ... ...... 74

OBJECTIVES/HYPOTHESIS. . . . .ttt ittt ettt ittt einaeeeennaes 77
6.1 Fluid dynamics of the Preserflo Microshunt . ... .. 77

6.2 Bleb’s morphology and geometry in the early postoperative period after surgery with Preserflo...77

6.3 Effect of the Preserflo Microshunt on topography and biometry................................... 78
6.4 Effect of the Preserflo Microshunt on endothelial cell density:.................. o oo ... 79
DISCUSSION ..ottt ittt ittt ittt eeeeeeennnnnnaeeeeeesssseaasnnnnnnneasssssnnnns 83
7.1 Preserflo’s fluid dynamics and its relationship with bleb morphology and geometry .............. 89
7.2 Effects of the Preserflo Microshunt on topography, refraction, biometry and endothelial cell
OISty L 89
7.3 Changes observed in endothelial cell density after surgery with the Preserflo Microshunt ... .... 91
7.4 Physiopathology of the endotelial cell losswith Preserflo..................... ..o iii... 94
CONCLUSIONS . ..ttt ittt itttetee et eeeeeeennnnasseeeeeseeeeeaaaaannnnnnaannns 97

8.1 Ultrastructural analysis of the Preserflo Microshunt with FESEM and experimental measurement
Of oW YA CS . 97

8.2 Morphology and geometry of the filtering bleb after surgery with the Preserflo Microshunt in the
early postoperative Period ... .. 98

8.3 Effect of the Preserflo Microshunt on the cornea: topography, refraction and biometry .......... 99
8.4 Effect of the Preserflo Microshunt on the posterior surface of the cornea:

endothelial Cell 0SS . . .. 99

FINALCONCLUSIONS. . ..ttt ittt ittt it eetaneeansennnens 101

REFERENCIAS / REFERENCES ... ottt ittt it iiii e eeees 105



RESUMEN / SUMMARY







RESUMEN

Introducciéon

La reduccion de la presion intraocular (P1O) ha demostrado ser el Gnico tratamiento valido del
glaucoma, principal causa de ceguerairreversible en el mundo®. En un estudio reciente realizado por GBD
2019 Blindness and Vision Impairment Collaborators?, en 2020 la segunda causa principal de ceguera
mundial entre los 33,6 millones de ciegos mayores de 50 anos fue el glaucoma?® (3,6 millones de casos,
rango 2,8 a 4,4), por detras de las cataratas.

Aunqgue la técnica quirlrgica de referencia para el tratamiento del glaucoma es la trabeculectomia,
descrita y aplicada desde mediados de la década de los 60, actualmente se vienen desarrollando nue-
vos métodos quirdrgicos menos invasivos cuyo objetivo es reducir las complicaciones. Entre ellos, uno
de los dos nuevos dispositivos de microcirugia filtrante de glaucoma es el implante Preserflo (Santen
Pharmaceutical Company Ltd, Osaka, Japon). Este dispositivo consiste en un tubo de drenaje de humor
acuoso disefado para ser implantado ab externo mediante la diseccion de la conjuntiva y de la capsula
de Tenon. El objetivo de este implante seria el de comunicar la cdmara anterior con el espacio subcon-
juntival* creando una corriente continua de humor acuoso hacia el plexo venoso epiescleral.

El flujo a través de Preserflo aln no ha sido medido experimentalmente. Los propios investigadores
implicados en el disefio del tubo se basaron en una hipotética falta de validez de la ecuacién de Ha-
gen-Poiseuille en didmetros de tubo tan pequenos y materiales tan extremadamente hidrofébicos como
el poli (bloque de estireno-isobutileno-bloque-estireno), “SIBS”, para explicar la falta de evidencia expe-
rimental sobre la presién diferencial previa a su lanzamiento. A pesar de la falta de evidencia cientifica,
algunos estudios publicados sostienen que este implante fue disefado especificamente para evitar la
hipotonia. Por Ultimo, se desconoce el efecto que el mecanismo de restriccion del flujo asociado de
manera caracteristica con su disefio pudiera tener sobre la morfologia de la ampolla, la refraccion, la
biometriay el endotelio.

Objetivos

1. Medir las dimensiones del implante Preserflo con microscopia electrénica de emision de campo
(FESEM) con el objetivo de confirmar que el didmetro interno del tubo (70 pm) es consistente con
la medida aportada por el fabricante.

2. Calcular de manera tedrica la resistencia al flujo (R y la presion diferencial (Ap).

THEO)

3. Medir experimentalmente el flujo (Q) por el implante Preserflo con un método gravitacional don-
de la presion hidrostatica sea la Unica fuerza que empuije el flujo a través del tubo.

4. Realizar una clasificacion clinica y morfoldgica, asi como un analisis geométrico de las ampollas
de filtracion asociadas con este micro-dispositivo de drenaje en el postoperatorio temprano (24
horas a 3 meses).

5. Analizarlos efectos que esta técnica quirlrgica pueda tener sobre la topografiay biometriaen los
tres primeros meses tras la cirugia.

6. Estudiar los cambios endoteliales asociados con este implante desde el postoperatorio temprano
hasta el primer ano.
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Material Y Métodos

DINAMICA DE FLUIDOS

El didmetro interno del tubo fue medido con un microscopio electronico de emisién de campo
Quanta FEG 250. Las medidas se tomaron de borde a borde y de borde a sombra de la imagen, ya que el
implante presentaba una ligera inclinaciéon. Se tomaron a su vez medidas del grosor de la pared.

La ecuacion de Hagen-Poiseuille® se utilizo para calcular la resistencia tedrica al flujo (R, .., mmHg/(uL/
min)) y la presion diferencial (Ap =Ap= p1-p2, mmHg) para un flujo volumétrico (Q) igual a la produccion
media de humor acuoso en el ser humano (2 pL/min)¢ v una viscosidad de 0.7185 centipoises (cP) a 36

°C en pacientes con glaucoma primario de angulo abierto (GPAA)’.

Configuracion experimental: una muestra de Preserflo fue insertada en un tubo de un diametro superior
(DT=1 mm), con ambos extremos del tubo inmersos en suero salino fisiolégico, utilizado para limitar
la presencia de burbujas en el circuito. El circuito conectaba dos contenedores situados a diferentes
alturas, el superior sellado para evitar también la formacion de burbujas. Una vez el flujo atravesaba el
implante, la masa era recogida en el contenedor inferior y medida con una balanza de precision (Mett-
ler-Toledo, PB 3002-S, Columbus Ohio, USA). La diferencia de altura entre los contenedores generaba
la presion hidrostatica (P), Unica fuerza de empuje del flujo de acuerdo con la Ley de Hagen Poiseuille.
La temperatura se mantuvo a 21°C. Una vez recogida la masa en funcion del tiempo (2 horas por expe-
rimento), los datos se analizaron con MATLAB (version R2018a). Durante el experimento no observaron
posibles alteraciones del circuito, como la formacién de pequeias gotas de agua.

CLASIFICACION CLINICA Y MORFOLOGICA. GEOMETRIA DE LA AMPOLLA.

Para analizar la ampolla de filtracion se disend un estudio prospectivo en el que se incluyeron
28 ojos de 28 pacientes consecutivos que iban a ser intervenidos de glaucoma mediante el implante Pre-
serflo con el uso de mitomicina C (MMC) 0.2 mg/ml, en el mismo centro (Unidad de Glaucoma del Hospital
HLA Moncloa, Oftalvist Madrid). Todos los pacientes habian sido diagnosticados previamente de glauco-
ma primario de angulo abierto.

Las caracteristicas preoperatorias se recogieron en todos los pacientes (demografia, cirugia combinada
0 no combinada, pardametros oculares y nimero de farmacos).

Durante el seguimiento, se recogieron datos de la PIO, la agudeza visual mejor corregida, andlisis con
tomografia de coherencia éptica de segmento anterior (AS-OCT) para medir la posicion del tubo en
camara anterior vy los didmetros horizontal y vertical de la cavidad de fluido epiescleral intra-ampolla
(24 horas, una semana, un mes y tres meses). Se recogieron datos sobre el nimero de pacientes que
presentaron hipotonia, nimero de farmacos vy reintervenciones (revision con aguja o revision abierta en
quiréfano).

La morfologia de la ampolla de filtracién fue analizada clinicamente en la ldmpara de hendidura por el
mismo examinador que realizé la OCT. Se tomaron fotografias para realizar una clasificacion clinica de
acuerdo con la clasificacion Indiana Bleb Grading Appearance Scale (IBAGS).
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TOPOGRAFIA Y BIOMETRIA

Para el analisis de los cambios topograficos y biométricos se diseid un estudio prospectivo en
el que se incluyeron 29 ojos de 30 pacientes consecutivos que iban a ser intervenidos de cirugia de glau-
coma conelimplante Preserflocon MMC 0.2 mg/mlen el mismo centro (Unidad de Glaucoma del Hospital
HLA Moncloa, Oftalvist Madrid).

Las caracteristicas preoperatorias se recogieron en todos los pacientes (demografia, tipo de cirugia com-
binada o no combinada, parametros oculares y nimero de farmacos).

Se recogieron ademas los siguientes datos en el pre y postoperatorio (24 horas a 3 meses): PIO, longitud
axial medida con método de no contacto (IOLMaster 700, swept-source biometry, Carl Zeiss Meditec
AG), equivalente esférico, y medidas de la curvatura anterior y posterior de la cornea con Pentacam HR
(Oculus, Inc.) en los 8 mm centrales. Astigmatismo de cara anterior, ASA, eje plano de ASA, astigmatis-
mo de cara posterior, PSA, eje plano PSA, astigmatismo corneal total, TCA, 4 mm, radio anterior de la
cornea, plano, curvo y medio [Rf (A), Rs (A), Rm (A)], radio posterior de la cérnea [Rf (B), Rs (B), Rm (B)],
elevacion corneal anterior (ACE max, ACE min, ACE central), elevacion corneal posterior (PCE max, PCE
min, PCE central) y profundidad de camara anterior (ACD).

CAMBIOS ENDOTELIALES

Para el andlisis de los cambios endoteliales se realizd un estudio prospectivo en el que se inclu-
yeron 46 ojos de pacientes que iban a ser intervenidos de cirugia de glaucoma con el implante Preserflo en
cédmara anterior y MMC 0.2 mg/ml en el mismo centro (Unidad de Glaucoma del Hospital HLA Moncloa,
Oftalvist Madrid).

Se incluyeron tanto pacientes de cirugia combinada como no combinada, pero en este segundo grupo
se analizaron sélo pacientes pseudofaquicos.

En todos los pacientes se evalud preoperatoriamente la paquimetria central media y la poblacion endo-
telial mediante microscopia especular (Topcon specular microscope SP-1P, Topcon Corporation, Tokyo,
Japan).

En cada una de las visitas postoperatorias (1, 3, y 6 meses, un afo) se recogieron datos sobre la densidad
de células endoteliales centrales (ECD). Asimismo, se utilizd AS-OCT para evaluar la distancia entre el
tuboy el endotelio e iris (método publicado por Tan et al.® y la longitud total de mismo en cadmara anterior.
Mediante AS-OCT se evalud la presencia de sinequias anteriores periféricas.

El analisis de datos se realizd mediante diagramas de puntos, diagramas de barray de caja. La reduccién
media mensual de células endoteliales (MMR) se calculd dividiendo el cambio de ECD (preoperatorio -
postoperatorio) entre el nimero de meses desde la cirugia. La relacion entre la distancia tubo-endotelio y
la pérdida endotelial se analizd mediante andlisis de regresion con modelos mixtos y con el coeficiente de
correlacion de Spearman.

La muestra se dividié en varios grupos para analisis: dos grupos en funcién del tipo de cirugia (combina-
da faco-Preserflo-MMC 0.2 mg/ml frente a Preserflo - MMC 0.2 mg/ml) y tres grupos divididos por la
distancia del tubo al endotelio (TE) a) TE < 200 pm b) TE 201-500 um¢) TE > 500 pm.
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TECNICA QUIRURGICA

La técnica quirdrgica reportada por nuestro grupo esta disponible en:
https://journals.lww.com/glaucomajournal/Fulltext/2021/10000/Changes_to_Corneal_Topography_
and_Biometrics_After.8.aspx.

Resultados

DINAMICA DE FLUIDOS

Lasimagenes de microscopia electréonica de Preserflo mostraron didmetros luminalesde 67,73
X 65,95 umy 63,66 x 70,54 um. El didmetro total fue 337,2 pm, y el ancho de la pared, 154 pm. El célculo

tedrico de la resistencia al flujo (R para una viscosidad del humor acuoso de 0,7185 centipoises (cP)

)
THEO
fue de 1,3 mmHg/(uL/min). Por tanto, asumiendo un flujo medio y constante de humor acuoso de 2 pL/
min, la presion diferencial a través del dispositivo (Ap) se estimd 2,6 mmHg. El experimento gravitacional
de flujo permitio medir la resistencia experimental R_=1.806 mmHg/(uL/min), que en condiciones fisiolo-
gicas teniendo en cuenta la viscosidad del humor acuoso fue R

con la resistencia tedrica al flujo.

= 1.301 mmHg/(uL/min), consistente

PHYS

CLASIFICACION CLINICA Y MORFOLOGICA. GEOMETRIA DE LA AMPOLLA.

La PIO preoperatoria mediana, 20,7 mmHg (rango, 12-30) disminuyd a 8,5 mmHg (rango,
4-17), 8,9 mmHg (rango, 5-17), 10,4 mmHg (rango, 8-16) y 10,9 mmHg (rango, 9-17) a las 24 horas, una
semana, un mesy 3 meses, respectivamente (p<0,001). La morfologia predominante de la ampolla de fil-
tracion fue multiforme con multiples capas desde las primeras 24 horas a los 3 meses, mostrando una
reduccion progresiva de capas y microquistes a lo largo del seguimiento. El porcentaje de ampollas unifor-
mes (ausencia de liquido entre los tejidos) en |a primera semana fue bajo (3,5%). Los didmetros horizontal
y vertical de la zona de filtracion epiescleral aumentaron desde las primeras 24 horas hasta el tercer mes.
La expansion horizontal (406 + 127 um alasemana, p = 0,04; 712 + 211 umalmes, p = 0,02y 952 + 218
pumalos 3meses, p < 0,001), fue mayor que la expansion vertical (16+18 um, p = 0,3 alas 24 horas; 63+27
um, p=0,02 almesy 137 + 34 um, p < 0,001 a los 3 meses) sin hallar correlacion conla PIO (r=-0,3,p =
0,2).

TOPOGRAFIA Y BIOMETRIA

La presion intraocular disminuyo significativamente desde un valor medio preoperatorio de
218+ 52y 16,5+ 1,5 mmHg en los grupos de cirugia no combinada y combinada (respectivamente) a
una media de 10,9+1,8 y 10,1+1,1 mmHg a los 3 meses de la cirugia (p<0,01). El astigmatismo corneal
anterior, posterior y total (ASA, PSA, TCA) aumentdé en cada grupo de la siguiente manera: ASA 0,4 + 0,3/
02+10D; PSA008+0,1/0,03+0,1D; TCAO,4+0,3/0,2+0,9 D alos 3 meses. La elevaciéon corneal
anterior y posterior (ACE max, ACE min, PCE max) aumenté en la primera semana (p=0,01) sin cambios
significativos a los 3 meses en el grupo de cirugia no combinada. Los cambios observados en el grupo de
cirugia combinada no fueron significativos. La longitud axial disminuyd en 0,13+0,23 y 0,2+0,07 mm en
cada grupo (p=0,01). Se observé una correlacion significativa entre la PIO vy la elevacion maxima de la su-
perficie posterior de la cérnea en el examen preoperatorio (r=0,93, p= 0,02).
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CAMBIOS ENDOTELIALES

La densidad endotelial central disminuyd significativamente al afno de la cirugia (7,4%, p=0,04),
con una reduccion media mensual de -14.,6 + 25 células/mm?. La pérdida de células endoteliales parecia
ser mayor cuanto menor era ladistancia TE (distanciamedia TE = 482,9 + 238 um). Por un lado, se observo
una reduccion del 18% de ECD en el grupo < 200 um frente al 1% en el grupo > 500 pm (p=0,08) al ano
de la cirugia. Por otro lado, el andlisis de regresién lineal de modelos mixtos mostrd esa misma tendencia
(mayor pérdida cuanto menor distancia entre el tubo vy el endotelio), pero la pérdida se reducia con el
tiempo para una misma distancia. Por ejemplo, un tubo situado a O um del endotelio perderia -174,8 £
65,2 células/mm? al mes frente a 30,2 + 11,3 células/mm? al afo (p<0,01). Alos 6 mesesy al afo, los tubos
ubicados a > 600 pm del endotelio mostraron una disminucion de densidad endotelial cercana a cero.

Discusion

Los diferentes estudios de esta tesis doctoral examinan el implante Preserflo desde el punto de
vista de las ciencias basicas mediante el andlisis tedrico y experimental de la dindmica de fluidos, la morfo-
logia 'y geometria de la ampolla de filtracion (consecuencia directa de la liberacion de humor acuoso en el
espacio subconjuntival), y desde el punto de vista clinico mediante el andlisis de los cambios topograficos,
biométricos y endoteliales.

En contra de lo que se ha afirmado en algunos estudios publicados al respecto, en esta tesis doctoral se
demuestra que este dispositivo no fue disenado especificamente para evitar la hipotonia, ya que la pre-
sion diferencial medida experimentalmente (2,6 mmHg) es inferior a 5 mmHg. Sin embargo, la resisten-
cia al flujo asociada a su didmetro interno vy longitud parecen reducir el riesgo de hipotonia respecto a la
trabeculectomia. En comparacion con otros métodos de restriccion de flujo, XEN45 y Preserflo parecen
ser comparables entre siy probablemente més seguros que los dispositivos de drenaje tradicionales.

Mediante el andlisis de la morfologia de la ampolla de filtracion se demuestra que la estandarizacion
del flujo volumétrico proporcionado por Preserflo genera, en la mayoria de los casos, ampollas de fil-
tracion tempranas similares a las ampollas de trabeculectomia funcionantes (morfologia multiforme con
multiples capas de tejido conectivo separadas por humor acuoso, liquido epiescleral cavidades y mi-
croquistes). La geometria de las cavidades de liquido epiescleral, difusas y posteriores en la mayoria de
los pacientes, presentan didmetros verticales bajos, lo que podria reducir la tensién sobre la capsula, la
hipoxia, el depdsito de colageno y la fibrosis.

La ausencia de colgajo escleral, esclerectomia y suturas, asi como la morfologia posterior y difusa de
la ampolla podrian explicar los cambios topograficos leves y transitorios observados a los 3 meses de
la cirugfa con este dispositivo. La induccién de astigmatismo a favor de la regla (0,4 D) fue inferior al
reportado tras la trabeculectomiay comparable al de la esclerectomia profunda no perforante.

El efecto del implante Preserflo sobre la densidad de células endoteliales se asemeja a la pérdida en-
dotelial asociada con los dispositivos de drenaje, una reduccion continua sostenida en el tiempo pero
proporcionalmente inferior. Es probable que la reduccién de las dimensiones del tubo vy del flujo de
humor acuoso justifiquen este hallazgo. Un afo después de la cirugia, el porcentaje medio de pérdida
endotelial (7,4 %) y la reducciéon media mensual de células endoteliales (-14,6 células/mm?) parece
comparable con la pérdida endotelial publicada con la valvula de Ahmed implantada en sulcus ciliar. Una
menor distancia del extremo del implante Preserflo el endotelio parece causar una pérdida endotelial

RESUMEN 15



mas severa en cualquier momento del seguimiento, pero mayor en el postoperatorio temprano. Es decir,
un mismo tubo situado siempre a la misma distancia induciria una mayor reduccién endotelial al mes de
la cirugia que al afno. De acuerdo con los resultados de este estudio, aquellos tubos que se sitlien a mas
de 600 um del endotelio inducirdn pérdidas endoteliales cercanas a cero a partir de los 6 meses, lo que
se podria interpretar como un posible factor de proteccion endotelial. La hipotonia y las sinequias ante-
riores periféricas son posibles factores de riesgo de pérdida endotelial en el postoperatorio inmediato.

Conclusiones

1. Elimplante Preserflo no fue disenado especificamente para evitar la hipotonia, ya que la presion
diferencial a través de este dispositivo es inferior a5 mmHg y asi ha sido demostrado experimen-
talmente en la presente tesis doctoral.

2. Lamecénicade fluidos delimplante Preserflo favorece laformaciéon de ampollas multiformesy de
didmetro vertical bajo en el postoperatorio temprano, factores que podrian contribuir a la reduc-
cion de lafibrosis durante el proceso de maduracién de la ampolla de filtracion.

3. Lamorfologiay la geometria de la ampolla de filtracion derivada de la restriccion del flujo por el
implante Preserflo de acuerdo con sus dimensiones (longitud y didmetro interno), parece mejorar
el control de la presién intraocular reduciendo el porcentaje de hipotonia a corto vy largo plazo
respecto a la trabeculectomia.

4. Laestandarizacion del flujo por este implante parece incrementar las probabilidades de obtener
ampollas de filtracion funcionantes a largo plazo de acuerdo con los resultados obtenidos en el
postoperatorio temprano, lo que unido a una técnica quirtrgica mas sencilla, podria facilitar la
cirugia filtrante extendiendo su uso a un mayor nimero de oftalmélogos y pacientes.

5. Laausenciade colgajo escleral, esclerectomiay suturas, asi como la morfologia posterior y difusa
de la ampolla podrian explicar los cambios topograficos leves y transitorios observados a los 3
meses de la cirugia con este dispositivo. La induccién de astigmatismo a favor de la regla parece
significativamente inferior al inducido por la trabeculectomiay comparable al de la esclerectomia
profunda no perforante. Una menor induccion de astigmatismo tras la cirugia podria suponer una
ventaja alahorade plantear el uso de lentes intraoculares toricas o de disefios épticos avanzados
enlos casos en los que asi estuviera indicado.

6. Lapérdidade células endoteliales relacionada con el implante Preserflo parece ser proporcional-
mente inferior pero conceptualmente similar a la que se produce con los dispositivos de drenaje,
una pérdida sostenida en el tiempo. Una menor distancia del tubo al endotelio, la hipotonia en el
postoperatorio tempranoy la presencia de sinequias anteriores periféricas parecen ser factores
de riesgo de pérdida endotelial tras la cirugia.

7. Deacuerdo conlaevidencia cientifica publicada al respecto, la pérdida endotelial relacionada con
elimplante Preserflo parece ser comparable a la de su principal competidor, XEN45, comparable
también a la de la valvula de Ahmed implantada en sulcus, e inferior (o al menos comparable) a la
reportada tras la trabeculectomia
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SUMMARY

Introduction

The reduction of intraocular pressure (IOP) has been proved the only valid treatment for
glaucoma, which is the main cause for irreversible blindness worldwide®. In a recent study? carried out
by the GBD 2019 Blindness and Vision Impairment Collaborators, among the global 33.6 million adults
aged 50 years and older who were blind in 2020° the second leading cause of blindness was glaucoma
(3.6 million cases, ranging from 2.8 to 4.4) after cataract.

The gold standard for glaucoma surgery is trabeculectomy, described and applied since the mid-1960s,
but new surgical methods less invasive have been developed in order to reduce adverse events. One
of the two micro-filtering glaucoma surgery devices available in the market is the Preserflo Microshunt
(Santen Pharmaceutical Company Ltd, Osaka, Japan). This is an agueous drainage shunt to be implanted
ab externo to create a full-thickness fistula from the anterior chamber across to the subconjunctival
space”.

The flow through Preserflo has not yet been measured experimentally. The designers, based on the hy-
pothesis that the Hagen-Poiseuille equation would “brake down” in small tube diameters and extremely
hydrophobic materials such as poly(styrene-block-isobutylene-block-styrene), SIBS, did not measure
the flow before the device was launched into the market. Despite the lack of knowledge about the
flow properties, some studies have published that Preserflo was specifically designed to protect against
hypotony. The effect that the resistance to flow through Preserflo may have on the bleb’s morphology,
as well as the refractive, biometric and endothelial effects associated with this new glaucoma surgery
technique are still unknown.

Objectives

1. Tomeasure the dimensions of the Preserflo implant with field emission electron microscopy (FE-
SEM) inorder to confirm the internal diameter of the tube (70 um), as stated by the manufacturer.

2. Tocalculate the theoretical resistance to flow (R and pressure drop (Ap).

)

THEO

3. Toexperimentally measure the flow (Q) through Preserflo with a gravity-driven flow test where
the hydrostatic pressure is the only motor behind the fluid flow.

4. To perform a clinical and morphological classification and a geometrical anaylisis of the filtering
blebs associated with this device in the early postoperative period (24 hours to 3 months).

5. Toanalyze the effects that this surgical technique has on visual acuity, refraction, topography and
biometry in the early postoperative period (1 week to 3 months).

6. To study the endothelial changes associated with the implantation of the Preserflo Microshunt

from the first month to the first year after surgery.
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Materials and methods

FLUID DYNAMICS

The luminal diameter of the tube was measured with a Quanta FEG 250 scanning electron
microscope (SEM). Different measures were taken from the lumen, including edge to edge (vertically and
horizontally), and edge to shadow.

The Hagen-Poiseuille equation® was used to calculate the theoretical resistance to flow (R, .., mmHg/
(LL/min)) and the pressure differential or pressure drop (Ap= p1-p2, mmHg) through Preserflo for a
known volumetric flow rate, the mean aqueous humor production in humans (Q, 2 pL/min)¢ and an

aqueous humor viscosity of 0.7185 centipoises (cP) at 36 °C for primary open angle glaucoma (POAG)”.

Experimental setup: a sample of Preserflo was inserted into a tube with a larger diameter (DT=1 mm),
with both ends immersed in a physiological saline solution used to limit the presence of bubbles in the
circuit, connecting two different containers located at different heights. The top container was sealed to
prevent from bubble formation. Once the fluid had crossed the implant, it continued through the tube
until it reached the bottom container, where the mass was measured with a precision balance (Met-
tler-Toledo, PB 3002-S, Columbus Ohio, USA). The difference in height between the top fluid reservoir
and the bottom container induced the hydrostatic pressure P, being the only force behind the fluid flow
in the circuit according to the Hagen-Poiseuille law. No surface tension mechanisms (such as droplet
formation) should affect the fluid dynamics.

CLINICAL AND MORPHOLOGICAL CLASSIFICATION. BLEB GEOMETRY

To analyze the bleb features, the study was designed as a prospective, single-center case se-
ries of 28 eyes of 28 consecutive patients who underwent Preserflo glaucoma surgery with mitomycin C
(MMC) at the Glaucoma Unit of the HLA Moncloa Hospital, Oftalvist Madrid. All patients were previously
diagnosed with primary open-angle glaucoma (POAG).

Baseline preoperative characteristics were collected from all patients, including demographics, type of
surgery (combined or stand-alone) ocular parameters and number of drugs.

During follow-up, IOP, best corrected visual acuity (BCVA) and anterior segment optical coherence to-
mography (AS-OCT) measurements from the tube and the size of the bleb were analyzed at 24 hours,
one week, one month and three months. The number of patients with hypotony, the number of patients
who required glaucoma medication, number of medications and reinterventions (needling or open revi-
sion) were also collected.

The bleb morphology was analyzed with slit lamp examination by the same examiner who performed
the OCT analysis. Photographs were obtained at each visit to classify the blebs according to the Indiana
Bleb Appearance Grading Scale (IBAGS).
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TOPOGRAPHY AND BIOMETRY

This study was a prospective, single-center case series. 30 eyes of 29 patients were consecu-
tively recruited at the Glaucoma Unit of the HLA Hospital Universitario Moncloa (Oftalvist Group, Ma-
drid, Spain) and underwent glaucoma surgery with Preserflo.

Baseline preoperative characteristics were collected from all patients, including demographics, type of
surgery (combined or stand-alone) and ocular parameters.

The following indices were collected, pre and postoperatively (1 day, 1 week, 1 month and 3 months):
IOP, axial length (AL) using a noncontact method (IOLMaster 700, swept-source biometry, Carl Zeiss
Meditec AG), spherical equivalent (SE), Pentacam HR (Oculus, Inc.) and measurements of the anterior
and posterior corneal curvatures in the central 8-mm-diameter area, including anterior surface astigma-
tism (ASA), ASA axis (flat), posterior surface astigmatism (PSA), PSA axis (flat), total corneal astigmatism
(TCA, 4 mm), anterior corneal radius flat, steep, and mean [Rf (A), Rs (A), Rm (A)], posterior corneal radius
flat, steep, and mean [Rf (B), Rs (B), Rm (B)], anterior corneal elevation (ACE max, ACE min, ACE central),
posterior corneal elevation (PCE max, PCE min, PCE central) and anterior chamber depth (ACD).

ENDOTHELIAL CHANGES

This study was an observational, prospective study that included 46 eyes that underwent
PRESERFLO implantation in the upper-temporal or upper-nasal quadrant in the anterior chamber (AC)
in the Glaucoma Department of the Oftalvist Clinic-Moncloa HLA Hospital (Madrid, Spain). Both “stand
alone” and combined cataract phacoemulsification and Preserflo procedures were included, but only
pseudophakic eyes were considered for “stand alone” Preserflo implantation.

All patients underwent preoperative evaluation of the central corneal thickness (CCT) and noncontact
specular microscopy (Topcon specular microscope SP-1P, Topcon Corporation, Tokyo, Japan) for corneal
endothelial evaluation prior to Preserflo implantation.

During postoperative visits, these measurements were repeated while accounting for the central en-
dothelial cell density (ECD). During follow-up, AS-OCT was used to evaluate the distance of the tube
from the endothelium and iris and its length in the anterior chamber. Measurements from the distal
superior end of the beveled tip of the tube were performed perpendicular to the internal surface of the
cornea (tube-endothelium, TE, distance), and from the distal inferior end of the tube to the iris plane
(tube-iris distance, Tl). These measurements were repeated at 1 week and at 1, 3, 6 and 12 months after
surgery. The length of the tube in the anterior chamber (TL) was measured from the beveled tip to the
angle at 3 months. Peripheral anterior synechiae were evaluated by AS-OCT.

Graphic analysis of the data distribution was performed with scatterplots, boxplots and bar graphs. The
mean monthly reduction (MMR) was calculated by dividing the ECD change (preoperative -postopera-
tive) by the number of months since surgery. Mixed model linear regression analysis and Spearman corre-
lation index were used to analyze the relation between the tube-endothelium distance and the endothelial
cell loss.

The sample was divided into different groups for analysis: Two groups divided by the type of surgery
(combined phaco-Preserflo surgery vs. pseudophakic eyes who received the implant as a “solo” pro-
cedure). Three groups divided by the tube-endothelium (TE) distance: a) TE distance < 200 um b) TE
distance 201-500 pm c) TE distance > 500 pum.
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SURGICAL TECHNIQUE

The surgical technique was reported by our group at:
https://journals.lww.com/glaucomajournal/Fulltext/2021/10000/Changes_to_Corneal_Topography_
and_Biometrics_After.8.aspx.

Results

FLUID DYNAMICS

SEM images of the Preserflo showed luminal diameters of 67.73 x 65,95 um and 63.66 x
70.54 um. The total diameter was 337.2 um, and the wall was 154 um wide. The theoretical calculation

of the resistance to flow (R for an aqueous humor (AH) viscosity of 0.7185 centipoises (cP) was 1.3

)
THEO
mmHg/(uL/min). Hence, assuming a constant AH flow of 2 puL/min, the pressure drop across the device
(Ap) was estimated to be 2.6 mmHg. The gravity-flow driven experiment allowed us to measure the
experimental resistance to flow R.=1.806 mmHg/(uL/min), which in physiological conditions accounting

for the aqueous humor viscosity, was R = 1.301 mmHg/(uL/min), in agreement with the theoretical

PHYS
resistance to flow.

CLINICAL AND MORPHOLOGICAL CLASSIFICATION. BLEB GEOMETRY

The average median preoperative IOP of 20.7 (range, 12-30) mmHg decreased to 8.5 (range,
4-17), 8.9 (range, 5-17), 10.4 (range, 8-16) and 10.9 (range, 9-15) mmHg at 24 hours, one week, one
month and 3 months, respectively (p<0.001). A multiform morphology on AS-OCT prevailed at all time
points, with a 3.5% rate of a uniform bleb morphology at the first week. The horizontal and vertical diam-
eters of the blebs increased from baseline to the third month. The horizontal expansion (406+127 pmon
day7,p=0.04,712+211 pmonday 30,p =0.02 and 952+218 pm on day 90, p < 0.001) was greater than
the vertical expansion (16+18 um, p = 0.3 onday 1, 63+27 um, p = 0.02 on day 30 and 137+34 um, p <
0.001 on day 90) without a correlation with the IOP (r=-0.3,p=0.2).

TOPOGRAPHY AND BIOMETRY

The IOP decreased from 21.8+5.2 and 16.5+1.5 mmHg at baseline to 10.9+1.8 and
10.1+1.1mmHg at 3 months in the non-combined and combined groups (p<0.01). The anterior, posterior
and total corneal astigmatism (ASA, PSA, TCA) increased in each group 0.4+0.3/ 0.2+1.0 D, 0.08+0.1/
0.03+0.1 D and 0.4+0.3/ 0.2+0.9 D respectively at 3 months. The anterior and posterior corneal eleva-
tion (ACE max, ACE min, PCE max) increased on the first week (p=0.01) with no significant changes at 3
months in the non-combined group. The changes observed in the combined group were not significant.
The axial length (AL) decreased 0.13+0.23 and 0.2+0.07 mm in each group (p=0.01). There was a signifi-
cant correlation between the IOP and the maximum elevation of the posterior surface of the cornea at the
preoperative examination (r=0.93, p= 0.02).
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ENDOTHELIAL CHANGES

Central ECD decreased significantly at 1 year (7.4%, p=0.04), with a MMR of -14.6 + 25 cells/
mm?. A shorter distance from the tube to the endothelium showed a trend to increase the loss of endothe-
lial cells. At one year, there was an 18% ECD reductioninthe < 200 um group vs. 1% in the > 500 pm group
(p=0.08). Linear regression mixed model analysis showed that tubes located closer to the endothelium in-
duced ahigher mean monthly reduction of EC, but the loss decreased with time for the same tube position
in the anterior chamber. A tube situated O pm from the endothelium would lose -174.8+65.2 cells/mm? at
1 month vs. 30.2+11.3 cells/mm? at 12 months, p<0.01. At 6 months and 1 year, tubes located > 600 um
from the endothelium showed EC loss close to zero.

DISCUSSION

The studies included in this dissertation examine the basic science and the clinical features of
the Preserflo implant by means of the theoretical and experimental analysis of the fluid properties, and
the study of the bleb morphology, visual acuity, topography, biometry and endothelial cell loss.

It has bee demonstrated that this device was not specifically designed to avoid hypotony, given that
the experimental pressure drop (2.6 mmHg) is lower than 5 mmHg, against some publications about the
matter. However, the resistance to flow offered by the luminal diameter and length of the tube seems
to decrease the rate of hypotonic below trabeculectomy. Compared to other flow restrictive methods,
XEN45 and Preserflo seem to reduce the risk of hypotony in comparison with glaucoma drainage de-
vices.

The standardization of flow at the specific flow rate provided by Preserflo has been shown to generate,
in the majority of the cases, early filtering blebs that resemble the functioning trabeculectomy blebs
(multiform morphology with multiple layers of connective tissue separated by aqueous humor, episcle-
ral fluid cavities and mycrocists). The geometry of the episcleral fluid cavities is diffuse and posterior,
with low vertical diameters that would reduce the tension on the capsule, reducing hypoxia, collagen
deposition and fibrosis.

The absence of scleral flap, sclerectomy and sutures, as well as the posterior and diffuse bleb morphol-
ogy could explain the mild and transient topographic changes observed 3 months after surgery with this
device. The WTR astigmatism induction (0.4 D) seems to be lower than trabeculectomy and comparable
to deep sclerectomy.

The effect of the Preserflo Microshunt on ECD resembles the ECD loss associated with long-tube glau-
coma drainage devices, an ongoing loss of endothelial cells that continues over time but at a lower rate
with Preserflo. At one year, the mean percentage of ECD loss (7.4%) and the mean monthly reduction
(-14.6 cells/mm?), seem to be comparable to the ECD loss reported for the Ahmed valve located in the
ciliary sulcus. A shorter distance from the tip of the tube to the endothelium appears to cause more
severe ECD loss anytime during follow up, but seems to be higher in the early postoperative period. A
constant position of the tube in the anterior chamber would induce a higher loss of endothelial cells at
one month than at one year. According to the results of the mixed model linear regression analysis, from
the 6th month, tubes located at a distance higher than 600 pm will show an endothelial loss close to
zero, which could be a possible protective factor for the endothelium. Hypotony and peripheral anterior
synechiae seem to be risk factors for higher endothelial cell loss in the immediate postoperative period.
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CONCLUSIONS

1.

The experimental measurement of the fluid dynamics of the Preserflo Microshunt has
demonstrated that this device was not specifically designed to avoid hypotony, since the
pressure drop across the tube is lower than 5 mmHg, and it was experimentally demon-
strated in the present dissertation.

The fluid dynamics of the Preserfloimplant favor the formation of multiform and low-ver-
tical-diameter blebs in the early postoperative period, factors that could contribute to
the reduction of fibrosis during the filtration bleb maturation process.

The morphology and geometry of the filtration bleb derived from the flow restriction
associated with Preserflo improves intraocular pressure control with respect to trabec-
ulectomy, the gold standard in glaucoma-filtering surgery.

Accordingto the early bleb morphology, the standardization of flow through this implant
could increase the rate of functioning filtering blebs in the long term. Along with an easi-
er surgical technique with fewer complications, Preserflo could offer an advantage over
trabeculectomy by the standardization of results.

Preserflo’s bleb morphology, along with the absence of ascleral flap, sutures and sclerec-
tomy, induces mild and transient refractive changes. These findings could be considered
an advantage over trabeculectomy by increasing the accuracy of IOL calculations and
the possibility of using advanced intraocular lens optic designs.

Endothelial cell loss reported after surgery with Preserflo appears to be inferior or at
least comparable to that reported after trabeculectomy and comparable to XEN45 and
the Ahmed valve when it is placed in the sulcus. A smaller distance from the tube to the
endothelium and hypotony are possible risk factors for endothelial loss with this implant.
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INTRODUCCION

1.1. Ultraestructuray fluidica del implante Preserflo

Uno de los principales desafios de la cirugia filtrante de glaucoma es el control del flujo de
salida del humor acuoso para prevenir la hipotonia. En el caso de los dispositivos de drenaje no valvula-
dos, en ausencia de un método de restriccion del flujo la resistencia ofrecida por los tejidos que rodean
el cuerpo valvular no es capaz de evitar la hipotonia hasta al menos aproximadamente seis semanas
después de la cirugia®. En este periodo existe riesgo de hipotonia severa, hemorragia coroidea?, aplana-
miento de la cdmara anterior y mas adelante, aparicion de lesiones foveales que pueden suponer una
seria amenaza para la vision a largo plazo®.

La busqueda del control de la salida del humor acuoso ha evolucionado en los Ultimos afos con el dise-
fio de nuevos implantes basados en la férmula de restriccion de flujo de Hagen-Poiseuille*. De acuerdo
con esta ecuacion, que rige las propiedades de los fluidos Newtonianos no compresibles a través de
un tubo cilindrico, la resistencia al flujo (R) y la presion diferencial (Ap) se pueden modificar mediante
la variacion de la longitud y el didametro. La resistencia al flujo de salida y por tanto la presién diferen-
cial, aumentan linealmente en relacién con la longitud del tubo y disminuyen a la cuarta potencia del
diametro interno. De esta forma, en los Ultimos anos se han lanzado al mercado dos nuevos tubos de
dimensiones muy reducidas, el implante de glaucoma XEN (XEN-GGM, Allergan Plc, Parsippany, NJ, EE.
UU.) vy el dispositivo Preserflo MicroShunt (Santen Pharmaceutical Co., Osaka, Japon) que acttian como
restrictores de flujo por su longitud y sobre todo por su didmetro interno, sin la necesidad de un meca-
nismo valvular. Ambos estan disefiados para conectar la cdmara anterior con el espacio subconjuntival
sin un plato ubicado en el extremo distal del tubo. La resistencia tedrica al flujo vy la presion diferencial,
de acuerdo con la ecuacion de Hagen Poiseuille, deberia ser mayor a través de XEN45 (6 mm de largo,
45 um de didmetro interno) que a través de Preserflo (8,5 mm de largo, 70 pm didmetro interno).

En el estudio publicado por Sheybani et al.> se demostré experimentalmente que el implante XEN45 po-
dria mantener la presion por encima de los valores de hipotonia numérica, (5 mmHg segtin la Asociacion
Mundial del Glaucoma, WGA?, y valor propuesto también en grandes ensayos clinicos como el limite
por debajo del cual la presion intraocular no es deseable’) dado que la presion experimental en estado
estable era 8,9 mmHg (presion diferencial) y el valor tedrico, 10,98 mmHg, ambos por encima del valor
considerado como hipotonia.

En el caso de Preserflo, hasta la publicacién del primer articulo de la presente tesis doctoral, no pare-
cian existir estudios experimentales publicados en la literatura cientifica sobre el flujo vy la presion dife-
rencial. En el estudio de laboratorio publicado por el fabricante para explicar el proceso de desarrollo
de Preserflo®, se exponian como fundamentos del disefio los estudios experimentales publicados por
Arrieta et al.” sobre el funcionamiento del tubo en ratones, y la busqueda de un didmetro interno que
fuera superior al de una célula endotelial suelta (40-50 um). Los autores probaron diferentes diametros,
observando que por un didmetro de 53 micras no se producia flujo (probablemente por el material
hidrofobico del que estd compuesto Preserflo). De manera empirica fueron aumentando el didmetro vy
observando los resultados que obtenian en animales de experimentacion, hasta llegar a las actuales 70
micras. Los autores argumentaron que la ecuaciéon de Hagen Poiseuille no seria aplicable a este tubo de
didametro tan pequefo y material tan hidrofobico (poly (styrene-block-isobutylene-block-styrene), SIBS,
para explicar por qué no se midié experimentalmente el flujo antes de su lanzamiento.

INTRODUCCION 33



La presiéon diferencial (Ap) a través de Preserflo se puede calcular de forma tedrica con la formula
de Hagen Poiseuille, teniendo en cuenta la viscosidad del humor acuoso, (0,7185 centipoise (cP)© en
pacientes con glaucoma primario de angulo abierto) y la produccion media de humor acuoso en el ser
humano (2 pL/min, rango de 1,8 a 4,3 pL/min ). El valor resultante del célculo, Ap = 2,6 mmHg, im-
plicaria que el implante Preserflo en teoria no seria capaz de evitar la hipotonia sélo por su capacidad
de restringir el flujo.

P= QxR
128xuxLxQ
p=
Txdt
128 xuxL
R = —_—
Txd?
P=Ap=p1-p2 (presion diferencial)
= viscosidad dinamica
L= longitud
Q= flujo volumétrico
R= resistencia al flujo
128x0.7185x1.25x107x 8.5

3.1416x0.074

R= 1.3 mmHg/uL/min

P= 2x13
Ap=2.6mmHg

Por este motivo, y con el objetivo de comprobar experimentalmente los hallazgos tedricos, realizamos
un estudio experimental del flujo por el implante publicado en la revista internacional “Translational
Vision Science and Technology”'”. Inicialmente se analizo la ultraestructura del implante con microscopia
electrénica de barrido de emision de campo (FESEM) para confirmar que el didmetro interno fuera
consistente con las especificaciones proporcionadas por el fabricante. Posteriormente se calculd la re-

sistencia tedrica al flujo (R y la presion diferencial no soélo para Preserflo, si no también para otros

)
THEO
implantes como XEN45, dispositivos de drenaje tradicionales (Valvula de Ahmed, AGV; New World
Medical, Rancho Cucamonga, CA, Implante Baerveldt, BGI, Abbott Medical Optics, Santa Ana, Califor-
nia, USA), dispositivo Paul Glaucoma Implant (Advanced Ophthalmic Innovations, Singapore) e implante
Express P200 (Alcon, Fort Worth, TX, EEUU). Finalmente, se midio experimentalmente el flujo a través
de Preserflo mediante un método gravitacional basado en el experimento publicado por Estermann et

al.®y simulando diferentes presiones intraoculares. Se halld una relacién lineal entre la masa 'y el tiempo
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y lapresion intraocular y el flujo. La resistencia experimental al flujo (R.) permitio calcular la resistencia al

flujo en condiciones fisioldgicas (R, .) teniendo en cuenta la viscosidad del humor acuoso. Mediante la

PHYS
ecuacion de Hagen Poiseuille, se calculd la presion diferencial a través de Preserflo para una produccion

de humor acuoso de 2 pL/min't, confirmando Ap= 2,6 mmHg.

La confirmacién experimental de los calculos tedricos nos permitiria afirmar que este implante no fue
disenado especificamente para evitar la hipotonia.

1.2. Morfologia de la ampolla de filtracion tras la cirugia de glaucoma con el implante
Preserflo

La estandarizacion del flujo a través de un implante de glaucoma pequefo v facil de insertar,
capazde transportar un volumen suficiente de humor acuoso como para producir ampollas funcionantes a
largo plazo mientras controla la hipotonia gracias a sus reducidas dimensiones, seria muy probablemente
laidea detras del desarrollo de los nuevos implantes de microcirugia filtrante de glaucoma.

El factor determinante del éxito de la cirugia filtrante es la funcién a corto y a largo plazo de la ampolla
de filtracion. Diferentes estudios publicados acerca de la ampolla de trabeculectomia nos ensefan que
el factor fundamental para el buen funcionamiento futuro de la ampolla es la presencia de acuoso entre
los tejidos en el postoperatorio temprano, distribuido de manera difusa y capaz de separar el tejido en
multiples capas. Theelen et al'* describe este fendmeno como “stripping” o “decapado’, la presencia de
multiples capas paralelas e hiporreflectivas dentro de la cdpsula de Tenon. Nakano et al.> con tomogra-
fia de coherencia dptica de segmento anterior (AS-OCT), a su vez nos muestra que la probabilidad de
éxito de la ampolla de trabeculectomia es mayor a los 6 meses de la cirugia en aquellas ampollas cuyas
paredes eran multilaminares a las 2 semanas de la intervencion.

Conociendo la importancia de la presencia de acuoso entre los tejidos en el postoperatorio temprano de
la trabeculectomia, seria razonable esperar que los nuevos microimplantes de glaucoma (XEN45, Pre-
serflo) tuvieran la capacidad de estandarizar el flujo aportando un voltimen suficiente de acuoso desde
el postoperatorio inmediato como para conseguir ampollas multiformes en el postoperatorio temprano
y funcionantes a largo plazo en un porcentaje elevado de casos, simplificando la cirugia filtrante y ha-
ciéndola quizd mas accesible a un mayor nimero de oftalmdlogos vy pacientes. El analisis morfoldgico
de la ampolla de Preserflo con AS-OCT podria determinar si Preserflo tiene o no la capacidad de formar
ampollas multiformes en el postoperatorio temprano, factor predictivo de éxito de las ampollas de
trabeculectomia. Hasta la publicacién del segundo articulo de la presente tesis doctoral, no existian
estudios publicados al respecto en la literatura.

Analizando la evidencia cientifica sobre la morfologia de la ampolla de filtracion de su principal competi-
dor, XEN 45, sobre el que si existen publicaciones en la literatura cientifica, la morfologia de la ampolla
parece ser muy diferente dependiendo de la técnica quirtrgica (con o sin diseccion de la conjuntiva).
Con la técnica de conjuntiva cerrada parece aumentar la probabilidad de obstruccion del tubo por la
capsula de Tenon, lo que disminuiria el flujo de acuoso v la presencia de liquido entre los tejidos. Teus'®
describe la ampolla de filtracion 1 afio después de la cirugia con XEN 45 y mitomicina C (MMC) 0.01%
como “conjuntiva filtrante” con escasa presencia de cavidades de fluido, en lugar de una verdadera
ampolla de filtracion tipo trabeculectomia. Por su parte, Dangda' con la técnica de conjuntiva abierta,
reporta ampollas comparables a las de la trabeculectomia con cavidades de fluido epiescleral en un alto
porcentaje de pacientes tras la cirugia (realizada con el uso de MMC 0.02%, dosis total, 60 pg).
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Con el objetivo de analizar la ampolla de filtraciéon en el postoperatorio temprano del implante Preserflo
y como parte de la presente tesis doctoral, se realizd y publicd un estudio en la revista internacional
“Acta Ophthalmologica™®, sobre la morfologia y la geometria de la ampolla de filtracion analizada me-
diante AS-OCT, y la posible correlacién entre las dimensiones de la ampollay la presion intraocular.

1.3. Efectos biométricos y topograficos de la cirugia con el implante Preserflo

La trabeculectomiay otros procedimientos formadores de ampolla como el implante Expressy
la esclerectomia profunda no perforante (EPNP), se han relacionado con cambios en la biometria ocular®,
la queratometriay la topografia corneal?®?¢. Los cambios en la curvatura corneal pueden a su vez variar la
refraccion, la agudeza visual e incluso influir sobre el calculo de la lente intraocular en cirugia combinada
catarata-glaucoma. Los posibles mecanismos incluyen la extracciéon de tejido tras la diseccion del tapete
escleral profundo??, la tension en las suturas?, las ampollas grandes o avasculares y la ptosis palpebral?’.
Hipotéticamente, un procedimiento que no precise suturas, diseccion de tapete escleral superficial ni pro-
fundo, y que produzca ampollas més posterioresy difusas gracias a su disefio'®'¢, podria suponer una ven-
tajafrente ala trabeculectomia al disminuir los cambios refractivos y biométricos.

Analizando la evidencia cientifica al respecto, no se encontraron estudios publicados sobre los efectos
refractivos del implante Preserflo, motivo por el cual se planted e inicié el estudio posteriormente publi-
cado en la revista “Journal of Glaucoma” como parte de esta tesis doctoral?®. En el estudio se analizaron
los cambios en la biometria vy la topografia durante los 3 primeros meses del postoperatorio con este
implante.

1.4. Efectos sobre la densidad de células endoteliales del implante Preserflo

La pérdida excesiva de células endoteliales y el riesgo de descompensacion corneal son com-
plicaciones temidas en cirugia de glaucoma. Existen multiples estudios sobre los efectos que la cirugfa de
glaucoma tiene sobre la densidad de células endoteliales?”%, pero en los Ultimos afos se viene prestando
una especial atencion a las nuevas técnicas menos invasivas, como la cirugia microincisional de glaucoma
(MIGS) con implantes trabeculares y supracoroideos y la microcirugia subconjuntival con los dispositivos
XEN45 vy Preserflo.

A pesar de que la fisiopatologia de la pérdida de densidad endotelial no es bien conocida, al menos tres
mecanismos parecen implicados: dafio mecanico por proximidad del extremo del tubo al endotelio, alto
flujo por el implante con pérdida de células en la zona de endotelio més proxima al extremo del tubo, e
inflamacioén postoperatoria??°.

Respecto a la evidencia acerca de la influencia de la distancia tubo-endotelio sobre la densidad endotelial,
la tasa de reduccion media mensual de células endoteliales centrales parece ser significativamente inferior
cuando el tubo de la valvula de Ahmed se coloca en sulcus ciliar (més lejos de endotelio) respecto a cdmara
anterior®™. En este mismo sentido, en un estudio con 3 afos de seguimiento sobre la influencia de la posi-
cion del tubo del implante Baerveldt (Abbott Medical Optics, Chicago, lllinois, USA) sobre la densidad de
células endoteliales, una menor distancia entre el tubo y el endotelio parecia acelerar la pérdida celular®s,

Elimplante Preserflo es un tubo conceptualmente similar a los tubos de Ahmed y Baerveldt, diferencian-
dose de ellos por sus reducidas dimensiones. Pareceria légico pensar que un menor flujo de acuoso y un
menor volumen ocupado en camara anterior pudieran reducir la pérdida endotelial, aunque todos ellos
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siguieran un mismo patron de reduccion de densidad de células endoteliales sostenida en el tiempo. Por
otro lado, si con los tubos de Ahmed y Baerveldt se ha demostrado que una menor distancia tubo-en-
dotelio acelera la pérdida endotelial, quiza el mismo efecto se podria dar con Preserflo.

Revisando la literatura no se hallaron estudios sobre el patron de pérdida de células endoteliales o la
influencia de la posicion del tubo en camara anterior sobre la densidad endotelial, motivo del Ultimo
estudio incluido en la presente tesis doctoral y publicado en la revista internacional “Opthalmology
and Therapy”** acerca de la relacién Preserflo-endotelio desde el primer mes hasta el primer afo tras
lacirugia.

INTRODUCCION 37






OBJETIVOS / HIPOTESIS







Objetivos/Hipotesis

2.1. Fluidica del implante Preserflo

1.

Medir con Microscopia Electrénica de Emision de Campo (FESEM) las dimensiones del implante
Preserflo para confirmar que el didmetro interno del tubo mide 70 um, de acuerdo con las dimen-
siones especificadas por el fabricante.

Una vez confirmado el didmetro interno (70 um) con microscopia electrénica., calcular la resis-

tencia al flujo (R y lapresiondiferencial (Ap,,,..) tedricas por el implante Preserflo mediante

THEO)
la Ley de Hagen Poiseuille para una produccion media de humor acuoso en el ser humano de 2
pL/min.

Medir experimentalmente el flujo por el implante Preserflo mediante un estudio gravitacional
donde la Unica fuerza que impulse el flujo (Q) por el implante sea la presién hidrostéatica, y en el
que se calcule la masa de suero salino que atraviesa el tubo en funcién del tiempo vy el flujo en
funcionde la presion intraocular simulada variando la presion hidrostatica a diferentes alturas. El
célculo matematico se realizaria con MATLAB (version R2018a).

Obtener el valor de resistencia experimental al flujo (RE> y calcular la resistencia al flujo en con-
diciones fisiologicas (R teniendo en cuenta la viscosidad del humor acuoso en pacientes con

glaucoma.

PHYS)

Calcular la presion diferencial experimental en condiciones fisiologicas (Ap,, ) mediante la
ecuacion de Hagen Poiseuille teniendo en cuenta R, .. y una produccion de humor acuoso de
2 pl/min.

Comparar la presion diferencial tedrica (Ap,,.,) v experimental en condiciones fisioldgicas

PHYS

(Ap,,,o)- S ambas coincidieran se validarian los resultados del estudio experimental y si siendo
coincidentes fueran inferiores a 5 mmHg, se podria confirmar que el implante Preserflo no fue
disenado especificamente para evitar la hipotonia.

Si el experimento demostrara una relacion lineal entre la masay el tiempo y entre el flujo v dife-
rentes presiones hidrostaticas, operando en nimeros de Reynolds por debajo de la transicién al
régimen turbulento, se demostraria que el flujo por este implante es laminar y cumple con la Ley
de Hagen Poiseuille en contra de lo publicado acerca de este implante por los autores implicados
en su diseno.

2.2. Morfologia y geometria de la ampolla de filtracién tras la cirugia con el implante
Preserflo

1.

Clasificacion clinica de las ampollas de filtracion asociadas con el implante Preserflo en el posto-
peratorio temprano (24 horas a 3 meses) mediante la clasificacion “Indiana Bleb Grading Appea-
rance Scale” (IBAGS).

Clasificacion morfologica de las ampollas de filtracion mediante AS-OCT. Las ampollas se clasi-
fican en dos grupos, uniformes y multiformes, y dentro del grupo de ampollas multiformes en
multicapa, microquistes, cavidad de fluido epiescleral y sus grados (leve, moderado, alto), en cada
visita desde las primeras 24 horas hasta los 3 meses.

Analisis geométrico de la ampolla de filtracion mediante la medida de los didmetros horizontal
y vertical de la cavidad de fluido epiescleral en cada visita desde las primeras 24 horas hasta los
3 meses.
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4. Andlisis de la posicion del tubo en cadmara anterior mediante AS-OCT, midiendo la posicion del
extremo del tubo respecto a iris y endotelio para comprobar su estabilidad entre las primeras 24
horasy los 3 meses.

5. Andlisis del efecto de la cirugia con el implante Preserflo sobre la presidn intraocular desde las
primeras 24 horas hasta los 3 meses.

6. Describir el porcentaje de pacientes que presentaron hipotonia, requirieron reformacion de ca-
mara anterior con viscoeldstico o presentaron fibrosis de la ampolla o encapsulamiento, necesi-
tando reintervencién mediante “needling” o revision en quiréfano.

7. Seplantean varias hipotesis:

e El flujo de humor acuoso por el implante Preserflo en el postoperatorio temprano bajo la
capsula de Tenon favorece la formacion, en la mayoria de los casos, de ampollas multiformes
con multiples capas (como prueba de la presencia de humor acuoso) vy la formacion de cavi-
dades de fluido epiescleral, caracteristicas que serfan similares a las de las ampollas tempra-
nas de trabeculectomia con més probabilidades de ser funcionantes a largo plazo.

e La restriccion del flujo asociado a las dimensiones del implante Preserflo favorece la for-
macion de ampollas de baja presion, en las que el didmetro vertical es menor que el horizon-
tal, y que se caracterizan por inducir una menor fibrosis de la pared de la ampolla.

e Ladistribucion del humor acuoso en el espacio subtenoniano en el postoperatorio temprano
se asocia con un tipo de morfologiay geometria de ampolla capaz de evitar la hipotonia clini-
ca enun porcentaje mayor del esperado de acuerdo con su presion diferencial, demostrada
experimentalmente.

e La posicion del tubo en cdmara anterior permanece constante salvo en los casos que pre-
senten hipotonia, en los que la posicion relativa del implante respecto a endotelio e iris dis-
minuird proporcionalmente a la disminucién de profundidad de la cdmara anterior.

e Unmayor diametro horizontal de la ampolla se correlaciona con una mayor disminucion de
la presiéon intraocular.

2.3. Efectos biométricos y topograficos del implante Preserflo

1. Analizar, desde la primera semana hasta el tercer mes, los siguientes cambios en dos grupos de
pacientes (cirugia combinaday cirugia no combinada):

e Disminucion de presion intraocular.

o Cambios visuales y refractivos (agudeza visual mejor corregida, equivalente esférico, esfera
y astigmatismo refractivos).

e Cambios biométricos (profundidad de cdmara anterior y longitud axial).

o Cambios observados en el astigmatismoy eje del astigmatismo (cara anterior, cara posterior
y astigmatismo total).

e Cambios observados en la queratometria.

e Cambios observados en la elevacion de la cara anterior y posterior de la cornea, méxima,
minimay central.

e Realizar una revisién bibliografica extensa de los cambios refractivos asociados con otros
tipos de cirugia de glaucoma (trabeculectomia, implante Express, EPNP y dispositivos de
drenaje) para comparacion con el implante Preserflo.

2. Lahipotesis principal del estudio es que los cambios visuales, refractivos y biométricos asociados con
este implante son leves y transitorios, recuperando valores preoperatorios a los 3 meses de la cirugfa.
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3. Los cambios leves y transitorios se asociarian a una técnica quirdrgica menos invasiva y a una

morfologia de ampolla mas difusay posterior que la de la trabeculectomia.

2.4. Efectos sobre la densidad de células endoteliales del implante Preserflo

1. Objetivo principal: Analizar el efecto de la cirugfa de glaucoma con el implante Preserflo sobre la

densidad de células endoteliales (ECD) durante el primer afio desde la cirugia.

2. Objetivos secundarios:

Andlisis del cambio enladensidad de células endoteliales (ECD postoperatoria-ECD preope-
ratoria) frente al tiempo desde la cirugia (nimero de dias desde la intervencion).

Andlisis de la reduccion mensual (MMR) de ECD de la poblacion total del estudio (MMR=
ECD preoperatoria - ECD postoperatoria / nimero de meses desde la cirugia).

Andlisis del porcentaje de pérdida de ECD central (MMR /ECD preoperatoria)

Andlisis de la influencia de la distancia entre el extremo distal del tubo y el endotelio e iris
medido con AS-OCT sobre el cambio de ECD central mediante regresion lineal de modelos
mixtosy anélisis de correlacién de Pearson.

Andlisis de todas las variables anteriores por grupos, en funcion del tipo de cirugia (cirugia
combinada frente a cirugia en solitario en pacientes previamente pseudofaquicos) y por la
distancia entre el tubo y el endotelio (<200 um, 201-500 um, >500 um).

Andlisis de otros factores de riesgo de pérdida endotelial (edad, hipotonia, sinequias ante-
riores periféricas y profundidad de cdmara anterior).

3. Hipotesis:

La hipétesis principal del estudio es que una menor distancia entre el extremo distal del tubo
y el endotelio acelera la pérdida de células endoteliales.
Las hipdtesis secundarias son las siguientes:

- Siendo conceptualmente comparable al tubo de un dispositivo de drenaje, el patron
de pérdida de células endoteliales debe ser similar (patrén continuado en el tiempo
superior al porcentaje de pérdida fisiologica asociada a la edad).

- La pérdida de células endoteliales debe ser menor en comparacion con los tubos
de drenaje tradicionales debido a sus reducidas dimensiones, volumen en cadmara
anterior y reduccion en el flujo de humor acuoso.

- La hipotonia, la presencia de sinequias anteriores periféricas y una menor
profundidad de la cdmara anterior, pueden estar relacionadas con una mayor
pérdida endotelial.
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Discusion

3.1.Fluidica delimplante Preserfloy surelacion conla morfologiay geometria de laampolla
de filtracion

El primer bloque de estudios de la presente tesis doctoral por publicaciones se inicia con el
estudio de la mecénica de fluidos por el implante Preserflo. En primer lugar, se analizé su ultraestructura
mediante microscopia electrénica de barrido (FESEM, Field Emission Scanning Electron Microscope) en
el Laboratorio de Microscopia Avanzada de la Universidad de Zaragoza. En segundo lugar, se analizo la
mecéanica de fluidos de este implante mediante un estudio experimental gravitacional realizado en el De-
partamento de Fisicas y Mateméatica Aplicada de la Universidad de Navarra.

Se considerd necesario confirmar el didmetro interno del implante Preserflo sobre la premisa de que la
medida del implante no siempre coincide con lo reportado por el fabricante. En el estudio publicado por
Samsudin®, los autores analizaron con microscopia electronica el didmetro interno de los modelos P50
y P200 del implante Express. De acuerdo con Alcon, las medidas debian ser 50 y 200 micras respecti-
vamente, pero las dimensiones reales eran 205 y 206 micras. En el estudio se midié experimentalmente
la resistencia al flujo por ambos modelos, encontrando una diferencia significativa (P200, 0.01 mmHg/
(LL/min); P50, 0.05 mmHg/(uL/min) entre ambos que no se justificaba por diferencias en el didmetro
puesto que ambos median lo mismo. Conversaciones con la casa comercial aclararon que el modelo
P50 habia sido modificado mediante la insercion de una barra metdlica de 150 micras dentro del tubo,
lo que justificaba por un lado el aumento de resistencia al flujo, pero por otro impedia medirla experi-
mentalmente puesto que ya no se cumpliria en él la Ley de Hagen-Poiseuille. En el caso de Preserflo,
las medidas observadas con FESEM (didmetro externo 337.2 um e interno 67.73 x 65,95 pmy 63.66 x
70.54 um), teniendo en cuenta que las imagenes tenian una ligera inclinacién, parecian comparables a
las aportadas por el fabricante (350 pm didmetro externo, 70 um didmetro interno), lo que permitio va-
lidar el calculo tedrico de la resistencia al flujo y su posterior comparacion con el resultado experimental
del estudio gravitacional.

El estudio experimental gravitacional realizado para medir el flujo por el implante Preserflo'? se basé en
la Ley de Hagen-Poiseuille?, seglin la cual una diferencia de presion constante induce un flujo constante
de fluido Newtoniano no-compresible por un tubo cilindrico. El flujo se puede medir en funcion del
crecimiento lineal de la masa que pasa a través de un tubo a lo largo del tiempo. En el Experimento 1,
utilizando una altura de botella de 80,1 cm, suero salino como fluido y asumiendo una densidad igual
a la del agua, la presion hidrostatica fue 58,92 mmHg. El flujo volumétrico experimental fue Q=50,72
g/24 h o Q= 35,22 ul/min, ya que la relacién entre la masa vy el tiempo observada era lineal y se regia
por la ecuacion w(t)= 50,72 t+w, (R? =0,9988). En el Experimento 2 se analizo el flujo en funcion de
la presion hidrostatica a cinco alturas (simulando diferentes presiones intraoculares), estimando una
resistencia experimental al flujo R_=1,806 mmHg/(uL/min), que en condiciones fisioldgicas teniendo en
cuenta la viscosidad del humor acuoso, se calculd 1,301 mmHg/(uL/min) mediante la ecuacion R R

PHYS: E
Hagrun/Huarer)s €N €xcelente acuerdo con el valor tedrico Ry ,=1.3 mmHg/(ulL/min). Los resultados
experimentales permitirian a su vez calcular el flujo por el implante para cualquier presion intraocular, lo
que podria ser Util en futuros estudios acerca de la funcion de la pared de la ampolla de filtracién. Por

ejemplo, para una presion intraocular de 15 mmHg, el flujo (Q), seria 8,9 uL/min.

X

La presion diferencial (Ap) a través de Preserflo, calculada con la Ley de Hagen Poiseuille teniendo en

cuenta R, = 1,301 mmHg /(uL/ min), y un flujo medio de produccién de humor acuoso en el ser hu-
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mano de 2 uL/min** fue Ap=2,6 mmHg, comparable a la presién diferencial tedrica (ApTHEO:Zé mmHg).
Por ultimo, el experimento operd en nimeros de Reynolds en el rango 25-60, lejos del flujo turbulento,
lo que significa que el flujo era laminar y la Ley de Hagen-Poiseuille era por tanto valida.

Ala luz de los resultados del estudio experimental, que vienen a confirmar que la presion diferencial ex-
perimental es igual a la tedrica, Ap,,,.,= Apg = 2,6 mmHg, se puede afirmar que el implante Preserflo no
fue especificamente disefado para evitar la hipotonia. Ademas, en contra de algunos estudios publicados
por los autores implicados en el disefio®, es posible medir el flujo de manera experimental a través de este
dispositivo, ya que a pesar de sus pequefas dimensiones y material hidrofobico (SIBS), el flujo es laminar
y la Ley de Hagen Poiseuille, valida.

Unavez conocida la presion diferencial por el implante Preserflo, se analizaron los resultados clinicos publica-
dos al respecto para contrastar el tedrico riesgo de hipotonia con la incidencia real de la misma, comprobando
que en realidad es similar a la del implante XEN45%¢%7 (a pesar de tener una resistencia 3,4 veces inferior al
flujo), ligeramente inferior al de la Valvula de Ahmed?®®y el dispositivo Paul G137y muy inferior al de la trabecu-
lectomia®®, tanto a corto como a largo plazo. En un estudio con 300 pacientes operados de trabeculectomia
publicado por Abbas et al.*°, el porcentaje de hipotonia ascendia hasta el 47% en cualquier momento del se-
guimiento, mientras en el estudio multicéntrico de dos afos de seguimiento sobre la eficacia y seguridad de
Preserflo con dos concentraciones diferentes de MMC (0.02% vs. 0.04%)*!, el porcentaje de hipotoniaerade
16.3% en el primer mes en el grupo MMC 0.04% frente a 0% en el grupo 0.02%. A largo plazo, el porcentaje
de hipotonia era nulo, 0% en ambos grupos. En nuestro estudio de morfologia de la ampolla de filtracion*?, el
porcentaje de hipotonia observado en el primer mes del postoperatorio con MMC 0.02% fue del 11%.

La incidencia de hipotonia clinica con el implante Preserflo parece indicar que probablemente sean la
distribucién del humor acuoso en el espacio sub-Tenoniano junto con la resistencia al flujo ejercida por
el disefio del implante, los mecanismos implicados en el control de la presion intraocular en el posto-
peratorio temprano. A largo plazo, como consecuencia del proceso de maduracion de la ampolla de
filtracion, la pared de la ampolla considerada funcionante ejerza una funcion reguladora del flujo de hu-
mor acuoso capaz de mantener estable la presién intraocular en camara anterior, evitando la hipotonia.
La morfologia de la ampolla de filtracion serfa por tanto un factor determinante no sélo de la eficacia
hipotensora, si no también del control de la presién intraocular. La investigacion sobre la morfologia de
la distribucién del humor acuoso tras la cirugia con el implante Preserflo podria revelar su capacidad
formadora de ampollas funcionantes a cortoy a largo plazo.

Como consecuencia de los hallazgos acerca de la fluidica del implante Preserfloy su inesperada capacidad
para evitar la hipotonia, se planted la necesidad de investigar la morfologia y geometria de la distribucion
del humor acuoso en el espacio subtenoniano en el postoperatorio temprano. La investigacién sobre el
tema se desarrolld como parte de la presente tesis doctoral y fue publicada en la revista “Acta Ophthalmo-
logica™. El estudio, realizado en 28 ojos de 28 pacientes desde las primeras 24 horas hasta los 3 meses,
tenia como objetivo analizar la evolucion morfoldgica de las ampollas de filtracion clinicamente mediante
la clasificacion IBAGS “Indiana Bleb Apperance Grading Scale™® y morfoldgicamente mediante AS-OCT.
Se recogieron tomografias de todos los pacientes en las diferentes visitas, midiendo tanto el tubo en cé-
mara anterior respecto a endotelio e iris, como los didmetros horizontal y vertical de la cavidad de flui-
do epiescleral (andlisis geométrico), realizando a su vez una clasificacion morfoldgica de acuerdo con las
caracteristicas de la ampolla (uniforme vs. multiforme, y dentro de multiforme, presencia de multicapa,
microquistes, zona de filtracién de humor acuoso y sus grados, leve, moderado o alto).

El tipo mas frecuente de ampolla hallada en estos pacientes se situaba bajo la capsula de Tenon en una
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localizacién posterior al limbo esclerocorneal, con una zona de drenaje de humor acuoso formada alre-
dedor del tubo de expansion posterior. A las 24 horas, en un 28% de los casos la extensién horizontal era
superior a los limites medibles, mientras a los 3 meses este tipo de ampolla se observé en un 68% de los
casos. El didmetro horizontal y el vertical aumentaron significativamente desde el postoperatorio inme-
diato hasta el tercer mes, siendo en la mayoria de los casos el didmetro horizontal muy superior al vertical,
lo que explicaria la apariencia clinica de estas ampollas (difusas y posteriores). El tejido conectivo situado
por encima de la zona de filtraciéon mostraba en la mayoria de los casos un aspecto de multicapa, tipo “ho-
jaldre” con capas de tejido separadas por espacios de liquido y microquistes subepiteliales, muy similar al
fendmeno descrito como “stripping phenomena” por Theelen®. La morfologia uniforme (ausencia de es-
pacios liquidos con estroma hiperreflectivo) fue poco frecuente en esta serie (3.5% en la primera semana),
en contraste con los altos porcentajes de uniformidad publicados con trabeculectomia, 20.8%% y XEN,
48%14% dos semanas después de la cirugia. La comparacion directa con los resultados de uniformidad de
trabeculectomia publicados por Nakano et al*® (20,8%) fue en realidad dificil, ya que el método de clasifi-
cacion utilizado en nuestro estudio siguio el método publicado por Lenzhofer et al.* para el analisis de la
morfologia de la ampolla de XEN45 en lugar del método utilizado por Nakano. En su estudio, Nakano con-
sideraba uniforme la ausencia de liquido en la pared de la ampolla, alin cuando existiera cavidad de fldido
epiescleral, mientras en el nuestro se considerd uniforme la ausencia total de liquido.

Probablemente, un hipotético mismo flujo de acuoso por debajo del tapete escleral de una trabeculecto-
miay por el implante Preserflo generase un porcentaje muy similar de uniformidad y multiformidad de la
ampolla, pero en condiciones reales, la estandarizacion del flujo podria suponer una ventaja frente a la tra-
beculectomia, restando importancia a la habilidad y experiencia del cirujano a la hora de controlar el flujo
mediante las suturas del tapete escleral. Una técnica quirtrgica mas sencilla junto con la estandarizacion
del flujo, siemprey cuando éste fuera suficiente para separar los tejidos evitando la adherencia entre ellos
y favoreciendo la formacion de ampollas funcionantes, podria extender el uso de este tipo de implantes a
un mayor nimero de oftalmélogos vy pacientes.

En comparacion con el porcentaje de ampollas uniformes en el postoperatorio temprano reportadas con
el dispositivo XEN45 cuando éste es implantado sin abrir conjuntiva y Tenon**, (3,5% Preserflo vs. 48%
XEN45), un menor voliimen de acuoso asociado a una mayor resistencia al flujo por el propio implante (3,4
veces superior a Preserflo) y una mayor resistencia al flujo de salida reportado con ésta técnica® podrian
explicar laimportante diferencia morfoldgica observada entre ambos dispositivos.

El riesgo de fibrosis disminuye cuando las ampollas de filtracion son multiformes en el postoperatorio
temprano®>*. Ademas, la morfologia multiforme de la ampolla de filtracion parece ser un factor predictivo
de éxito en cirugia filtrante de glaucoma®. Un ano después de la trabeculectomia, la tasas de éxito y el
control de la presion intraocular eran superiores en pacientes que en el postoperatorio temprano habian
mostrado una morfologia multiforme de la ampolla de filtracion, con microquistes y canales de fluido mul-
ticapa paralelos y persistentes®, caracteristicas muy similares a las de la ampolla de filtracion Preserflo*?
en el postoperatorio tempranoy muy diferentes de la “conjuntiva filtrante” descrita 1 afo después de que
elimplante XEN 45 fuera implantado ab-interno y sin diseccion de conjuntivay Tenon?.

En los estudios publicados por Nakano y Narita™#, la concentracion de MMC (0.04%) fue superior a la
utilizada en nuestro estudio (0.02%). En el caso del estudio de Nakano'?, a los 6 meses de la cirugia el por-
centaje de ampollas que mostraban una morfologia favorable era el 58%, con un 42,5% de suturolisis y un
16% de needling. En nuestro estudio, un 93% de las ampollas presentaban cavidad de fluido epiescleral
moderada o difusa con un 9% de revisiones en quiréfano por fibrosis de la ampolla. Dado que el tiempo
de seguimiento en nuestro estudio es menor, a mas largo plazo los porcentajes de ampollas funcionantes
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podrian en realidad ser similares entre ambas técnicas, una vez iniciado el proceso de maduracion de la
ampolla de Preserflo a partir del tercer mes desde la cirugia®’. Si no tuviéramos en cuenta la diferencia en
el tiempo de seguimiento, podriamos deducir que trabeculectomiay Preserflo favorecen la formacion de
un tipo de ampolla de morfologia similar, pero con una menor concentraciéon de MMC en el caso de Pre-
serflo, lo que podria suponer unaventaja al disminuir el riesgo de efectos adversos relacionados con el uso
de mayores concentraciones de MMC descrita con este implante**.

Con respecto a XEN45, de acuerdo con los estudios de morfologia de ampolla de filtracién analizada con
AS-OCT publicados por Teus'®y Lenzhofer#, el abordaje ab-interno sin diseccién conjuntival e inyeccién
de MMC 0.01% parece aumentar el porcentaje de fibrosis (48% enlas dos primeras semanas)* respecto a
Preserfloy producir ampollas mas planasy con menos cavidades de fluido respecto a la trabeculectomia®®.
Sin embargo, cuando este dispositivo se coloca bajo la capsula de Tenon mediante una técnica abierta
(Dangda et al.'”) disminuye el riesgo de obstruccion del tubo, formandose verdaderas ampollas de filtra-
cién con los mismos rasgos morfolégicos que los de las ampollas funcionantes de la trabeculectomia®#
y los de las ampollas formadas con Preserflo*?, siempre vy cuando se utilice una dosis méas alta de MMC
(inyeccion subconjuntival de 60 pg en 0,15 ml de MMC 0,2 mg/ml a 10 mm del limbo) que la utilizada en
nuestro estudio®” (11,9-17 pg, MMC 0.2 mg/ml con esponjas durante 2 minutos*’). Los resultados repor-
tados por Dangda con conjuntiva abierta y una dosis significativamente mayor de MMC son sobresalien-
tes, ya que 22 de 24 pacientes presentaron ampollas funcionantes a los 12 meses. Segln los autores, la
diseccién amplia del complejo conjuntiva-Tenony la dosis altade MMC podriajustificar la alta tasa de éxito
quirdrgicoy morfoldgico.

Por tanto, comparando los resultados morfoldgicos de la ampolla Preserflo frente a la ampolla XEN45,
cuando XEN45 se implanta sin diseccion de la conjuntiva, el riesgo de fibrosis parece ser muy superior
al de Preserflo (implantado siempre con diseccién conjuntival) y su capacidad de formar ampollas multi-
formes, muy inferior, lo que reduciria la probabilidad de obtener a largo plazo ampollas funcionantes sin
realizar maniobras de needling, revision de ampolla o inyeccién de MMC para reducir la fibrosis asociada
al menor flujo de acuoso. Por otro lado, cuando ambos implantes se colocan mediante la técnica de con-
juntiva abierta, ambos parecen capaces de formar ampollas tipo trabeculectomia, con cavidades de fluido
epiescleral en la mayoria de los casos, siempre y cuando se utilice una dosis mayor de MMC con XEN45
para compensar la mayor resistencia al flujo. En este caso, al igual que sucede al comparar la morfologia de
la ampolla Preserflo respecto a trabeculectomia, una menor dosis de MMC para alcanzar un mismo resul-
tado morfoldgico podria suponer una ventaja de Preserflo respecto a XEN45 cuando ambos se implantan
con apertura conjuntival.

Si queremos analizar los resultados clinicos, no ya morfoldgicos, en funcion de la técnica quirlrgica (con-
juntiva abierta frente a cerrada) con un mismo implante, sélo podemos referirnos al implante XEN45. En
un estudio comparativo XEN45 conjuntiva abierta frente a conjuntiva cerrada“®, con una misma dosis de
MMC (0,4 mg/ml, dosis media de 54 pgen el grupo cerradoy 49,1 ug en el grupo abierto mediante inyec-
cién subconjuntival) se encontrd una mayor tasa de éxito completo y una menor tasa de needling en el
grupo de conjuntiva abierta. A los 12 meses, el porcentaje de reduccion de la PIO fue significativamente
mayor en el grupo abierto (43,1% grupo abierta, 24,8% grupo cerrada) y la tasa de needling, menor (11,8%
grupo abierta vs 36,1% grupo cerrada). Por tanto, con la misma dosis de MMC, el éxito quirtrgico parece
ser mayor cuando XEN 45 se implanta disecando conjuntivay Tenon que cuando se implanta conla técnica
de conjuntiva cerrada.

Siel factor a analizar es el efecto que sobre los resultados clinicos tiene el didmetro del tubo, comparare-
mos estudios donde la técnica quirlrgica sea comun (conjuntiva abierta) pero los implantes sean diferen-
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tes (XEN45, Preserflo). Conocemos que la morfologia de la ampolla es similar entre Preserflo y XEN45
si la dosis de MMC es mas alta con XEN45Y, pero si se utiliza la misma dosis y concentracion (0.02%
aplicada en esponjas 2 minutos, dosis total de MMC 11,9 a 17 ug*’), y ambos implantes se colocan tras
disecar la conjuntiva, scuales son los resultados clinicos? En nuestro estudio de 28 pacientes*?, un 9% de
ellos requirieron revision en quirdfano debido a fallo de la ampolla durante los primeros 3 meses, frente a
un 32% de needling con XEN45 publicado por Grover et al*”.

Tanto los resultados de los estudios sobre morfologia de la ampolla como los resultados de los estudios
clinicos de eficacia parecen coincidir en que el porcentaje de éxito es mayor con la técnica de conjuntiva
abierta frente a conjuntiva cerrada para ambos microimplantes. La dosis de MMC se debera incrementar
segun disminuye el calibre del tubo para compensar la fibrosis de los tejidos asociada al aumento de re-
sistencia al flujo y disminucién del volumen de acuoso. Un aumento de 3,4 veces en la resistencia al flujo
parece traducirse en un aumento similar (3-4 veces, 9% frente a 32%) del riesgo de fibrosis.

La comparacién entre XEN45 vy Preserflo en términos de eficacia y seguridad de la cirugia dependiendo
de la técnica quirdrgica y concentracion de MMC, parece indicar que la inyeccion de MMC con conjun-
tiva cerrada, utilizada exclusivamente con XEN45, incrementa el riesgo de complicaciones en compa-
racion con la aplicacién de MMC tras diseccién conjuntival y lavado con suero salino, técnica comun a
ambos dispositivos. Con la técnica de inyeccion de MMC-conjuntiva cerrada no parece que el aumento
de concentracion se traduzca en un aumento de eficacia*’. De acuerdo con los estudios publicados al
respecto, las dosis de MMC méas cominmente inyectadas durante la cirugia XEN45-conjuntiva cerrada
no aumentan la eficacia (10 pg®®, 20 pg°™>? v 40 pg>?), y a pesar de ser mas bajas que las utilizadas por
Dangda®en su estudio XEN45-diseccion conjuntival (60 pg), parecen aumentar las complicaciones (9%
de ampollas avasculares y 1% de erosiones conjuntivales®® con XEN45-conjuntiva cerrada frente a 0%
con XEN45-conjuntiva abierta-60 pg de MMC 0.02%' o0 0% con Preserflo-conjuntiva abierta-MMC
0.02%*42 0 0.04%1).

En cuanto a la seguridad del uso de MMC a mayores concentraciones con el implante Preserflo, tan sélo
parece existir evidencia clinica sobre la eficacia y seguridad*, pero no sobre la influencia que una mayor
concentracion de MMC pudiera tener sobre la morfologia de la ampolla de filtracion. El uso de MMC
0.04% parece inducir una mayor disminucion de presion intraocular en el sexto mes del postoperatorio
con un incremento del nimero de pacientes libres de medicacion a los dos afios (90,3%) frente a solo
la mitad en el grupo MMC 0.02%. A cambio, el riesgo general de complicaciones es mayor (55,8% en
el grupo 0.04% frente a 15,6% en el grupo 0.02%), incluyendo un 7% de fugas de humor acuoso en
el postoperatorio temprano en el grupo 0.04% frente a 0% en el grupo 0.02%. La investigacion sobre
el efecto que la MMC 0.04% pudiera tener sobre la morfologia de la ampolla de filtracién de Preserflo
podria complementar la escasa evidencia clinica sobre el uso de una u otra concentracion con este
dispositivo.

De acuerdo con los hallazgos acerca de la seguridad vy eficacia en el uso de MMC con los nuevos mi-
croimplantes, parece razonable pensar que el riesgo de complicaciones asociadas con el uso de MMC
disminuye al utilizar la técnica de conjuntiva abierta independientemente del implante, probablemente
por la posibilidad de lavar la MMC con suero salino cuando se realiza diseccion conjuntival. A pesar de
haber sido demostrado que la incidencia de efectos secundarios, especialmente la hipotonia, es superior
con mayores concentraciones de MMC, pero no tan claramente con mayor tiempo de exposicion®, en
el caso de la técnica de conjuntiva cerrada, aunque la concentracion fuera mas baja la exposicion seria
cronica, lo que podria justificar el mayor riesgo de complicaciones. Por otro lado, el incremento de la
dosis de MMC no parece incrementar la eficacia cuando se utiliza la técnica de conjuntiva cerrada, pro-

DISCUSION 51



bablemente por el alto riesgo de obstruccion del implante, mientras se incrementa el riesgo de producir
ampollas avasculares y erosiones conjuntivales. La técnica de diseccidn conjuntival parece incrementar
la eficaciay seguridad tanto de XEN45 como de Preserflo.

El andlisis de la geometria de la cavidad de fluido epiescleral de la ampolla, frecuentemente observada
al menos hasta los 3 meses tras la cirugia con Preserflo*?, muestra una reduccién del didmetro vertical
respecto al horizontal. La distribucién de fuerzas dentro de la cavidad, de acuerdo con su geometria, va
a determinar el proceso de maduracion de la pared hacia la formacion de una membrana filtrante cuya
funcién es laregulaciéon de la presionintraocular. La reduccion del didmetro vertical, de acuerdo con la Ley
de Laplace®, disminuye la presion en el interior de la cavidad de fluido reduciendo la tensién en la pared
(especialmente en el techo seglin el modelo computacional de Gardiner>®), disminuyendo la hipoxia tisular,
el deposito de colageno y aumentando la porosidad y por tanto la conductividad hidraulica.

El proceso de formacién de la cavidad de fluido epiescleral comprende una secuencia de acontecimientos
que seinician con el paso del humor acuoso desde la cdmara anterior hacia el espacio subtenoniano. Segun
la Ley de Hagen Poiseuille*, la presion intraocular (presion en camara anterior) genera un flujo de acuoso a
través del implante hacia la ampolla hasta que se alcanza el equilibrio entre la presion en camara anterior
y la presion dentro de la ampolla®®. Una vez alcanzado el equilibrio de presiones, la resistencia al flujo por
el tubo seria muy inferior a la resistencia por la malla trabecular, por lo que el tubo no ofreceria una resis-
tencia adicional al circuito®® en contra de la teoria de “resistencia en serie” propuesta por Lim et al*® para
los tubos de pequeno didmetro. Por tanto, en primer lugar, parece fisicamente posible reducir las dimen-
siones de los tubos de cirugia filtrante de glaucoma sin disminuir la eficacia hipotensora. En segundo lugar,
continuando con el modelo de Gardiner®® segtin el cual una presion en la ampolla de 17 mmHg no induce
laformacién de tejido cicatricial pero por encima de 34 mmHg silo hace, si atendemos a los valores medios
de presién intraocular desde las primeras 24 horas hasta los 3 meses reportados en nuestro estudio de
morfologia de ampolla®? (10.9 + 1.8 mmHg a los 3 meses) y asumiendo que la presion transcorneal es igual
aladelaampolla, el estimulo cicatricial a bajas presiones seria muy bajo en las ampollas Preserflo, lo que
reduciriala cicatrizaciéon de la pared y favoreceria la porosidad.

El efecto de la presion intra-ampolla sobre la maduracion de la pared se puede explicar desde el punto de
vista anatomo-patoldgico, matematico-fisico y fisico-bioquimico:

1. Punto de vista anatomo-patologico: De acuerdo con el estudio publicado por Molteno® acerca
de la correlacién entre los factores de control de la fibrosis de la capsula y los cambios histo-
patolégicos, la presion intra-ampolla desencadena diferentes respuestas en los tejidos. En caso
de no haber flujo, (presion cero en la ampolla), no se estimula ninguna respuesta y los tejidos se
adhieren entre si. Cuando la presion es moderada (6-12 mmHg) e inferior a la presion de cierre
de los capilares, se inicia una respuesta fibroproliferativa que conduce a la formacién de una
capsula filtrante y se inhibe la respuesta fibrodegenerativa que conllevaria el depdsito excesivo
de coldgeno hacia la formacion de capsulas gruesas e impermeables. Cuando la presion en la
ampolla es méas alta (25 a 35 mmHg) v superior a la presion media de cierre de los capilares, se
retrasa la respuesta fibroproliferativa y se acelera la fibrodegenerativa, con un depdsito exce-
sivo de coldgeno. En este aspecto, el estado previo de la conjuntiva también parece jugar un
papel en la permeabilidad final de la pared de la ampolla. Mastropasqua et al®, analizando el
grosor de la conjuntiva como biomarcador predictivo de la funcion, muestran que una conjun-
tiva fina e hiperreflectiva en el preoperatorio (analizada con AS-OCT) afecta negativamente al
flujo de humor acuoso a través de la pared de la ampolla.

2. Punto de vista matematico-fisico: Segun el estudio publicado por Wilcox>*, en las ampollas de
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menor didmetro vertical la presion sobre la pared es menor (de acuerdo con la Ley de Laplace), lo
que reduce la tensién sobre la pared y el depdsito excesivo de coldgeno como consecuencia de la
hipoxia tisular. Este tipo de ampollas presentan una conductividad hidraulica méas alta asociada a
una superficie filtrante total menor (la conductividad hidraulica es directamente proporcional al
flujo a través del implante y produccion de humor acuoso, e inversamente proporcional a la su-
perficie filtrante y presién intraocular). La presion de cierre de los capilares del tejido subconjun-
tival estimada por Gardiner>> es 20 mmHg, por tanto, en las ampollas que superen dicha presion,
se observaraisquemia, palidez y el inicio del proceso de fibrosis.

3. Punto de vista fisico-bioquimico: De acuerdo con el modelo de fibrosis conjuntiva-Tenon pro-
puesto por Gater et al*’el flujo constante de acuoso tras la cirugfa de glaucoma induce fibrosis
via presion de cizallamiento sobre la pared de la ampolla, promoviendo la sobre-expresion de
citoquinas, (TGF-b, TNF-a, VEGF e IL-1), que incrementan a proliferacién de los fibroblastos de
la capsula de Tenony de la conjuntiva.

Por tanto, aunque existen otros muchos factores implicados en el proceso de maduracién de la ampolla
de filtracion hacia el éxito en forma de ampolla con cavidad fluidica y pared filtrante, o el fracaso en forma
de fibrosis (concentraciéon y tiempo de aplicacion de la MMC, glaucoma uveitico y neovascular, traumatis-
mo conjuntival, queratoplastia penetrante, cirugfa previa de glaucoma, efecto de los colirios hipotensores
sobre la conjuntiva, edad, raza...), la geometria de la cavidad ejerce por si misma un efecto crucial en el
proceso madurativo, y ésta depende asimismo del flujo y volumen de acuoso transportado por el tubo. En
caso de obstruccién del tubo y ausencia de fluido, los tejidos se adherirdn y fibrosardn®. Por el contrario,
si el volumen de fluido es excesivo, aumentara el diametro vertical, la presion dentro de la ampolla supe-
rard la presion de cierre de los capilares del tejido subconjuntival favoreciendo la isquemia de los tejidos,
la presion de cizallamiento sobre la pared inducira la liberacion de citoquinas proinflamatorias, y como
consecuencia se producird un desproporcionado deposito de matriz extracelular (proteina mayoritaria,
coldgeno) enla pared de la ampolla lo que disminuird la permeabilidad, el grosor vy la conductividad hidrau-
lica, encapsulando la ampolla.

De acuerdo con los resultados obtenidos acerca de la presién intraocular en el postoperatorio temprano
junto con los resultados geométricos de la cavidad de fluido®?, en la mayoria de los casos el implante Pre-
serflo pareceria capaz de transportar un volimen moderado de acuoso a presiones bajas (inferiores a la
presion de cierre de los capilares), distribuido en didmetros verticales bajos y horizontales amplios. Una
presion baja dentro de la ampolla reduciria la isquemia del tejido subconjuntival y la presién de cizalla-
miento sobre la pared, frenando el incremento de citoquinas asociado a la propia cirugia de glaucoma'y el
estimulo fibrodegenerativo descrito por Molteno?, favoreciendo la porosidad de la pared y reduciendo el
riesgo de fibrosis.

Las ampollas que en su evolucion presenten una mayor superficie filtrante deberan tener una menor con-
ductividad hidraulica de la pared para evitar la hipotonia (pared mas fibrosa, hiperreflectiva y quiza mas
fina), y las ampollas con una menor superficie filtrante deberan tener paredes méas conductivas para man-
tener baja la presion intraocular. Dentro de estos parametros, la ampolla tendra diferentes morfologias
pero una misma capacidad reguladora del flujo vy la presién intraocular, salvo en casos extremos de en-
capsulamiento o fibrosis. La investigacion sobre la morfologfa de la ampolla Preserflo a mas largo plazo,
determinaré si las leyes fisicas que rigen la presién intra-ampolla y sus efectos bioquimicos y anatomopa-
toldgicos, confirman finalmente esta hipdtesis.

En conclusion, el implante Preserflo muestra una alta capacidad formadora de ampollas multiformes
desde el postoperatorio temprano hasta los 3 meses, factor predictivo de éxito de la trabeculectomia.

DISCUSION 53



Las ampollas asociadas con Preserflo presentan ademds cavidades de fluido epiesclerales en un porcen-
taje alto de pacientes, lo que también se ha descrito como una caracteristica de la ampolla de filtracion
funcionante. En relacion con su principal competidor, la evidencia cientifica mas reciente muestra que
el implante XEN45 también tiene capacidad de formar ampollas funcionantes como las de trabeculec-
tomia y Preserflo, siempre y cuando la conjuntiva y la cdpsula de Tenon se abran para asegurar que el
extremo distal no queda obstruido, y que la dosis de MMC utilizada para evitar la fibrosis sea mayor ya
que el flujo por el implante va a ser considerablemente menor que por Preserflo.

La estandarizacion del flujo en cirugia filtrante de glaucoma gracias al desarrollo del implante Preserflo
podria suponer una ventaja frente a la trabeculectomia, cirugia de referencia de glaucoma descrita y apli-
cada desde los anos 60, por su capacidad para transportar un volimen de acuoso sujeto a escasas varia-
ciones hacia el espacio subtenoniano, suficiente para formar ampollas multiformes en el postoperatorio
temprano, y evitar la hipotonia en la mayoria de los casos. Una técnica quirtrgica mas simple, unida a un
flujo controlado que evite las complicaciones mas frecuentes (hipotonia por exceso de flujo y fibrosis de la
ampolla por defecto), podria ampliar el uso de esta técnica de cirugia de glaucoma.

3.2. Efecto del implante Preserflo sobre la visién, topografia, refraccion, biometriay
densidad de células endoteliales

En el segundo bloque de estudios de la presente tesis doctoral por articulos se analizan los efectos que el
implante Preserflo presenta sobre la vision, refraccion, topografia, biometria y densidad de células endo-
teliales. Dado que la morfologia de la ampolla de filtracion es posterior al limbo y difusa'y para implantarlo
no es necesaria la diseccidon de un tapete escleral ni suturas, se plantea la hipdtesis de que los efectos
sobre la curvatura de la cornea (caras anterior y posterior) son inferiores a los observados con la trabecu-
lectomia, técnica de referencia en cirugia de glaucoma. Por otro lado, un menor flujo de humor acuoso y un
menor volimen ocupado por el tubo en cdmara anterior, podrian favorecer una menor pérdida de células
endoteliales con este implante respecto a los tubos de drenaje tradicionales, siendo una menor distancia
entre el tuboy el endotelio un posible factor de riesgo de pérdida endotelial.

Enelarticulo publicado enlarevista “Journal of Glaucoma”?® como parte de esta tesis doctoral, se analizan
los cambios en la queratometria, astigmatismo y elevacion de la cérnea, asi como los cambios refractivos,
lalongitud axial y la profundidad y volimen de la camara anterior en el postoperatorio temprano (24 horas
a3 meses) en 30 ojos de 29 pacientes operados con el implante Preserflo. Los pacientes fueron analizados
en dos grupos, cirugia no combinada vy cirugia combinada (facoemulsificaciéon del cristalino con implante
de lente intraocular e implante Preserflo con aplicacion de mitomicina C 0.2 mg/ml durante 2 minutos).
El analisis de los cambios corneales se llevd a cabo con un sistema de tomografia que utiliza una camara
de Scheimplflug (Pentacam HR, Oculus, Inc.) para la obtencién de imagenes en seccion transversal del
segmento anterior (50 imagenes en 2 segundos con 138.000 puntos de evaluacion). Una semana después
de la cirugia, el incremento medio en el astigmatismo de la cara anterior (en inglés "ASA”) en el grupo de
cirugia no combinada fue de O,7 dioptrias (D) y de 0,8 D en el astigmatismo total (en inglés, TCA). En el
grupo de cirugia combinada, los cambios fueron ligeramente superiores, con un incremento medio de 1
D en el astigmatismo de la cara anteriory 1,2 D en el astigmatismo total. En ambos grupos, el incremento
observado en la primera semana fue disminuyendo hacia el tercer mes, mostrando una diferencia residual
respecto al astigmatismo preoperatorio de 0,4D de ASAy TCA en el grupo de cirugia no combinaday 0,2
D enel de cirugia combinada. Los cambios observados en el astigmatismo de la cara posterior fueron muy
leves (0,1 D) y similares en ambos grupos en la primera semana y no significativos en el tercer mes (0,08
y 0,03 D). La elevacion de la cara anterior y posterior de la cornea mostré tendencia a aumentar durante
la primera semana, recuperando valores preoperatorios al tercer mes. Es probable que la caida brusca
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de presion intraocular en el postoperatorio inmediato induzca un aumento de la curvatura corneal con el
consecuente incremento del astigmatismo vy elevacion de la cérnea.

Existen numerosos estudios sobre el efecto de la cirugia de glaucoma sobre el astigmatismo corneal para
poder comparar con los hallados tras la cirugia con el implante Preserflo. Respecto a la trabeculectomia,
existen al menos 8 estudios publicados con seguimientos entre 3 meses y un ano en los que el hallazgo co-
mun es la induccion de astigmatismo a favor de la regla. El primer estudio sobre el tema fue publicado por
Hugkulstone?, quien observé mediante queratometria una disminucion estadisticamente significativa en
el radio vertical de la cornea de 7,71mm (valor preoperatorio) a 7,36 mm desde el primer dia del posto-
peratorio y durante los siguientes 28 dias. En el caso del implante Preserflo, hallamos cambios similares
alos descritos por Hugkulstone? y Cunliffe?!, con una disminucién en el radio mas curvode 7,6 mma 7,5
mm en la primera semana junto con un cambio en el eje mas plano del astigmatismo de 105° a 135° (eje
mas curvo de 15 a 45°), lo que sugiere que tanto la trabeculectomia como el implante Preserflo inducen
un aumento de la curvatura vertical de la cornea en el postoperatorio inmediato. En estudios posteriores
que utilizaban métodos de medida del astigmatismo algo mas avanzados (topografia, videoqueratografia
computerizada,), Rosen et al.”® observé un incremento del astigmatismo afavor delareglade 1,5a2,5D a
las 12 semanas de la cirugiay Dietze et al.?* de 1,4 D una semanatras lacirugiay de 1 D alas 12 semanas.
Ennuestro estudio, el astigmatismo total inducido por Preserflo a las 12 semanas de la cirugia (0,4 D) fue
menor al hallado tras la trabeculectomiay clinicamente no relevante. Es poco probable que las diferencias
halladas entre trabeculectomia y Preserflo se deban a una infraestimacién del astigmatismo, ya que el
método de medida utilizado en nuestro estudio (Pentacam HR), ha demostrado su superioridad frente a
la topografia de discos de Placido al ser capaz de medir no sélo la cara anterior si no la posterior con alta
precision®’, por lo que consideramos fiables los resultados de nuestro estudio.

Mas alla de la trabeculectomia, existen varios estudios acerca de los cambios corneales asociados con
otras técnicas de cirugia filtrante de glaucoma. Hammel et al.?> en un estudio de 19 ojos operados me-
diante la colocacion del implante Express analizd con Pentacam los cambios que se producian en el as-
tigmatismo corneal. El implante Express, al contrario que el implante Preserflo, requiere el tallado de un
tapete escleral y la colocacion de suturas cuya tensién controle el flujo de salida del humor acuoso, ya
que laresistencia al flujo es muy baja'y muy inferior a la de Preserflo (Ex-Press P200 R=0.01 mmHg/(uL/
min); P50 0,05 mmHg/(uL/min)*, Preserflo 1.301 mmHg/(uL/min)*?. Con un seguimiento de 3 meses, el
incremento en el astigmatismo tanto de la cara anterior (2,6 a 4,7 D) como de la cara posterior (0.4 a 0.9
D) de la cérnea fueron claramente superiores a los encontrados con Preserflo (0,4 D de incremento en el
astigmatismo total a los 3 meses). En el caso de la esclerectomia profunda no perforante, existen estudios
comparativos con trabeculectomia donde se observa una menor inducciéon de astigmatismo. Egrilmez et
al.?¢ reporta un cambio de 0,62 D con EPNP frente a 1,06 D con trabeculectomia en el postoperatorio
temprano de EPNP con implante no reabsorbible T-Flux, y una menor induccién de astigmatismo en con-
tradelareglaalos 6 meses (0,62 D vs. 1,24 D). Otros estudios comparativos entre EPNP y trabeculecto-
mia encuentran resultados similares®®. En resumen, los estudios publicados sugieren que la trabeculecto-
miay el implante Express inducen un mayor astigmatismo que la esclerectomia profunda no penetrante y
el implante Preserflo.

Existen relativamente pocos estudios publicados sobre los cambios en el astigmatismo v la refracciéon con
las técnicas de cirugia de glaucoma minimamente invasivas (en inglés, MIGS) y con los dispositivos de
drenaje de tubo largo (en inglés, GDD). loannidis et al.¢*, analizando los cambios refractivos asociados a la
cirugia combinada de femto-facoemulsificacion del cristalino con implante de dos iStent inject (Glaukos,
San Clemente, CA, Estados Unidos) en lamalla trabecular, reportaron una disminucion significativa del as-
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tigmatismo preoperatorio (0.91 a0.41 D alas 4 semanas) probablemente asociada a la cirugia de catarata
con un concomitante tratamiento del astigmatismo corneal, no con los implantes de glaucoma que por su
localizacién profunday su minimo tamafo es poco probable que induzcan cambios corneales. En cuanto a
los efectos refractivos de los dispositivos de drenaje, en el momento actual no tenemos conocimiento de
publicaciones al respecto, ni tampoco en relacién con el implante XEN45. Tan sélo en el estudio realiza-
do por Tzu et al.#? se compararon los resultados refractivos entre cirugia de catarata, cirugia combinada
con trabeculectomia vy cirugia combinada con un implante de Ahmed o Baerveldt, observando un mayor
cambio en el cilindro corneal en cirugia combinada frente a no combinada, pero sin distinguir entre trabe-
culectomiay dispositivos de drenaje.

Entre los mecanismos propuestos para explicar los cambios corneales asociados a la cirugia de glaucoma
(en especial la trabeculectomia), la retraccion del borde de la cérnea asociada a la diseccion del tapete
escleral profundo?!, la cauterizacion del lecho escleral®® y la excesiva tensién de las suturas del tapete
escleral®®, parecen ser los responsables del aumento de curvatura del didmetro vertical de la cornea.
Otros factores, como las ampollas de filtracion grandes, la ptosis palpebral vy la hipotonia, también han
sido descritos como posibles causas de induccion de astigmatismo?’. Por su parte, el uso de mitomicina
C intraoperatoria parece estar asociado con una mayor duracion de los cambios corneales®®. En nuestra
serie, donde se utilizd mitomicina C 0,2 mg/ml durante 2 minutos en todos los casos, los cambios en el
astigmatismo en el postoperatorio temprano parecen ser al menos comparables con los de la trabecu-
lectomia con la misma concentracion de MMC. Un seguimiento a mas largo plazo de estos pacientes po-
dria dilucidar si existen o no cambios posteriores, aunque a la luz de los resultados obtenidos en nuestro
estudio la tendencia parece ser la de recuperar valores preoperatorios a los 3 meses de la cirugia.

Enel caso de la cirugia con el implante Preserflo, son varios los factores que podrian explicar los cambios
leves y transitorios observados en la curvatura corneal. Por un lado, no es necesaria la creacién de un ta-
pete escleral con suturas que puedan generar tension sobre la cornea, ni tampoco una esclerectomia pro-
funda, ambos descritos como posibles causas de astigmatismo. Por otro, el tipo de morfologia de ampolla
maés frecuente en los 3 primeros meses tras la cirugia es difusa (didmetro vertical menor que horizontal),
posterior respecto al limbo gracias a la longitud del tubo (8,5 mm) y formada por multiples capas paralelas
separadas por fluido*” lo que podria a su vez explicar |la escasez de efectos sobre la cornea. En nuestra se-
rie*?y en otros estudios de eficacia y seguridad*! no se reportaron casos de ampollas avasculares, relacio-
nadas también con cambios corneales. Por Gltimo, a pesar de ser un procedimiento penetrante, la ausencia
de esclerectomia profunday el pequefno didmetro externo del tubo (350 um) probablemente produzcan
pocos cambios en la morfologia del angulo, lo que explicaria los cambios leves en el astigmatismo y simila-
res alos asociados a la EPNP,

Durante el analisis de los resultados del estudio de cambios corneales y biométricos tras la cirugia con
Preserflo, se encontrd una correlaciéon positiva entre la presién intraocular basal sin medicacion y la
elevacion de la cara posterior de la cérnea, hallazgo previamente descrito por Arranz-Méarquez et al®.
Es posible que la disminucion de la histéresis corneal en pacientes con glaucoma® favorezca una cornea
mas deformable en la que aumente la curvatura de la cara posterior en respuesta al aumento de presion
intraocular. La histéresis corneal baja y la paquimetria fina son factores de riesgo independientes de
progresion del glaucoma®®, quiza el aumento de la elevacion de la cara posterior lo sea también, lo que
aun esta por investigar.
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3.3 Cambios observados en ladensidad de células endoteliales tras la cirugia con el implante
Preserflo

En el articulo publicado en la revista “Ophthalmology and Therapy”* como Ultimo estudio de
la presente tesis doctoral y segunda parte del bloque dedicado a los cambios corneales, se analizan los
cambios sobre la cara posterior de la cérnea, concretamente la capa de células endoteliales. El estudio
incluyd 46 ojos a los que se realizé microscopia especular (Topcon SP-1P specular microscope, Topcon
Corp. Tokyo, Japan) para analizar los cambios en la densidad de células endoteliales centrales (células/
mm?) entre el preoperatorio y el postoperatorio (1,3,6 meses y un ano). En todas las visitas se realizd
un exdmen de la posiciéon del tubo en la cdmara anterior mediante la herramienta de medida disponible
en el software del tomdgrafo de coherencia dptica Optovue Avanti Widefield AS-OCT. Las medidas
se realizaron siguiendo el método publicado por Tan et al®, trazando una linea perpendicular a la cara
interna de la cérnea desde el extremo del Preserflo para medir la distancia tubo-endotelio (TE), y per-
pendicular al iris para medir la distancia tubo-iris (T1). Asimismo, se midio la longitud total del tubo en
camara anterior. Para el analisis de resultados se utilizaron varios sistemas graficos de distribucion de
datos (diagrama de puntos, graficos de caja vy graficos de barra) de la densidad de células endoteliales
(en inglés, ECD) total, el cambio en la ECD (ECD postoperatoria-ECD preoperatoria) frente a tiempo
desde la cirugia y la reduccion media mensual (en inglés, MMR) de ECD. La MMR se calculo dividiendo
el cambio en ECD (preoperatoria-postoperatoria) entre el nimero de meses desde la cirugia. También
se calculd el porcentaje de pérdida central de ECD dividiendo el cambio mensual en ECD entre el ECD
preoperatorio. Para analizar la influencia de la posicion del tubo respecto a endotelio e iris en la pérdida
de ECD se utilizaron modelos mixtos lineales y el indice de correlacion de Pearson. La muestra fue divi-
dida en diferentes grupos para un mejor analisis, dos grupos en funcion del tipo de cirugia (combinada
faco-Preserflo vs. implante Preserflo sin cirugia de catarata en pacientes pseudofaquicos) y tres grupos
en funcion de la distancia tubo-endotelio (<200 pm, 201-500 um, > 500 pum).

El andlisis de los resultados mostré que el perfil de pérdida de células endoteliales es caracteristico
de este implante, se relaciona con la posiciéon del tubo en camara anterior respecto a endotelio e iris,
y parece ser independiente de la longitud total del tubo en cdmara anterior. El porcentaje medio de
disminucion de ECD observado en las diferentes visitas se incrementaba en el tiempo (0.04% al mes,
2,3% alos 3 meses, 5,1% a los 6 meses y 7,4% al ano), sugiriendo que el patron de pérdida de células
endoteliales es continta en el tiempo y es similar al descrito tras la cirugia con dispositivos de drenaje??,
pero proporcionalmente inferior (AGV 10,5% vy BGI 13,1% al ano®-%).

La pérdida endotelial relacionada con la trabeculectomia vy la facoemulsificacion es diferente a la de los
dispositivos de drenaje y el implante Preserflo. En estos casos, la disminucion de densidad endotelial se
relacionaconlacirugia, detectdndose desde el postoperatorio tempranoy estabilizdndose al cabo de unos
meses. En el caso de la trabeculectomia con MMC, el porcentaje de pérdida es similar a los 3 meses, 9,5%,
y al afo, 10%°’,y con respecto a Preserflo, el porcentaje y pérdida de células endoteliales (13,9%) y la re-
duccion media (-265 células/mm?) alos 3 meses®? parecen ser superiores a los resultados encontrados en
nuestra serie (2,3%y -150 células/mm?).

El andlisis de la reduccién media mensual central de densidad y células endoteliales tras la cirugia con
Preserflo mostré una disminucion mensual mayor en el primer mes, progresivamente inferior hasta el
primer afo (1 mes, -125,8 + 160 células/mm?; 1 afo -14,6 £ 25 células/mm?). Probablemente la mayor
pérdida inicial se justifique por los casos de cirugia combinada, casos de hipotonia, y por la pérdida aso-
ciada alos tubos situados muy préoximos al endotelio.
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En el grupo de cirugia combinada, el porcentaje medio de disminucion de ECD fue superior en el pri-
mer mes (7,7% combinada frente a 0% no combinada), mientras que al afo la pérdida fue comparable
e incluso ligeramente superior en el grupo de cirugia no combinada, lo que sugiere que una parte de la
pérdida endotelial en el postoperatorio temprano se debe a la facoemulsificacién, mientras a largo plazo
otros factores (probablemente relacionados con la presencia del tubo en cdmara anterior v el flujo de
humor acuoso) se asocian con la pérdida continuada de células endoteliales, superior a la pérdida fisio-
logica (0,6% al afio)’® pero inferior a la publicada con otros implantes (AGV, BGI). La pérdida endotelial
en el grupo cirugia combinada fue comparable a la publicada por otros autores tras la facoemulsificacion
(7,6 2 9,5% alas dos semanas, 7,3% al ano’®’*7?), lo que aporta consistencia a los resultados de nuestro
estudio.

El andlisis por grupos de distancia tubo-endotelio sugirié que una menor distancia tubo-endotelio ace-
leraba la pérdida endotelial. El porcentaje de disminucion endotelial fue superior en el grupo <200 pm
(18%), que en los grupos 201-500 pm (11%) y >500 um (1%). Por otro lado, la reduccién media mensual
en el primer mes fue superior en el grupo <200 um (-149 + 76 células/mm?), frente al grupo 201-500
pm (-129 + 195 células/mm?) y el grupo > 501 + (-71 + 79 células/mm?) vy al afo de la cirugia, superior
en los dos grupos por debajo de 500 um (-11 + 9 células/mm?, -20 +29 células/mm?) frente al grupo
>500 um (-3 + 14 células/mm?).

Un andlisis mas profundo de los datos mediante regresion lineal de modelos mixtos mostré una relacién
lineal inversa entre la reduccion media mensual de ECD v la distancia tubo-endotelio en todos los mo-
mentos del seguimiento. De acuerdo con este modelo, en el primer mes los tubos situados a O pm del
endotelio perdian-174,8 + 65,2 células/mm? (p < 0.01) pero perdian menos células a los 3 meses (-62,2
+ 278 células/mm?, p=0,02), a los 6 meses (-33,2 + 12,8 células/mm?, p<0,01) y al afio (-30,2 + 11,3
células/mm?, p<0,01). A los 6 meses v al afo, los tubos situados a mas de 600 pm mostraron pérdidas
endoteliales cercanas a cero. El andlisis mediante el indice de correlacion de Pearson al afio de la cirugia
vino a confirmar la relacion inversa entre la distancia TE y la ECD (r=-0,5, p<0,01) y reveld una relacién
directa (r=0,38, p=0,05) entre la distancia tubo-iris y la densidad de células endoteliales, es decir, una
mayor densidad de células endoteliales 1 ano después de la cirugia se relacionaba con una mayor dis-
tancia del tubo al endotelio y una menor distancia del tubo al iris.

A la vista de los resultados de este estudio, se deduce que la proximidad del tubo al endotelio incre-
menta la pérdida de células endoteliales con una mayor influencia en el postoperatorio temprano, y que
una distancia tubo-endotelio igual o superior a 600 um puede ser un factor de proteccion, ya que los
tubos situados a esa distancia no muestran pérdida endotelial a partir de los 6 meses. De manera similar,
en el estudio publicado por Zhang et al.*? donde se compara la pérdida de células endoteliales entre la
valvula de Ahmed situada en sulcus o en cdmara anterior, la pérdida mensual de ECD es mayor en el
grupo con el tubo situado en cadmara anterior (-29,3 células/mm?) frente al tubo situado en sulcus (-15,3
células/mm?). En nuestra serie, la reduccion media mensual de ECD al afno de la cirugia (-14.,6 células/
mm?), parece comparable a la reduccion media mensual de ECD con la vélvula de Ahmed implantada en
sulcus. En el caso del dispositivo Baerveldt, Tan®, utilizando un modelo mixto lineal reporta una mayor
pérdida de células endoteliales cuanto més proximo el tubo del endotelio. La comparacion directa entre
su estudio y el nuestro no parece sin embargo posible, ya que aunque ambos tubos se implantaran con
el mismo angulo, la diferente longitud en cdmara anterior produciria diferencias en la distancia del tubo
al endotelio siguiendo el mismo método de trazado de linea perpendicular desde el extremo del tubo.

En nuestro estudio se analizan otros posibles factores de riesgo de pérdida endotelial independientes
de la posicion del tubo en cdmara anterior. Una menor profundidad de cdmara anterior v la presencia de
sinequias posteriores periféricas, parecen estar asociadas con una mayor pérdida de células endoteliales.
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3.4 Fisiopatologia de la pérdida endotelial con el implante Preserflo

Existen diferentes mecanismos implicados en la pérdida de células endoteliales asociada con la
presencia de un tubo en cdmara anterior. Por un lado, un cierto grado de inflamacién crénica podria com-
prometer el endotelio e incrementar el riesgo de descompensacién corneal’, lo que pareceria un meca-
nismo comun para cualquier tipo de tubo, incluyendo Preserflo. Por otro lado, un posible desplazamiento
del tubo, como ocurre con el tubo de Baerveldt cuando se implanta “libre” en cdmara anterior podria ser
un factor de riesgo de pérdida endotelial®. Tan®® reporta una mayor pérdida endotelial cuando los tubos
se sitlian “libres” en cdmara anterior frente a los tubos transiridianos (més estables), proponiendo el movi-
miento del tubo como posible factor causal. La posicién del tubo de Preserflo analizada en nuestro estudio
sobre ampollas de filtracion*? no mostroé diferencias significativas en su posiciéon respecto a endotelio e iris
desde las primeras 24 horas hasta los 3 meses, salvo en aquellos casos que presentaron hipotonia en el
postoperatorio inmediato. Por tanto, en el caso de Preserflo, no parece ser el movimiento sino la distancia
entre el tubo y el endotelio, la causa de la pérdida endotelial. La exploraciéon dindmica mediante AS-OCT
de la posicion del tubo respecto al endotelio durante el frotamiento de la cérnea podria ayudar a aclarar
este punto.

En conclusidn, la pérdida de células endoteliales asociada con el implante Preserflo recuerda al patron de
pérdida asociado con los dispositivos de drenaje tradicionales (pérdida sostenida en el tiempo), siendo
de menor magnitud pero superior a la pérdida fisiolégica anual en el ser humano. Una menor distancia
entre el tubo v el endotelio parece acelerar la pérdida endotelial, siendo una distancia superior a 600 um
un posible factor de proteccion. Al afo de la cirugia, el porcentaje de pérdida endotelial central (7,4%) y
la reduccion media mensual de densidad de células endoteliales (-14.6 células/mm?) parecen compara-
bles a la pérdida reportada con la Vélvula de Ahmed colocada en sulcus. La hipotonia v la presencia de
sinequias anteriores periféricas parecen ser factores de riesgo de pérdida endotelial con este implante.
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Conclusiones

4.1. Andlisis con microscopia electrénica de la ultraestructura del implante Preserflo y
estudio experimental gravitacional de la mecanica de fluidos

1.

10.

Los didmetros interno y externo del implante Preserflo analizados con microscopia electrénica
de emisiéon de campo (FESEM) son comparables con las medidas aportadas por el fabricante,
lo que permite validar los célculos tedricos de resistencia al flujo (R.,..) y presion diferencial
(Ap,,.) Y los resultados experimentales de mecanica de fluidos.

La resistencia al flujo tedrica por el implante Preserflo, calculada mediante la Ley de Hagen Poi-
seuille para unflujo medio de produccion de humor acuoso de 2 uL/min,es R, . = 1,3 mmHg/(uL/
min) y la presion diferencial, Ap,, ., = 2,6 mmHg.

Es posible medir de manera experimental el flujo por el implante Preserflo, ya que a pesar de sus
reducidas dimensiones y material hidrofébico el flujo a través del tubo es laminar, operando en
numeros de Reynolds por debajo de la transicion al flujo turbulento, lo que valida la Ley de Hagen
Poiseuille para este implante.

La relacién entre la masa en funcién del tiempo vy el flujo en funcién de la presion es lineal y ha
sido demostrada con los dos experimentos gravitacionales de fluidica a través de Preserflo. El
flujo volumétrico experimental hallado fue Q= 35,22 (uL/min) y la resistencia experimental al
flujo R.=1,806 mmHg/(uL/min).

Mediante regresion lineal, hallada experimentalmente entre la presion y el flujo, es posible calcu-
lar el flujo a través del implante Preserflo para cualquier presion intraocular, o que podria permi-
tirir el desarrollo de futuras investigaciones acerca del funcionamiento de este y otros dispositi-
vos de drenaje en cirugfa de glaucoma.

La resistencia al flujo en condiciones fisiolégicas (teniendo en cuenta la viscosidad del humor
acuoso en pacientes con glaucoma) calculada a partir de la resistencia hallada experimentalmen-
tees R, .= 1.3 mmHg/uL/min, muestra un excelente acuerdo con la resistencia al flujo tedrica

PHYS ™

Rieo= 1.3 mmHg/ul/min, lo que valida el método experimental utilizado en este estudio y sus

resultados.

THEO

La presion diferencial experimental, calculada mediante la ley de Hagen Poiseuille contando con
la resistencia al flujo en condiciones fisioldgicas (R, .= 1.3 mmHg/uL/min) y el flujo medio de hu-
mor acuoso en el ser humano (2 uL/min), Ap, = 2,6 mmHg, es comparable a la presion diferencial
teorica (Ap,,.,= 2.6 mmHg).

Laresistencia al flujo a través de Preserflo (R, .= 1.3 mmHg/uL/min), no deberia resultar redun-
dante paralacirculacién de humor acuoso entre lacdmara anterior y laampolla una vez alcanzado
el equilibrio de presiones, ya que se ha demostrado en el estudio de fluidica experimental que el
flujo es laminar y de acuerdo a los estudios publicados al respecto por otros autores, la resisten-
cia al flujo por didmetros tan reducidos como el de Preserflo ofrecen menos resistencia al flujo
que lamalla trabecular, lo que avalaria la reduccion del calibre de los tubos en cirugia filtrante de
glaucoma sin disminuir la eficacia hipotensora.

La presion diferencial tedrica (Ap,, ) v la experimental en condiciones fisiolégicas Ap,, ., son
comparables (Ap.= Apy,,,. = 2,6 mmHg) e inferiores a 5 mmHg, valor de presion intraocular
considerado como no deseable en grandes ensayos clinicos e “hipotonia numérica” de acuerdo
con The World Glaucoma Association.

Dado que la presion diferencial a través del implante Preserflo es inferior a 5 mmHg, se puede

afirmar que este implante no fue disenado especificamente para evitar la hipotonia por sus pro-
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piedades fisicas, sino de acuerdo con los resultados obtenidos en animales de experimentacion.

11. Apesardesutedricainhabilidad paraevitar la hipotonia de acuerdo con su disefo, la tasa de hipo-

tonfa clinicaes comparable a la de su principal competidor XEN45, inferior a la de los dispositivos
de drenaje tradicionales (Valvula de Ahmed e implante Baerveldt) y el dispositivo Paul Glaucoma
Implant y muy inferior a la de la trabeculectomia, a corto y especialmente a largo plazo.

4.2. Morfologia y geometria de la ampolla de filtracién en el postoperatorio temprano del
implante Preserflo

1.

7.

La clasificacion clinica IBAGS de las ampollas Preserflo en el postoperatorio temprano muestra
que la mayoria de ellas tienen una altura baja o moderada, una extensiéon horizontal de unas dos
horas de reloj, una vascularizacién media y una incidencia del 0% de ampollas avasculares, y 0%
en el test de Seidel.

Eltipo morfolégico mas frecuente de ampolla de filtracion analizado con AS-OCT en el posto-
peratorio temprano (24 horas a 3 meses) tras la cirugia con el implante Preserflo junto con
MMC 0.2 mg/ml, aplicada con esponjas durante 2 minutos (dosis 11,9 a 17 ug), es la ampo-
lla multiforme con multiples capas paralelas de tejido separadas por zonas hiporreflectivas
(presencia de humor acuoso) y cavidades de fluido epiescleral en un alto porcentaje de
pacientes. Los microquistes subepiteliales son més frecuentes en el postoperatorio inmediato
y tienden a disminuir con el tiempo. La morfologia multicapa y la presencia de cavidades de
fluido epiescleral son factores predictivos positivos de la funcién de la ampolla de trabeculec-
tomfa a largo plazo.

El tipo mas frecuente de ampolla de filtracion observada en el postoperatorio temprano del im-
plante Preserflo con el uso de MMC 0.02% parece comparable morfolégicamente a la ampolla de
trabeculectomia con MMC 0.04% publicada en la literatura cientifica al respecto.

Respecto a su principal competidor, XEN45, ambos implantes parecen capaces de formar am-
pollas de filtracion multiformes con cavidades de fluido epiescleral comparables a la trabeculec-
tomia, siempre y cuando se utilice en ambos casos la técnica de diseccién conjuntiva-capsula de
Tenon para evitar la obstruccion del tubo por esta Ultima y que la dosis de MMC aplicada en el
caso de XEN45 sea superior para compensar la mayor resistencia al flujo y menor volumen de
acuoso transportado parala misma presion intraocular.

Tanto los resultados de los estudios sobre morfologia de la ampolla de filtracién como los resulta-
dos delos estudios clinicos de eficacia parecen coincidir en que el porcentaje de éxito de lacirugia
filtrante es mayor con la técnica de diseccion conjuntival frente a conjuntiva cerrada cuando se
implantan este tipo de tubos no valvulados que restringen el flujo por la reduccion del didmetro
interno. Cuando se utiliza la técnica de diseccion conjuntival, la dosis de MMC se debe incre-
mentar segln disminuye el calibre del tubo, ya que al aumentar la resistencia al flujo disminuiré
el volumen de acuoso transportado hacia el espacio subtenoniano, favoreciendo la fibrosis. Un
aumento de 3,4 veces en laresistencia al flujo parece traducirse en un aumento similar (3-4 veces
superior, 9% frente a 32%) del riesgo de fibrosis con el implante XEN45 frente al implante Pre-
serflo.

El andlisis geométrico de la ampolla de filtracién de Preserflo en el postoperatorio temprano
muestra un incremento significativo de los didmetros horizontal y vertical de la cavidad de fluido
intra-ampolla desde las primeras 24 horas hasta los 3 meses. El diametro vertical medio de las
ampollas es inferior al didmetro horizontal, lo que justificaria los hallazgos clinicos de la clasifica-
cion IBAGS obtenidos en este estudio (ampollas difusas poco elevadas).

Las ampollas Preserflo presentan didmetros verticales inferiores a los horizontales, y presiones
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intra-ampolla bajas a los 3 meses de acuerdo con los resultados de presion intraocular media re-
portados (10.9 + 1.8 mmHg). Seglin la Ley de Laplace, la reduccion del didmetro vertical junto con
bajas presiones intra-ampolla, favorecen la reduccién de latension en la pared (tensién de cizalla-
miento) reduciendo la incidencia de hipoxia al no superar la presion de cierre de los capilares de
la conjuntiva (20 mmHg) v el depodsito excesivo de matriz extracelular, cuya principal proteina es
el coldgeno. Las presiones bajas favorecen ademas el proceso fibroproliferativo en la pared de la
ampolla en detrimento del proceso fibrodegenerativo, lo que conduce a la formaciéon de ampollas
mas porosasy permeables. La disminuciéon de latensién de cizallamiento en la pared de la ampolla
reduce ademas la sobre-expresion de citoquinas proinflamatorias (TGF-b), relacionado con la di-
seccion de los tejidos en cirugia filtrante de glaucoma, lo que podria favorecer laformacién a largo
plazo de paredes filtrantes y ampollas de buen funcionamiento gracias a la particular restriccion
del flujo asociada con las dimensiones del implante Preserflo.

La posicién del tubo en cdmara anterior respecto a endotelio e iris se mantuvo estable sin dife-
rencias significativas entre las primeras 24 horas y los 3 meses, salvo en los casos de hipotonia
donde las distancias se redujeron de manera transitoria hasta la resolucién del cuadro clinico.
La exploraciéon dindmica de la posicion del tubo en cdmara anterior mediante AS-OCT durante
el frotamiento de la cornea, podria arrojar luz sobre la estabilidad real del tubo en condiciones
fisioldgicas.

Elimplante Preserflo reduce de manera significativa la presion intraocular durante los 3 primeros
meses del postoperatorio. El porcentaje de needling reportado fue 3,5% v el porcentaje de revi-
siones en quiréfano, 9%. El porcentaje de hipotonia durante el primer mes fue 11%.

4.3. Efecto del implante Preserflo sobre la cérnea: topografia, refracciéon y biometria

1.

La disminucion de la presion intraocular por grupos de cirugia combinada y no combinada fue
significativa en todas las visitas postoperatorias hasta el tercer mes (p<0,01).

La agudeza visual mejor corregida disminuyd significativamente en ambos grupos en la primera
semana tras la cirugia, recuperando valores preoperatorios a los 3 meses.

La profundidad de la cdmara anterior se incremento significativamente en el grupo de cirugia
combinada como consecuencia de la facoemulsificaciéon e implante de lente intraocular pero per-
manecié estable en el grupo de cirugia no combinada al tercer mes del postoperatorio. La longi-
tud axial disminuyd significativamente en ambos grupos.

El astigmatismo se incrementd en ambos grupos (cirugia no combinada vy cirugia combinada) en
la primera semana, mostrando una reduccion progresiva hasta el tercer mes. El incremento del
astigmatismo de la cara anterior fue superior en la primera semana en el grupo de cirugia combi-
nada (1D vs. 0,7D), asi como el astigmatismo total (1,2D vs 0,8D). A los 3 meses, el cambio en el
astigmatismo corneal total fue de 0,4D en el grupo de cirugia no combinada, y 0,2D en el grupo
de cirugia combinada.

La elevacion de la cara anterior y posterior de la cornea se incrementdé en la primera semana en
ambos grupos, recuperando valores preoperatorios a los 3 meses.

El implante Preserflo y la trabeculectomia parecen inducir un aumento de la curvatura verti-
cal de la cérnea en el postoperatorio temprano, pero en el caso de Preserflo el cambio en el
astigmatismo total observado a los 3 meses de la cirugia parece ser inferior al reportado con
trabeculectomia.

Con respecto a otras técnicas de cirugia filtrante de glaucoma, de acuerdo con los resultados de
este estudioy los estudios publicados por otros autores en la literatura cientifica, la trabeculecto-
miay el implante Express inducirian un cambio en el astigmatismo superior al de la esclerectomia
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10.

profunda no perforante y el implante Preserflo, comparables entre si.

No existen estudios publicados sobre el efecto refractivo del implante XEN45 para comparacion
con Preserflo, y la literatura sobre los dispositivos de drenaje sobre el tema es muy escasa y no
ofrece resultados comparables a los obtenidos estudiando el implante Preserflo.

Los cambios leves y transitorios observados tras la cirugia de glaucoma con el implante Preserflo
podrian estar relacionados con la ausencia de tapete escleral, esclerectomia profunday suturas,
asi como con la morfologia de la ampolla de filtracion, alejada del limbo, difusa y con ausencia de
ampollas avasculares segln los resultados reportados en el estudio de morfologia clinica y con
AS-OCT de las ampollas de filtracion en este mismo periodo postoperatorio.

Como hallazgo adicional, durante el analisis de datos, se reporté una correlaciéon positiva signi-
ficativa entre la elevacion de la cara posterior de la corneay la presion intraocular no medicada,
hallazgo descrito previamente en la literatura y que podria ser un nuevo biomarcador de las mo-
dificaciones biomecéanicas de la cornea en pacientes con glaucoma.

4.4. Efecto del implante Preserflo sobre la cérnea: densidad de células endoteliales

1.

El porcentaje de disminuciéon endotelial en la poblacion total del estudio (cirugia combinada y
cirugia no combinada en pacientes pseudofaquicos) un afio después de la cirugia fue de 7,4% vy la
reduccion media mensual de densidad de células endoteliales, -14,6 células/mm?.

La pérdida de células endoteliales comienza en el postoperatorio inmediato y continla en el tiem-
po, de manera similar a la descrita tras la cirugia con los dispositivos de drenaje tradicionales, una
pérdida sostenida en el tiempo superior a la pérdida fisioldgica asociada al envejecimiento en el
ser humano. Respecto a la trabeculectomiay la facoemulsificacion, donde la pérdida se relaciona
con lacirugiay posteriormente se estabiliza, la pérdida endotelial con Preserflo parece seguir un
patron diferente y més parecido al de los tubos de drenaje.

La comparacion entre la pérdida de células endoteliales a los 3 meses de la cirugfa entre trabe-
culectomia y Preserflo, ambos con el uso de MMC 0.2 mg/ml, muestra, sin embargo, que la re-
duccion endotelial es mayor que la observada con Preserflo (trabeculectomia 13,9% y reduccién
media mensual -265 células/mm?, Preserflo 2,3%y -150 células/mm?).

Con respecto a su principal competidor, XEN45, la pérdida endotelial parece ser comparable a
los 3 meses de la cirugia (2,1% XEN45, 2,3% Preserflo), y en ambos casos inferior a la reportada
tras la trabeculectomia (10%). Conociendo la pérdida endotelial anual asociada con Preserflo, y
siendo la de XEN45 a los dos afios de la cirugia 15,4%,la pérdida endotelial parece comparable
entre XEN45 y Preserflo a largo plazo.

La comparacion entre grupos de cirugia combinada y no combinada sugiere que la pérdida en-
dotelial en el primer mes observada en el grupo de cirugia combinada se debe a la facoemulsifi-
cacion, comparable a la pérdida endotelial publicada con esta técnica en la literatura, y superior
a la reduccién media observada en el grupo de cirugia no combinada (0%). A mas largo plazo, la
pérdida endotelial se iguala entre los dos grupos, y probablemente se asocia con la presencia del
tubo en cdmara anterior y el flujo de humor acuoso.

Con respecto a los dispositivos de drenaje tradicionales implantados en cdmara anterior, el por-
centaje de pérdida al ano de la cirugia parece ser superior al reportado en el presente estudio con
Preserflo (Valvula de Ahmed 10,5% a 15,3%, Preserflo 7,4%).

La proximidad entre el extremo del implante Preserflo y el endotelio parece incrementar la mag-
nitud de la pérdida endotelial, igual que sucede con los implantes Ahmed y Baerveldt de acuerdo
con estudios publicados al respecto.

Respecto alavélvula de Ahmed, la pérdida endotelial observada con Preserflo parece ser compa-
rable alareportadacon laVélvula de Ahmed cuando el tubo se implanta en sulcus (Preserflo-14,6
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11.

12.

células/mm?, Ahmed -15,3 células/mm?).

Mediante andlisis de regresion lineal de modelos mixtos entre la distancia del extremo del implan-
te Preserflo y el endotelio y la reduccién de densidad endotelial, una menor distancia tubo-en-
dotelio se relaciona con una mayor pérdida endotelial, mayor en el postoperatorio inmediato vy
menor a mas largo plazo. Se deduce que la insercién del tubo en cdmara anterior en cualquier
posicion produce una pérdida endotelial inicial que se va reduciendo en el tiempo, pero de mayor
magnitud cuanto menor es la distancia entre el tubo y el endotelio.

El analisis por grupos de distancia tubo-endotelio viene a confirmar los hallazgos de regresion
lineal de modelos mixtos, ya que la pérdida endotelial al afio de la cirugia es superior porcentual-
mente en los tubos situados a menos de 200 um (17,9%) frente a los situados a mas de 500 um
(1,1%).

Una distancia entre el extremo del implante Preserflo y el endotelio superior a 600 um parece
ser un factor de proteccién, ya que los tubos situados a mas de esa distancia mostraron pérdida
endotelial cercanaaceroalos 6y 12 meses de la cirugia.

Una menor profundidad de cdmara anterior y la presencia de sinequias anteriores periféricas
como consecuencia de la hipotonia en el postoperatorio temprano se relacionan con una mayor
pérdida de células endoteliales.

Conclusiones Generales

1.

El implante Preserflo no fue disefado especificamente para evitar la hipotonia, ya que la pre-
sion diferencial a través de este dispositivo es inferior a 5 mmHg vy asi ha sido demostrado
experimentalmente en la presente tesis doctoral.

La mecanicade fluidos del implante Preserflo favorece la formacion de ampollas multiformesy de
didmetro vertical bajo en el postoperatorio temprano, factores que podrian contribuir a la reduc-
cion de lafibrosis durante el proceso de maduracién de la ampolla de filtracion.

La morfologia y la geometria de la ampolla de filtracion derivada de la restriccion del flujo por el
implante Preserflo de acuerdo con sus dimensiones (longitud y didmetro interno), mejora el con-
trol dela presionintraocular reduciendo el porcentaje de hipotonia a cortoy largo plazo respecto
alatrabeculectomia.

La estandarizacion del flujo por este implante parece incrementar las probabilidades de obtener
ampollas de filtracion funcionantes a largo plazo de acuerdo con los resultados obtenidos en el
postoperatorio temprano, lo que, unido a una técnica quirlrgica mas sencilla, podria facilitar la
cirugia filtrante extendiendo su uso a un mayor nimero de oftalmélogos y pacientes.

La morfologia de la ampolla de filtracion, la ausencia de tapete escleral, suturas y esclerectomia
profunda, parecen reducir los cambios refractivos asociados con este implante, reportados como
leves y transitorios, o que supondria una ventaja a la hora de plantear el uso de lentes intraocula-
res toricas o de disefos dpticos avanzados en los casos en los que asi estuviera indicado.

La pérdida de células endoteliales relacionada con el implante Preserflo parece comparable a la
de su principal competidor, el implante XEN45, inferior a la trabeculectomia, y comparable ala de
laValvula de Ahmed cuando el tubo se coloca en sulcus. Una menor distancia del tubo al endotelio
y la hipotonia son factores de riesgo de pérdida endotelial con este implante.
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SUMMARY

Introduction

5.1 Preserflo ultrastructure and fluid dynamics

One of the main challenges of glaucoma filtering surgery is the control of aqueous humor (AH)
outflow to prevent hypotony. In the case of nonvalved glaucoma drainage devices, in the absence of a
flow-restrictive method, the resistance to flow offered by the tissues that surround the valve plate cannot
prevent hypotony until at least approximately six weeks after surgery'. In this period, there is a risk of
severe hypotony, choroidal hemorrhage?, flattening of the anterior chamber and, subsequently, hypoto-
ny-associated foveal lesions that lead to long-lasting visual acuity loss®.

The search for the control of aqueous humor outflow has evolved in recent years with the design of new
implants based on the Hagen-Poiseuille* flow restriction formula. Resistance to flow (R) and pressure
drop (Ap) can be modified by means of the length and width of a tube according to this equation, which
governs the properties of noncompressible Newtonian fluids through cylindrical pipes. The resistance
to flow is directly proportional to the pressure drop, and both values increasing linearly in relation to the
length of the tube and decreasing to the fourth power of the internal diameter. Thus, in recent years,
two new “miniaturized” tubes have been launched, the XEN glaucoma implant (XEN-GGM, Allergan Plc,
Parsippany, NJ, USA) and the Preserflo Microshunt (Santen Pharmaceutical Co., Osaka, Japan), to act as
flow restrictors just by their dimensions, without the need for a valved mechanism. Both devices were
designed to connect the anterior chamber with the subconjunctival space without a plate located at the
end of the tube. The theoretical resistance to flow and pressure drop, according to the Hagen Poiseuille
equation, should be greater for XEN 45 (6 mm long, 45 um internal diameter) than for Preserflo (8.5
mm long, 70 um internal diameter).

In the study published by Sheybani et al., it was experimentally demonstrated that the XEN 45 implant
could maintain the back pressure above the values of numerical hypotony (5 mmHg according to the
World Glaucoma Association and large clinical trials®’). The authors reported that the experimental
steady-state pressure through XEN 45 was 8.9 mmHg and the theoretical value was 10.98 mmHg.

Regarding Preserflo’s flow properties, to the best of our knowledge, there have been no studies on the
experimental measurement of the flow through the implant. The laboratory study carried out by the
manufacturer to explain the development of this device? showed that the tube dimensions had been
based on the empirical data generated by the rabbit studies carried out by Arrieta et al.”, who searched
for aluminal diameter that was at least greater than that of a sloughed endothelial cell (40-50 um). The
authors tried different luminal diameters, noting that there was no flow when the internal diameter was
as low as 53 um (probably due to the hydrophobic properties of the chemical composition of Preserflo).
The researchers progressively increased the size and empirically reached the actual diameter (70 pm)
based on the results obtained in test animals. They did not experimentally measure the flow through the
implant, based on the hypothesis that the Hagen-Poiseuille equation would “brake down” in small tube
diameters and extremely hydrophobic materials such as poly(styrene-block-isobutylene-block-styrene),
SIBS.

The pressure drop (Ap) through Preserflo, calculated with the Hagen Poiseuille formula (Ap=2.6 mmHg),
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for an agueous humor viscosity of 0.7185 centipoise (cP)™ in open angle glaucoma and a mean aqueous
humor production of 2 ulL/min in humans!!, would theoretically make Preserflo unable to avoid hypot-
ony just by means of its capacity to restrict the flow.

P= QxR
128 xuxLxQ
p=
Txd?
128 xpuxL
R = —_
mxd?t
P=Ap=pl-p2 (pressure drop)
J=dynamic viscosity
L=length
Q= volumetric flow
R= resistance to flow
128x0.7185x1.25x 107x 8.5

3.1416x0.074

R= 1.3 mmHg/uL/min
P= 2x13

Ap=2.6mmHg

For this reason, we conducted a study that aimed to analyze the ultrastructural and flow properties of the
Preserflo device to confirm the theoretical findings that were finally published in the international journal
“Translational Vision Science and Technology”'?. Initially, the ultrastructure was analyzed with a field emis-
sion scanning electron microscope (FESEM) to confirm that the luminal diameter was consistent with the
specifications provided by the manufacturer. In addition, the theoretical resistance to flow and pressure
drop were calculated, not only through Preserflo, but also through XEN 45 and other glaucoma drainage
devices for comparison (Ahmed Glaucoma Valve [AGV; New World Medical, Rancho Cucamonga, CA],
Baerveldt Glaucoma Implant [BGI, Abbott Medical Optics, Santa Ana, California, USA], Paul Glaucoma Im-
plant [Advanced Ophthalmic Innovations, Singapore] and Express P200 [Alcon, Fort Worth, TX, EEUU]).
Finally, an experimental fluid-flow test using a gravity-flow setup based on the same principles as those
of the experiment published by Estermann®® was performed, simulating different intraocular pressures
(IOPs). Alinear relation was found between the collected mass as a function of time and the flow as a func-
tion of the simulated IOP. The experimental resistance to flow that was found with this method (RE) was
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extrapolated to more physiological conditions (R, ,..) accounting for the viscosity of the aqueous humor in

PHYS

open angle glaucoma, and the Hagen Poiseuille formula was used to calculate the pressure dropwith R, o

and the mean aqueous humor production of 2 pL/min in humans™.

The experimental validation of the theoretical calculations confirmed that the Preserflo implant was not
specifically designed to avoid hypotony.

5.2 Bleb morphology after glaucoma surgery with the Preserflo Microshunt

The standardization of flow through a small glaucoma tube that was easy to implant, capable of
transporting a sufficient volume of aqueous humor to produce functioning filtering blebs in the long term
while controlling hypotony due to its reduced dimensions, would probably be the idea behind the devel-
opment of new implants in microfiltering glaucoma surgery.

The primary factor involved in the success of glaucoma filtering surgery is that the bleb becomes and
remains functional. The presence of aqueous humor, capable of separating the tissue into multiple layers
in the early postoperative period, seems to be crucial to the development of a successful filtering bleb
in the long term. The presence of aqueous humor between the tissues was described by Theelen et al.*
as “stripping phenomena’, multiple parallel layers and hyperreflectivity inside Tenon’s capsule. According
to Nakano's findings using anterior segment optical coherence tomography (AS-OCT) to analyze trabe-
culectomy blebs?®, the blebs that showed a multilayered wall 2 weeks after surgery were more likely to
show good bleb function at 6 months.

Based on the concept that the separation of the subconjunctival tissue by the aqueous humor in the early
postoperative period increases the probability of bleb success, it would be reasonable to expect that the
new microfiltering implants (XEN45, Preserflo) had been designed to carry a sufficient volume of aqueous
from the anterior chamber to the subconjunctival space enough to reduce fibrosis and increase long-term
bleb function. Along with the easy surgical technique, a higher rate of predictable results could be an ad-
vantage for these new implants. In this sense, the morphological analysis of the Preserflo’s filtering bleb
with AS-OCT could determine whether this implant has the capacity to form multiform blebs in the early
postoperative period, which is a predictive factor of success in trabeculectomy. Until the publication of
the second study of this dissertation, there were no studies published about this subject in the literature.

Analysis of the published studies about the bleb morphology after surgery with the XEN45 implant
(Preserflo’s main competitor) revealed the important morphological differences between the filtering
blebs depending on whether the conjunctiva was dissected. With the closed conjunctiva approach, the
probability of tube obstruction by Tenon is higher, decreasing the flow of aqueous and the presence of
fluid between the tissues. Teus et al.'® described the blebs formed 1 year after XEN45 implanted with a
closed conjunctiva and MMC 0.01% as a “filtering conjunctiva” with scarce presence of fluid, instead of
a real trabeculectomy bleb. Dangda et al.'’, who used the open conjunctiva technique and MMC 0.02%
(total dose, 60 pg), reported blebs that were morphologically comparable to those formed by trabeculec-
tomy, with episcleral fluid cavities in the majority of the patients.

To the best of our knowledge, the bleb morphology explored by AS-OCT in the early postoperative period
of the Preserflo Microshunt had not been investigated until the publication of our study in the journal
“Acta Ophthalmologica”. In the study, AngioVue OCT software (Optovue, Inc., Fremont, CA, USA) was
used to analyze the bleb morphology in the early postoperative period (24 hours to 3 months) and the
possible correlation between the bleb geometry and the IOP.
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5.3 Effect of the Preserflo Microshunt on corneal topography and ocular biometry

Glaucoma filtering surgery, like trabeculectomy and other bleb-forming procedures such as the
Ex-Press glaucoma implant and nonpenetrating deep sclerectomy (NPDS), have been related to changes
inocular biometry®’, keratometry and corneal topography?°-2¢. Changes to the corneal curvature may have
animpact on refraction, visual acuity and, thus, IOL power calculation. The cause of these changes may be
related to the removal of tissue under the scleral flap in trabeculectomy?', tight sutures?, large drainage
or avascular blebs and ptosis?’. Hypothetically, a sutureless and nonscleral flap-dependent technique, as
well as deeper and more posterior filtering blebs'3!8, could provide advantages over trabeculectomy by
reducing the amount of induced corneal and refractive changes.

The lack of data on the refractive changes induced by this implant prompted us to evaluate the biometric
and topographic changes that occurred during the first 3 months of the postoperative period. The study
was published in the “Journal of Glaucoma”?® as part of this dissertation.

5.4 Effect of the Preserflo Microshunt on endothelial cell density

Endothelial cell loss (ECL) leading to corneal decompensation is one of the major concerns re-
garding glaucoma surgical procedures. Many studies have reported the effects of glaucoma surgery on
corneal endothelial cells (CECs)?7%, but in recent years, attention has been focused on the effects of rel-
atively new, less invasive techniques, such as microincisional glaucoma surgery (MIGS) and microfiltering
surgery with new tube shunts (XEN 45, Preserflo).

Although the pathophysiology of endothelial cell loss is not well understood, it has been proposed to in-
volve at least three mechanisms: first, mechanical damage derived from the proximity of the implant to the
endothelium; second, the high fluid flow of aqueous humor through the tube, inducing ECL proximal to the
tube entry site; and third, postoperative inflammation??%,

Based on the evidence published about the influence of the position of the tube of the Ahmed glaucoma
valve with respect to the endothelium, the rate of mean monthly reduction of central endothelial cells has
recently been reported to be significantly higher when the tube is located in the anterior chamber than
when it is located in the ciliary sulcus®. Similarly, a three-year follow-up study about the position of the
tube of the Baerveldt Glaucoma Implant as a risk factor for endothelial cell loss showed that a shorter
tube-endothelium distance accelerated the loss of endothelial cells®s.

The Preserflo device is conceptually comparable to the Ahmed and Baerveldt implants, all of which are
tubes that differ in their dimensions. Theoretically, a lower rate of aqueous flow through a smaller luminal
diameter and a lower volume occupied in the anterior chamber could reduce the rate of ECL with Preser-
flo compared to the larger tubes. Moreover, if a shorter tube-endothelium distance has been shown to
increase ECL with AGV and BVI, the same effect can probably be found after Preserflo implantation.

However, the effects of the location of Preserflo in the anterior chamber (distance from the endothelium
and the iris and the total length of the tube) on ECD have not yet been analyzed. The last study included
in this dissertation aimed to evaluate the effect of tube location on corneal endothelial cell density after
implantation of the Preserflo Microshunt and was published in the international Journal “Ophthalmology
and Therapy”**
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Objectives/Hypothesis

6.1 Fluid dynamics of the Preserflo Microshunt

1.

To measure the dimensions of the Preserflo implant with field emission electron microscopy (FE-
SEM) inorder to confirm the internal diameter of the tube (70 um), as stated by the manufacturer.
Once the internal diameter (70 pm) has been confirmed by FESEM, to calculate the theoretical
resistance to flow (R, ) and pressure drop (Ap,,,.) through Preserflo using the Hagen Poi-
seuille equation accounting for a mean aqueous humor production of 2 uL/min in humans.

To experimentally measure the flow (Q) through Preserflo with a gravity-driven flow test where
the hydrostatic pressure is the only motor behind the fluid flow. The flow will be measured as the
collected mass as a function of time, and the fluid flow will be measured as a function of the intra-
ocular pressure, simulated by varying the hydrostatic pressure at different heights. The mathe-
matical calculations will be obtained with MATLAB (version R2018a).

To experimentally obtain the resistance to flow (RE) and to calculate the resistance to flow in
physiological conditions (R accounting for the viscosity of the agueous humor in glaucoma
patients.

To calculate the experimental pressure drop in physiological conditions (Ap,,,,) using the Hagen
Poiseuille equation accounting for R

PHYS)

onys and an agueous humor production of 2 uL/min.

To compare the theoretical pressure drop (Ap,, ) with the experimental pressure drop under
physiological conditions (Ap,,,,). If they were comparable and lower than 5 mmHg, it could be
confirmed that the Preserflo implant is not specifically designed to avoid hypotony.

If the experiment showed a linear relation between the collected mass and the time and the flow
at different hydrostatic pressures while operating at Reynolds numbers below the transition
to the turbulent regime, it would be demonstrated that the flow through Preserflo is laminar
and ruled by the Hagen Poiseuille Law. These findings would prove that the statement made by
the authors involved in the design of this implant (the Hagen Poiseuille Law “broke down” with

Preserflo and was not applicable) is wrong.

6.2 Bleb’s morphology and geometry in the early postoperative period after surgery
with Preserflo

1.

Clinical classification of the filtering blebs associated with the Preserflo implant in the early post-
operative period (24 hours to 3 months) with the IBAGS classification (Indiana Bleb Grading Ap-
pearance Scale).

Morphological classification of the filtering blebs with AS-OCT. The blebs will be classified into
two groups, uniform and multiform, and in the multiform group, different features will be de-
scribed (multilayered stroma, microcysts, episcleral drainage pathway or episcleral fluid cavity) at
three levels (low, moderate or high) at each visit from 24 hours to 3 months.

Geometrical analysis of the filtering bleb measuring the horizontal and vertical diameters of the
fluid cavity at each visit from 24 hours to 3 months.

An analysis of the tube’s position in the anterior chamber with AS-OCT, measuring the distance
from the distal end of the tube to the endothelium and iris to prove the tube’s position stability
from 24 hours to 3 months.

Analysis of the effect of the Preserflo device on the IOP from 24 hours to 3 months.
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6. Todescribe the percentage of patients with hypotony during follow-up, accounting for those who

required anterior chamber reformation, and the number of patients who developed bleb fibrosis

and required needling or open surgical revision.

7. Several hypotheses were raised:

The flow of aqueous through Preserflo in the early postoperative period below Tenon’s cap-
sule favors the formation of multiform blebs with multilayered stroma and episcleral fluid
cavities in the majority of patients. These features have been associated with a higher rate
of success of the filtering bleb after trabeculectomy.

The restriction of flow associated with the dimensions of the tube favors the formation of
low-pressure blebs due to alow vertical diameter. This type of bleb geometry has been asso-
ciated with decreased fibrosis of the bleb wall.

The distribution of the aqueous humor in the sub-Tenon space in the early postoperative
period is associated with a particular morphological and geometrical distribution of fluid,
where the force exerted by the tissues is capable of avoiding hypotony in a higher percent-
age of patients than expected by the theoretical and experimental pressure drop.

The position of the tube in the anterior chamber remains stable from 24 hours to 3 months
except in the cases of hypotony, where the distance from the tube to the endothelium and
iris decreases proportionally to the decrease in the anterior chamber depth.

A higher horizontal diameter of the episcleral fluid cavity induces a larger decrease in the
intraocular pressure.

6.3 Effect of the Preserflo Microshunt on topography and biometry

1. Toanalyze, fromthe first week to the third month, the following changes in two groups of patients
(combined phaco-Preserflo surgery and Preserflo standalone surgery):

Intraocular pressure decrease.

Visual and refractive changes (best corrected visual acuity, spherical equivalent, refractive
sphere, refractive astigmatism).

Biometrical changes (anterior chamber depth and axial length).

Changes observed inthe amount and axis of astigmatism (anterior, posterior and total astig-
matism).

Changes observed in keratometry.

Changes observed in the anterior and posterior corneal elevation (maximum, minimum and
central).

To perform an extensive review of the evidence concerning refractive changes associated
with other types of glaucoma surgery (trabeculectomy, Express implant, NPDS and long-
tube drainage devices) for comparison with Preserflo.

2. The main hypothesis of this study was that the visual, refractive and biometric changes associat-

ed with this implant are mild and transient, recovering preoperative values at 3 months.

3. Mild and transient refractive changes would be associated with a less invasive technique and a

lower, diffuse and more posterior bleb morphology compared to that formed by trabeculectomy.
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6.4 Effect of the Preserflo Microshunt on endothelial cell density:

1. Mainobjective: To analyze the effect of glaucoma surgery with the Preserflo implant on endothe-
lial cell density (ECD) during the first year after surgery.

2. Secondary objectives:

Analysis of the change in ECD (postoperative ECD-preoperative ECD) vs. time from surgery
(number of days since surgery).

Analysis of the mean monthly reduction (MMR) in ECD in the total population of the study
(MMR = preoperative ECD - postoperative ECD/number of months since surgery).
Analysis of the percentage of central ECD loss (MMR/preoperative ECD).

Analysis of the influence that the distance from the distal end of the tube to the endothelium
and iris, measured with AS-OCT, may have on the change in central ECD, with linear regres-
sion mixed models and Pearson correlation index.

Analysis of data by groups divided by the type of surgery (combined phaco-Preserflo vs.
Preserflo standalone in pseudophakic patients) and by the tube-endothelium distance
(<200 pm, 201-500 pm, >500 pm).

Analysis of other risk factors for endothelial cell loss (age, hypotony, peripheral anterior syn-
echiae (PAS) and anterior chamber depth).

3. Hypothesis:

The main hypothesis of the study was that a lower distance from the distal end of the tube
and the endothelium accelerates endothelial cell loss.
The secondary hypotheses were the following:

- Being conceptually comparable to the tube of a traditional drainage device, the pat-
tern of endothelial cell loss should be similar (continued loss over time, higher than
the physiological loss of endothelial cell density associated with age).

- Theloss of endothelial cells should be inferior in comparison with traditional drain-
age devicesdue tothe Preserflo’s reduced dimensions, volume in the anterior cham-
ber and the reduction of the agueous humor outflow in comparison to wider tubes.

- Hypotony, PAS and a lower anterior chamber depth might be associated with a
greater decrease in endothelial cells.
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Discussion

7.1 Preserflo’s fluid dynamics and its relationship with bleb morphology and geometry

The first section of the studies of the present dissertation began with an investigation of the
physical fluid properties of the Preserflo implant. First, the ultrastructure of the implant was analyzed by
means of scanning electron microscopy with an FESEM microscope at the Advanced Microscopy Labora-
tory of the University of Zaragoza. Second, the fluid dynamics of the implant were analyzed by means of
a gravitational experimental study carried out at the Department of Physics and Applied Mathematics at
the University of Navarra.

The objective of analyzing the ultrastructure was to validate the internal and external dimensions to
contrast with those provided by the manufacturer, so that the theoretical calculation was adjusted to the
real measurements of the device and the comparison with the experimental measurement was reliable.
Previous discordance between the experimental flow properties and the device dimension was pub-
lished by Samsudin et al.®> with the Express implant. The authors found a significantly higher resistance
to flow through the P50 model than through the P200 model (SEM dimensions 205 and 206 pm for
P200 and P50, respectively). In that study, the resistance to flow through both designs was measured
experimentally, and a significant difference was found between them (P200, 0.01 mmHg/(uL/min); P50,
0.05 mmHg/(uL/min), which could not be explained by different internal diameters. The explanation was
provided by Alcon; the P50 model had a 150 um metal bar inside the lumen to restrict the flow. In the
case of Preserflo, the measurements observed with FESEM (external diameter of 337.2 um, internal di-
ameters of 67.73 x 65.95 pm and 63.66 x 70.54 um) were comparable with the measurements provided
by the manufacturer (350 pm external diameter, 70 um internal diameter), accounting for a slight tilt of
the images. Therefore, the comparison between the experimental results and the theoretical calculations
was reliable.

The gravity-driven experimental study carried out to measure the flow through the Preserflo Micro-
shunt®was based on the Hagen-Poiseuille formula. According to this equation, a constant hydrostatic
pressure induces a constant flow through a cylindrical pipe for noncompressible Newtonian fluids®. The
flow can be measured as a function of the linear growth of the mass that passes through the tube over
time. In Experiment 1, using a bottle height of 80.1 cm and saline solution as the fluid and assuming a
density equal to that of water, the calculated pressure drop was 58.92 mmHg. The experimental volu-
metric flow found was Q = 50.72 g/(24 h) or Q = 35.22 (uL/min) because the relation between mass
and time was linear and governed by the equation w(t)= 50.72 t+w, (R? = 0.9988). In Experiment 2, the
flow was analyzed as a function of the differential pressure at five heights, estimating an experimental
resistance to flow R_ = 1,806 mmHg/(uL/min), which under physiological conditions, taking into account
the viscosity of the aqueous humor, and using the equation RE, . = R; x (UAQHUM/UWATER), PLIvS
=1,301 mmHg/(uL/min), in excellent agreement with the theoretical value R, ., = 1.3 mmHg/(uL/min).
The experimental results (linear relation between |OP and flow) would allow us to calculate the flow for
any |OP, which could be useful for future investigations with this device. In real conditions, for example,
for an IOP of 15 mmHg, the flow (Q) would be 8.9 uL/min.

was R

With the Hagen Poiseuille formula, it was estimated that Ap = 2.6 mmHg assuming aqueous humor

production in humans, 2 pL/min'*! and R = 1,301 mmHg/(uL/min), which was comparable to the

PHYS
theoretical pressure drop (Ap,,.,=2.6 mmHg). Furthermore, the experiment operated with Reynolds

numbers in the range between 25 and 60, far below the turbulent flow, meaning that the flow was
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laminar and the Hagen-Poiseuille Law was valid.

Considering that Ap,, .= AP, = 2,6 mmHg, it is possible to affirm that the Preserflo implant cannot
by itself avoid hypotony, if by hypotony we understand the value of 5 mmHg. Our findings clearly con-
tradict the theory that the Hagen Poiseuille Law is not valid for Preserflo due to its hydrophobic material
(SIBS) and small diameter and that this implant was designed specifically to hold the pressure in the
anterior chamber®,

Once the pressure drop through Preserflo was validated, the clinical results published in this regard were
analyzed to contrast the theoretical risk of hypotony with its actual incidence. It was verified that the hy-
potony rates were similar to those published for XEN 45%%%7 (despite a resistance to flow 3.4-fold higher
through XEN45), which were inferior to those published for Ahmed’s Valve and the Paul Glaucoma Im-
plant®” and far below those published for trabeculectomy® in the short and long term. In a 300-patient
study published by Abbas et al.*, the percentage of hypotony after trabeculectomy at any time during
follow-up was 47%, while in the multicentric study published about Preserflo’s safety and efficacy with
two different concentrations of MMC (0.02% vs. 0.04%)*, the percentage of hypotony was 16.3% in
the first month in the MMC 0.04% group vs. 0% in the 0.02% group. In the long term up to the second
year, the percentage of hypotony was 0% in both groups. In our study on bleb morphology*?, the per-
centage of hypotony reported in the first month with MMC 0.02% was 11%.

The scientific evidence regarding the incidence of clinical hypotony with Preserflo suggests that the
distribution of the aqueous humor in the sub-Tenon space, together with the resistance to flow offered
by the tissues, exerts a back pressure capable of avoiding hypotony in the early postoperative period
in most patients. In the long term, the maturation process of the bleb wall may lead to the formation
of a filtering membrane that regulates the IOP thanks to a modulation of the filtering capacity, avoiding
hypotony. Preserflo’s bleb morphology would, therefore, be a determining factor not only for hypoten-
sive efficacy but also for the regulation of intraocular pressure. The investigation of the morphology of
the Preserflo’s bleb could reveal the bleb-forming capacity of this implant in the short and long term.

As a consequence of the findings about the fluid dynamics of Preserflo and its unexpected capacity
to avoid hypotony, the need arises to investigate the ultrastructure of Preserflo’s bleb. The analysis
of the morphology and geometry of the distribution of aqueous in the sub-Tenon’s space during the
first 3 months after the implantation of Preserflo and its correlation with the intraocular pressure was
analyzed in this dissertation with the publication of a study in the scientific journal “Acta Ophthalmolog-
ica’*. The objective of the study, carried out in 28 eyes of 28 patients from 24 hours to 3 months, was
to analyze the bleb features clinically by following the IBAGS classification “Indiana Bleb Appearance
Grading Scale™® and morphologically by using AS-OCT. With this tool, images were taken from the lo-
cation of the tube in the anterior chamber (analysis of the stability of the tube in the anterior chamber),
the horizontal and vertical diameters (geometrical analysis) of the episcleral fluid cavities of the blebs,
and morphological classification (uniform vs. multiform, and within multiform, presence of multilayer,
microcysts and posterior episcleral fluid cavity or “drainage pathway” and its degrees [mild, moderate,
or high]) in all visits.

The most common type of bleb found in these patients was multiform and multilayered, located beneath
Tenon's and posterior from the limbus, showing an episcleral aqueous humor cavity formed around the
tube that spread posteriorly. At 24 hours, 28% of the cases showed a horizontal diameter of the fluid
cavity higher than the measurable limits, while at 3 months, this type of bleb was observed in 68% of
the cases. The horizontal and vertical diameters increased significantly from the immediate postopera-
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tive period to the third month, although the horizontal diameter was higher than the vertical diameter,
explaining the broad, posterior and diffuse clinical morphology of these blebs at least up to the third
month. The connective tissue located above the filtration zone showed in most cases a multilayered
morphology with layers of tissue separated by spaces of liquid and subepithelial microcysts similar to
the “stripping phenomena” described by Theelen et al.’. Uniform morphology (absence of fluid spaces
with hyperreflective stroma in our study) was rare in this series (3.5% in the first week), in contrast to
the high percentages of uniformity published with trabeculectomy (Nakano, 20.8%") and XEN45 (Len-
zhofer, 48%*), two weeks after surgery. Direct comparison between our results and those reported by
Nakano with trabeculectomy might not be reliable, since the methodology used in our study to classify
the blebs followed the method published by Lenzhofer* to analyze the bleb with XEN45 instead of
Nakano’s protocol. By “uniform’, they meant the absence of fluid in the bleb wall, whether there was an
episcleral fluid cavity or not. In our study, “uniform” was considered the total absence of fluid.

Most likely, a hypothetical equal flow rate of aqueous through trabeculectomy and Preserflo would
produce a comparable percentage of multiform and uniform blebs, but in real conditions, the stand-
ardization of flow through Preserflo could provide an advantage over trabeculectomy by reducing the
flow variability associated with the surgeon’s skills to control flow through the tension on the sutures.
A simpler surgical technique along with a standardized but sufficient flow of aqueous provided by this
implant, enough to separate the tissues from the early postoperative period and increasing bleb func-
tion in the long term, could extend the use of this type of glaucoma surgery to a higher number of
ophthalmologists and patients.

Comparing the percentage of uniform blebs in the early postoperative period reported for XEN45
implanted with a closed conjunctiva approach*, (3,5% Preserflo vs. 48% XEN45), a lower volume of
aqueous associated with a higher resistance to flow (3.4-fold higher through XEN45) and a higher re-
sistance offered by the tissues with the closed technique® could explain the significant morphological
differences observed between Preserflo and XEN45 blebs.

The risk of fibrosis is lower when the blebs are multiform in the early postoperative period™#. In
addition, multiformity is a predictive factor for the success of filtering glaucoma surgery®. At 1-year
post-trabeculectomy, higher success rates and better |IOP control were noted in patients who showed
an initial multiform bleb morphology with microcysts and persistent parallel multilayer channels*, char-
acteristics that are very similar to the bleb morphology encountered after the implantation of Preserflo*?
and quite different from the “filtering conjunctiva” described 1 year after XEN 45 placed ab interno with
a closed conjunctiva®,

In the studies published by Nakano and Narita>#¢, the concentration of MMC (0.04%) was higher than
the concentration used in our study with Preserflo (0.02%). Nakano reported 58% of morphological
functioning blebs at 6 months with 42.5% suturolisis and 16% needling. In our study, 93% of the blebs
showed moderate or diffuse episcleral fluid cavities at 3 months with 9% of them receiving surgical
revision due to bleb fibrosis. The difference in the follow-up time could underestimate the effect of
the bleb maturation process that is initiated 3 months after surgery®’, and with a longer follow-up, the
percentage of functioning blebs could be comparable, with lower concentrations of MMC in the case of
Preserflo probably due to the standardization of flow. Lower concentrations of MMC have been shown
to reduce the rate of adverse events with Preserflo*’.

With regard to XEN45, according to the studies published by Teus'® and Lenzhofer*, the ab interno
approach with this device without conjunctival dissection and using injected MMC 0.01% seems to
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increase the percentage of fibrosis (48% in the first 2 weeks)* compared to that after Preserflo and to
form flatter blebs containing less fluid compared to those formed by trabeculectomy?®. Nevertheless,
when XEN45 is implanted underneath Tenon’s using an open conjunctiva approach (Dangda et al.V),
the risk of tube obstruction by Tenon decreases, and the outflow of aqueous creates “true blebs” that
resemble those of trabeculectomy®#¢ and Preserflo®?, as long as a higher dose of MMC is used (subcon-
junctival injection of 60 pgin 0,15 ml of MMC 0,2 mg/ml, 10 mm away from limbus) than the dose used
in our study* (11,9-17 ug, MMC 0.2 mg/ml applied with sponges for 2 minutes*’). Dangda® reported
outstanding results with this technique, with 22 out of 24 patients showing functioning blebs at 12
months. According to the authors, the wide dissection of the complex conjunctiva-Tenon and the high
dose of MMC could justify the results observed with XEN45.

Therefore, comparing the morphological results of the Preserflo’s bleb with XEN45, when XEN45 is
implanted without conjunctival dissection the risk of fibrosis is higher than that reported with Preserflo,
and its bleb-forming capacity, lower, reducing the chance of obtaining functioning blebs in the long
term without needling, surgical revision or MMC injection to reduce fibrosis (associated with a lower
flow of aqueous). On the other hand, when both tubes are implanted with an open conjunctiva, both
seem capable of forming trabeculectomy-like blebs, with episcleral fluid cavities in the majority of the
cases as long as a higher dose of MMC is used with XEN45 to compensate for the higher resistance to
flow. In this case, just as occurs with trabeculectomy vs. Preserflo, a lower dose of MMC to achieve the
same morphological result could be an advantage of Preserflo over XEN45.

To analyze the influence that the surgical technique (open vs. closed conjunctiva) has on the clinical
results, not just on the bleb morphology, we can only refer to XEN45. In a comparative study between
XEN45 open vs. closed conjunctivas*, applying the same dose of MMC (0,4 mg/ml, mean dose 54 ug
in the closed group and 49,1 pg in the open group, both injected), the complete success rate was higher
and the needling rate lower with an open conjunctiva. At 12 months, the percentage of IOP reduction
was significantly higher in the open group (24.8% closed, 43.1% open), and the rate of needling was
lower (11.8% open vs. 36.1% closed). Therefore, with the same MMC dose, surgical success seems to
be higher when XEN45 is implanted with dissection of the conjunctiva and Tenon.

Analyzing the effect of the tube diameter on clinical results, we need to compare studies with open
conjunctiva approaches and different implants (Preserflo vs. XEN45). We already know that the bleb
morphology is comparable if a higher dose of MMC is used with XEN45'; however, if the dose and
concentration of MMC is the same (0.02% sponges for 2 minutes, total dose of MMC: 11,9 to 17 ug*’)
and both are implanted below Tenon’s with conjunctival dissection, what are the clinical outcomes? In
our 28-patient study*?, 9% of subjects required open surgical revision due to bleb fibrosis up to the third
month, while 32% required needling with XEN45 (Grover et al.#%).

Both morphological and clinical studies support the finding that the rate of success is higher with the
open conjunctiva technique. With this approach, the dose of MMC should be increased proportionally
to the decrease in the luminal diameter of the tube, the increase in the resistance to flow and the reduc-
tion in agueous humor volume in the sub-Tenon’s space that will increase fibrosis. A 3.4-fold increase in
flow resistance seems to triple fibrosis as well (9% for Preserflo vs. 32% for XEN45).

The comparison between Preserflo and XEN45 in terms of safety and efficacy, depending on the surgi-
cal technique and MMC concentration, seems to indicate that the injection of MMC with a closed con-
junctiva (used exclusively with XEN45), increases the risk of complications in comparison with the open
technique washing out the MMC. In addition, with the injected MMC-closed conjunctiva technique
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the increase of the MMC concentration doesn’t seem to improve efficacy*’. The most common doses
used with XEN45 closed-conjunctiva (10 pg®°, 20 ug>**? v 40 pg>?) have been reported not to improve
efficacy while increasing complications (9% avascular blebs, 1% conjunctival erosions)>® despite a lower
dose than the dose used by Dangda with XEN45-open conjunctiva (60 ug)*. Compared to Preserflo
(0% avascular blebs and conjunctival erosions with MMC 0.02%**%? and MMC 0.04%%*'), complications
associated with XEN45 and injection of MMC with closed conjunctiva seem to be higher.

Regarding the use of higher concentrations of MMC with the Preserflo device, there seems to be only
clinical** but not morphological evidence regarding the effects of an increased concentration. The use
of MMC 0.04% shows a trend to achieve lower |OPs at 6 months, increasing the proportion of patients
free of medication (20.3%) at 2 years vs. only 50% with MMC 0.02%%. In return, the risk of complica-
tions is higher (55.8% with MMC 0.04% vs. 15.6% with MMC 0.02%), including 7% of bleb leaks in the
early postoperative period with a higher concentration. The investigation of the hypothetical effect that
a higher dose of MMC might have on bleb morphology could help clarify the scarce clinical evidence
about the superiority of MMC 0.04%.

According to the evidence about the use of MMC with the new implants, it seems reasonable to think
that the risk of complications associated with the use of MMC increases with the closed conjunctiva
technique regardless of the implant, probably due to the possibility of washing out the MMC through an
open conjunctiva. Despite having shown that the incidence of side effects, especially hypotony, is high-
er with higher concentrations of MMC but not clearly so with longer exposure times*, in the case of the
closed conjunctiva technique, the exposure would be chronic, increasing the risk of adverse events. On
the other hand, the increase of the concentration of MMC with the closed-conjunctiva technique does
not seem to increase efficacy, probably due to the increased risk of tube’s obstruction. The dissection
of the conjunctiva and Tenon seems to increase the efficacy of both Preserflo and XEN45.

The geometrical analysis of the episcleral fluid cavity inside the bleb, frequently observed for at least 3
months after surgery with Preserflo*?, shows a reduced vertical diameter relative to a larger horizontal
diameter. The distribution of forces within the cavity, according to its geometry, will determine the
maturation process of the wall toward the formation of a filtering membrane whose function is the
regulation of intraocular pressure. The reduction of the vertical diameter, according to Laplace’s Law®*,
decreases the pressure inside the fluid cavity, reducing the tension in the wall (especially in the superior
cap according to Gardiner’s computational model*®), reducing tissue hypoxia and collagen deposition
and increasing porosity and therefore hydraulic conductivity.

The formation of the episcleral fluid cavity comprises a sequence of events that begin with the passage
of agueous humor from the anterior chamber to the subtenon space. According to the Hagen-Poiseuille
Law?, the intraocular pressure (pressure in the anterior chamber) generates a flow of aqueous through
the implant toward the bleb until the pressure balance is reached. Once the pressure is equal between
the AC and the bleb, the resistance to flow through the tube would be much lower than the resistance
through the trabecular meshwork, so the tube would not offer any additional resistance to flow®>, in
clear contradiction to the “resistance in series” theory proposed by Lim et al.>® for small tube diameters.
Therefore, it is physically possible to reduce the dimensions of the glaucoma filtering surgery tubes
without reducing the hypotensive efficacy. Furthermore, if the mean values of intraocular pressure from
the first 24 hours up to 3 months are low and equal to the pressure inside the bleb (10.9 + 1.8 mmHg
at 3 months)* and we assume that Gardiner’s model with a bleb pressure of 17 mmHg does not induce
scar formation but above 34 mmHg it does, the cicatricial stimulus at low pressures would be very low
in the Preserflo’s blebs, reducing scar formation and increasing porosity.
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The effect of intrableb pressure on the bleb maturation process can be explained from the histopatho-
logical, mathematical-physical and physical-biochemical points of view:

1. Histopathological: According to Molteno’s findings® among the factors that control capsule fi-
brosis and histopathological changes, the intrableb pressure triggers different tissue respons-
es. In the case of no flow (zero pressure inside the bleb), no response is stimulated, and the
tissues adhere to each other. When the pressure is moderate (6-12 mmHg) and lower than
the closing pressure of the capillaries, a fibroproliferative response that leads to the formation
of a filtering capsule is initiated, but the fibrodegenerative response that would lead to exces-
sive deposition of collagen toward the formation of thick, impermeable capsules does not be-
gin. When the pressure inside the bleb is higher (25 to 35 mmHg) and greater than the mean
closing pressure of the capillaries, the fibroproliferative response is delayed, and the fibrode-
generative response is accelerated, with excessive deposition of collagen. In this regard, the
previous state of the conjunctiva also seems to play a role in the final permeability of the bleb
wall. Mastropasqua et al.*8, analyzing the thickness of the conjunctiva as a predictive biomarker
of function, showed that a thin and hyperreflective conjunctiva in the preoperative period (as
analyzed with AS-OCT) negatively affected the flow of aqueous humor through the bleb wall.

2. Mathematical-physical: According to the study published by Wilcox>*, blebs with smaller verti-
cal diameters experience less pressure on the bleb wall (Laplace’s Law), decreasing the exces-
sive collagen deposition related to hypoxia. This type of bleb (formed around cylindrical tubes,
lower vertical diameter) has an increased hydraulic conductivity associated with a smaller
total filtering surface (hydraulic conductivity is directly proportional to the flow through the
implant and production of aqueous humor and inversely proportional to the filtering sur-
face and intraocular pressure). Hypoxia of the tissues will occur when the pressure is higher
than 20 mmHg (closing pressure of the capillaries of the subconjunctival tissue estimated by
Gardiner®). Blebs with higher pressures will show ischemia, pallor, and subsequent fibrosis.

3. Physical-biochemical: According to the conjunctival-Tenon fibrosis model proposed by Gater?’,
the constant flow of aqueous after glaucoma surgery induces fibrosis via shear stress on the bleb
wall, promoting overexpression of cytokines (TGF-b, TNF-a, VEGF and IL-1), which increases the
proliferation of Tenon'’s capsule and fibroblasts of the conjunctiva.

Therefore, although there are many other factors involved in the maturation process of the filtration
bleb toward success with a fluidic cavity and filtering wall or fibrosis (concentration and application time
of the MMC, uveitic and neovascular glaucoma, conjunctival trauma, penetrating keratoplasty, previous
glaucoma surgery, effect of hypotensive eye drops on the conjunctiva, age, race, etc.), the geometry of
the cavity itself exerts a crucial effect on the bleb maturation process. In case of obstruction of the tube
and absence of fluid, the tissues will adhere and fibrose’. If the volume of fluid is excessive, the vertical
diameter will increase, the pressure inside the bleb will exceed the closing pressure of the capillaries of
the subconjunctival tissue with subsequent ischemia, the shear-stress on the wall will induce the re-
lease of proinflammatory cytokines, and as a consequence of all of these events, the extracellular matrix
(major protein, collagen) deposit in the bleb wall will be disproportionate, decreasing the permeability,
thickness of the wall and hydraulic conductivity. The bleb will become encapsulated with the formation
of a Tenon cyst. However, according to the early postoperative intraocular pressure results together
with the geometric distribution of fluid in the early postoperative period*?, in most cases, the flow
restriction provided by Preserflo delivers the aqueous humor at low pressures (lower than the closing
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pressure of the capillaries), promoting low-height, low-pressure blebs. As we have already learned, the
low pressure of the Preserflo bleb could decrease ischemia, shear stress, cytokine overexpression, and
the fibrodegenerative response of the tissues, reducing the risk of fibrosis.

Blebs that develop larger filtering surfaces will probably exhibit lower hydraulic conductivity of the wall
to regulate the intraocular pressure and avoid hypotony (hyperreflective, thinner walls?), and lower
filtering surfaces will need higher hydraulic conductivities (hypo-reflective, thicker walls?) to avoid IOP
spikes. Within these parameters, the functioning Preserflo blebs will probably show different morphol-
ogies but a constant capacity to regulate flow and intraocular pressure, except in extreme cases of en-
capsulation or fibrosis. Research on the morphology of the Preserflo bleb in the long term will determine
whether the physical laws that govern intrableb pressure and its biochemical and pathological effects
finally confirm this hypothesis.

In conclusion, the Preserflo implant shows a high capacity to form multiform blebs from the early post-
operative period up to the third month, a predictive factor of success with trabeculectomy. Preserflo
blebs exhibit episcleral fluid cavities in a high percentage of patients, another feature of the functioning
filtering bleb. Compared to its main competitor, the latest scientific evidence clearly shows that XEN45
has the ability to form functioning blebs that resemble trabeculectomy and Preserflo, provided that the
conjunctiva and Tenon'’s capsule are opened to ensure that the tip of the distal end is not obstructed,
and the dose of MMC used to prevent fibrosis is considerably higher to compensate for the higher
resistance to flow.

The standardization of flow in filtering glaucoma surgery, thanks to the development of the Preserflo
implant, could represent an advantage over trabeculectomy, the reference glaucoma surgery described
and applied since the 1960s, due to its ability to deliver a constant volume of agueous, enough to form
multiform blebs in the early postoperative period and to avoid hypotony in most cases. A simpler and
more reproducible surgical technique, together with the standardization of flow and a lower rate of
complications, could spread the use of these new implants for glaucoma surgery.

7.2 Effects of the Preserflo Microshunt on topography, refraction, biometry and endothelial
cell density

Inthe second part of this dissertation, the visual, refractive and biometric effects of the Preser-
flo Microshunt are investigated, as well as the effect on endothelial cells. Since bleb morphology has
been reported to be low, posterior and diffuse and the surgery does not require scleral flap dissection or
sutures, it is hypothesized that the effects on corneal curvature (anterior and posterior) are lower than
those observed after trabeculectomy, the gold-standard technique in glaucoma surgery. On the other
hand, a lower flow of agueous humor and a lower volume occupied by the tube in the anterior chamber
could favor a lower loss of endothelial cells compared to traditional drainage tubes, with the smaller dis-
tance between the tube and the endothelium being a possible risk factor for endothelial loss.

In the article published in the “Journal of Glaucoma™® as part of the present dissertation, changes ob-
served in keratometry, astigmatism and corneal elevation were analyzed, as well as the refractive chang-
es, the axial length and the anterior chamber depth and volume. The study was carried out in 30 eyes
of 29 patients who underwent surgery with the Preserflo Microshunt and were followed for 3 months.
The data were analyzed by group, that is, noncombined surgery versus combined surgery (phacoemul-
sification with PRESERFLO and adjunctive MMC 0.2 mg/ml for 2 minutes vs. Preserflo standalone).
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The analysis of the corneal changes was carried out with a tomography system that uses a Scheimplflug
camera (Pentacam HR, Oculus, Inc.) to obtain cross-sectional images of the anterior segment (50 images
in 2 seconds with 138,000 points of evaluation). One week after surgery, the mean increase in anterior
surface astigmatism (ASA) in the noncombined group was 0.7 D and 0.8 D in total astigmatism (TCA).
In the combined group, the changes were slightly higher, with a mean increase of 1 D in ASA and 1.2
D in TCA. In both groups, the increase observed in the first week decreased toward the third month,
showing a slight residual difference compared to preoperative values of 0.4 D of ASA and TCA in the
noncombined group and 0.2 D in the combined group. The changes observed in posterior astigmatism
were very slight (0.1 D) and similar in both groups in the first week and nonsignificant in the third month
(0.08 and 0.03 D). The elevation of the anterior and posterior surface of the cornea showed a tendency
to increase during the first week, recovering preoperative values at the third month. It is likely that the
sudden drop in the intraocular pressure in the immediate postoperative period induces an increase in
corneal curvature with a consequent increase in astigmatism and elevation of the cornea.

There is wide evidence on the effect of glaucoma surgery on corneal astigmatism compared with that
of Preserflo. Regarding trabeculectomy, there are at least 8 published studies with follow-up times
between 3 months and one year in which the common finding is the induction of with-the-rule (WTR)
astigmatism. The first study on the subject was published by Hugkulstone?, who observed by means of
keratometry a statistically significant decrease in the vertical radius of the cornea from 7.71 mm (preop-
erative value) to 7.36 mm from the first postoperative day and during the following 28 days. In the case
of the Preserflo implant, we found changes similar to those described by Hugkulstone?® and Cunliffe??,
with a decrease in the steepest radius from 7.6 mm to 7.5 mm in the first week together with a change
in the flattest axis of the astigmatism from 105° to 135° (steepest axis from 15 to 45°), suggesting that
both trabeculectomy and Preserflo induce an increase in the vertical curvature of the cornea in the
immediate postoperative period. In later studies that used somewhat more advanced astigmatism mea-
surement methods (topography, computerized videokeratography), Rosen?® observed an increase of 1.5
to 2.5 D in WTR astigmatism 12 weeks after surgery, and Dietze?*, 1.4 D one week after surgery and
1 D at 12 weeks. In our study, the total astigmatism induced by Preserflo 12 weeks after surgery (0.4
D) was less than that found after trabeculectomy and was deemed not clinically relevant. It is unlikely
that the differences found between trabeculectomy and Preserflo are due to an underestimation of the
astigmatism, since the measurement method used in our study (Pentacam HR) has shown its superiority
over Placido disc topography by being able to measure not only the anterior but also the posterior face
with high precision®?, which is why we consider our results reliable.

Several studies have reported corneal changes associated with other filtering glaucoma surgery tech-
niques beyond trabeculectomy. Hammel et al.?*, in a study of 19 eyes that underwent surgery with the
Express implant, analyzed the changes in corneal astigmatism with Pentacam. The Express implant,
unlike Preserflo, requires the dissection of a scleral flap and sutures to control the outflow. resistance
to flow is much lower than that of Preserflo (Express P200 R=0.01 mmHg/(uL/min); P50 0.05 mmHg/
(LL/min)®®, Preserflo 1,301 mmHg/(uL/min)*. Over a 3-month follow-up, the increase in anterior and
posterior astigmatism (2.6 to 4.7 D; 0.4 to 0.9 D) was clearly superior to that with Preserflo (0.4 D
increased TCA at 3 months). Regarding nonperforating deep sclerectomy, there are studies that have
compared NPDS with trabeculectomy, finding a lower induction of astigmatism with NPDS. Egrilmez?
reported a change of 0.62 D after NPDS compared to 1.06 D after trabeculectomy in the early postop-
erative period and less induction of WTR astigmatism at 6 months (0.62 D vs. 1.24 D). Other studies
have found similar results between deep sclerectomy and trabeculectomy . In summary, the scientific
evidence suggests that trabeculectomy and Express induce greater astigmatism than nonpenetrating
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deep sclerectomy and Preserflo.

There are relatively few studies that report changes in astigmatism and refraction with minimally invasive
glaucoma surgery (MIGS) and long-tube drainage device (GDD) techniques. loannidis et al.?*, analyzing
the refractive changes associated with combined femto-phacoemulsification surgery with implantation
of two iStent injections (Glaukos, San Clemente, CA, United States) in the trabecular meshwork, report-
ed a significant decrease in preoperative astigmatism (0.91 to 0.41 D at 4 weeks) probably associated
with cataract surgery associated with the concomitant treatment of corneal astigmatism. The iStents
were less likely to be responsible for the refractive changes due to their deep location in the trabecu-
lar meshwork and minimal size. Regarding the refractive effects of long-tube drainage devices, to the
best of our knowledge, there are no studies that investigate corneal and refractive changes. The study
conducted by Tzu et al.*? compared the refractive results between cataract surgery, surgery combined
with trabeculectomy, and surgery combined with the Ahmed or Baerveldt devices, reporting a greater
change in the corneal cylinder in the combined vs. the not combined group, but without a separate
analysis between trabeculectomy and GDD.

The possible mechanisms involved in the corneal changes associated with glaucoma surgery (especially
trabeculectomy) include retraction of the edge of the cornea associated with dissection of the deep
scleral flap?!, cauterization of the scleral bed?®, and excessive tension on the sutures?. Other factors,
such as large filtration blebs, ptosis and hypotony, have also been described as possible causes of astig-
matic shift?”. The use of intraoperative mitomycin C seems to be associated with longer lasting corneal
changes. In our series, using MMC 0.2 mg/ml for 2 minutes in all cases, the astigmatic change was at
least comparable or even lower than trabeculectomy with the same concentration of MMC. A longer-
term follow-up could elucidate whether there are further refractive changes, although the trend seems
to be to recover preoperative values 3 months after surgery.

In the case of Preserflo, several factors could explain the slight and transient changes observed in
corneal curvature. On the one hand, there is no scleral flap, no sutures and no deep sclerectomy. On
the other hand, the bleb is usually low, posterior to the limbus and diffuse according to the IBAGS and
AS-OCT classifications®. In our series*? as well as other studies*!, we did not report avascular blebs,
another mechanism related to corneal changes. Although Preserflo surgery is a penetrating procedure,
the absence of deep sclerectomy and the slight angle changes due to the reduced external diameter
(350 um) probably explain the slight corneal changes, comparable to NPDS¢,

Considering incidental findings, a positive correlation was found between the nonmedicated intraoc-
ular pressure and the elevation of the posterior surface of the cornea, a finding previously described
by Arranz-Marquez®*. Most likely, lower corneal hysteresis in patients with glaucoma® favors a more
deformable cornea in which the curvature of the posterior face increases in response to the increase
in intraocular pressure. Low corneal hysteresis and thin pachymetry are well-known independent risk
factors for glaucoma progression®. Perhaps the increased elevation of the posterior surface is a new
biomarker of POAG, but this remains to be investigated.

7.3 Changes observed in endothelial cell density after surgery with the Preserflo
Microshunt

In the article published in the journal “Ophthalmology and Therapy”** as the last study of
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this dissertation, the changes observed in the endothelial cell layer over the first year after surgery
with Preserflo were analyzed. The study included % eyes that underwent specular microscopy (Top-
con SP-1P specular microscope, Topcon Corp. Tokyo, Japan) to analyze changes in the central en-
dothelial cell density (cells/mm?2) from baseline to 1 month, 3 months, 6 months and one year after
surgery. At all visits, examination of the position of the tube in the anterior chamber was performed
using the measurement tool available in the Optovue Avanti Widefield AS-OCT optical coherence
tomography software. Measurements were made following the method published by Tan et al.®3 by
drawing a line perpendicular to the inner face of the cornea from the distal end of the Preserflo,
(tube-endothelium distance, TE) and perpendicular to the iris (tube-iris distance, TI). Likewise, the
length of the tube in the anterior chamber was measured. Various graphical data distribution sys-
tems (scatterplots, box plots, and bar graphs) of the total endothelial cell density (ECD), change in
ECD (postoperative ECD-preoperative ECD) vs. time since surgery and mean monthly reduction
(MMR) in ECD. MMR was calculated by dividing the change in ECD (preoperative-postoperative)
by the number of months since surgery. The percentage central loss of ECD was also calculated by
dividing the monthly change in ECD by the preoperative ECD. To analyze the influence of the po-
sition of the tube with respect to the endothelium and iris on the loss of ECD, linear mixed models
and the Pearson correlation index were used. The sample was divided into different groups for a
better analysis: two groups based on the type of surgery (combined phaco-Preserflo vs. Preserflo
implantation without cataract surgery in pseudophakic patients) and three groups based on the
tube-endothelium distance (< 200 um, 201-500 pm, > 500 um).

The results showed that the profile of endothelial cell loss is characteristic of this implant, related to
the position of the tube in the anterior chamber with respect to the endothelium and iris, and inde-
pendent of the total length of the tube in the anterior chamber. The percentage of mean ECD de-
crease observed in the different visits increased over time (0.04% per month, 2.3% at 3 months, 5.1%
at 6 months and 7.4% per year), suggesting that the pattern of endothelial cell loss was a continuous
loss over time, similar to that described after surgery with drainage devices?” but to a lesser extent
(AGV 10.5% and BGI 13.1% per year3123).

Endothelial loss associated with trabeculectomy and phacoemulsification is different from that asso-
ciated with drainage devices and Preserflo. Endothelial loss in these cases is related to surgery and is
detected in the early postoperative period, stabilizing after a few months. In the case of trabeculectomy
with MMC, the percentage of loss is similar at 3 months (2.5%) and one year (10%)¢’, and compared to
the corresponding results of Preserflo, the percentage of endothelial cell loss (13.9%) and mean reduc-
tion (-265 cells/mm2) at 3 months reported with trabeculectomy69 seem to be higher than the results
found in our series (2.3% and -150 cells/mm2).

The central mean monthly reduction in ECD after Preserflo implantation was observed to be higher in
the first month, showing a progressive decrease until one year (1 month, -125.8 + 160 cells/mm2; 1
year -14.6 = 25 cells/mm?). The greater initial loss could be justified by the group receiving combined
surgery, the cases that developed hypotony, and by the loss associated with the tubes located very
close to the endothelium.

In the combined surgery group, the mean decrease in ECD was higher in the first month (7.7% com-
bined vs. 0% standalone), while at one year, the loss was comparable and even slightly higher in the
group receiving noncombined surgery, which suggests that part of the endothelial loss in the early post-
operative period is due to phacoemulsification, while in the long term, other factors (probably related to
the presence of the tube in the anterior chamber and the flow of aqueous humor) are associated with
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a continued loss of endothelial cells, higher than the physiological loss (0.6% per year)’®, but lower than
that published with other implants (AGV, BGI). The endothelial loss in the combined surgery group was
comparable to that published by other authors (7.6 to 9.5% at two weeks, 7.3% at one year’®7172), which
provides consistency to the results of our study.

The analysis of tube-endothelium distance by group suggested that a smaller distance accelerated en-
dothelial loss. The percentage of endothelial decrease was higher in the <200 pm (18%) group than in
the 201-500 um (11%) and >500 pum (1%) groups. On the other hand, the mean monthly reduction
observed in the first month was greater in the <200 pm (-149 + 76 cells/mm?) group than in the 201-
500 pm (-129 + 195 cells/mm?) and > 501 + (-71 + 79 cells/mm?) groups. One year after surgery, the
MMR was higher in the groups below 500 pm (-11 + 9 cells/mm?, -20 + 29 cells/mm?) than in the group
above 500 pm (-3 + 14 cells/mm?).

Further analysis of data using mixed model linear regression showed an inverse linear relationship be-
tween mean monthly ECD reduction and TE distance at all follow-up times. According to this model, in
the first month, the tubes located O pm from the endothelium lost -174.8 + 65.2 cells/mm2 (p < 0.01)
but lost fewer cells at 3 months (-62.2 + 27.8 cells/mm?, p=0.02), at 6 months (-33.9 + 12.8 cells/mm?,
p<0.01) and at one year (-30.2 + 11.3 cells/mm?, p<0.01). At 6 months and one year, the tubes located
at more than 600 um showed close to zero endothelial losses. Analysis using the Pearson correlation
index one year after surgery confirmed the inverse relationship between TE distance and ECD (r=-0.5,
p<0.01) and revealed a direct relationship (r=0.38, p=0.05) between the tube-iris distance and the
density of endothelial cells; that is, a higher density of endothelial cells 1 year after surgery was related
to a greater distance from the tube to the endothelium and a lower distance from the tube to the iris.

In light of the results of this study, it follows that the proximity of the tube to the endothelium increas-
es the loss of endothelial cells with a greater influence in the early postoperative period and that a
tube-endothelium distance equal to or greater than 600 um may be a protective factor considering that
tubes located further did not show endothelial loss after 6 months. Similarly, in the study published by
Zhang®? (where the loss of endothelial cells is compared between the Ahmed valve located in the sulcus
or in the anterior chamber), the monthly loss of ECD was greater in the group with the tube located
in the anterior chamber (29.3 cells/mm?) vs. sulcus (15.3 cells/mm?). In our series, the mean monthly
reduction in ECD per year (14.6 cells/mm?) seems to be comparable to the mean monthly reduction in
ECD with the Ahmed valve implanted in the sulcus. In the case of the Baerveldt device, Tan®, using a
linear mixed model, reported that the closer the tube was to the endothelium, the greater the loss of
endothelial cells. However, a direct comparison between the two studies does not seem to be possible,
considering that the length of the tube is usually higher and variable with GDDs, changing the total
length to the endothelium for tubes implanted on the same angle.

In this study, other possible risk factors for endothelial cell loss independent of the position of the tube
in the anterior chamber were analyzed. A shallower anterior chamber depth and the presence of periph-
eral posterior synechiae seem to be associated with a greater loss of endothelial cells.
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7.4 Physiopathology of the endotelial cell loss with Preserflo

There are different mechanisms involved in the loss of endothelial cells associated with the
presence of tubes in the anterior chamber. On the one hand, a certain degree of chronic inflammation
could compromise the endothelium and increase the risk of corneal decompensation’®, a common mech-
anism for any type of tube, including Preserflo. On the other hand, a possible displacement of the tube,
published at least with the Baerveldt tube when it is implanted “free” in the anterior chamber, could be a
risk factor for endothelial loss, according to Tan®:. The authors observed that tubes located “free” showed
higher ECD loss than transiridial (more stable) tubes. They proposed that the movement of the tube in-
creased the loss of endothelial cells. The position of the distal end of Preserflo was reported to be stable in
the AC in our study regarding AS-OCT bleb morphology*?, except for the cases of early hypotony. There-
fore, itis less likely that the movement of Preserflo was the cause for the loss of ECD.

In conclusion, the loss of endothelial cells associated with the Preserflo implant is reminiscent of the
loss associated with traditional drainage devices (sustained loss over time) but of lesser magnitude than
these and greater than the yearly physiological loss in humans. A smaller distance between the tube
and the endothelium seems to accelerate endothelial loss, with a distance greater than 600 um being
a possible protective factor. One year after surgery, the percentage of central endothelial loss (7.4%)
and the mean monthly reduction in endothelial cell density (-14.6 cells/mm?) seem to be comparable to
the loss reported with the Ahmed valve placed in the sulcus. Hypotony and the presence of peripheral
anterior synechiae seem to be risk factors for endothelial loss with this implant.
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Conclusions

8.1 Ultrastructural analysis of the Preserflo Microshunt with FESEM and experimental
measurement of flow dynamics

1.

10.

11.

The internal and external diameters of the Preserflo implant analyzed with scanning electron
microscopy (FESEM) are comparable with the measurements provided by the manufactur-

er, validating the theoretical calculations of the resistance to flow (R, ) and pressure drop

THEO
(ApTHEO), as well as the experimental results of fluid dynamics.

The theoretical resistance to flow through Preserflo, calculated using Hagen Poiseuille’s Law
for an average flow of aqueous humor production of 2 uL/min,is R, ., = 1.3 mmHg/(uL/min),
and the pressure dropis Ap,,,., = 2.6 mmHg.

Itis possible to experimentally measure the flow through Preserflo despite its reduced dimen-
sions and hydrophobic material, considering that the flow through the tube in the experiment
was laminar and operated at Reynolds numbers below the transition to turbulent flow.

The relationship between mass vs. time and flow vs. pressure was linear in the gravity-driven
flow experiments through Preserflo. The experimental volumetric flow found was Q=35.22
(uL/min), and the experimental resistance to flow was R_=1.806 mmHg/(uL/min).

The experimental linear relation between pressure and flow found through Preserflo, allows
the calculation of flow through this implant for any intraocular pressure, a tool that could be
useful for future research about the fluid dynamics of glaucoma implants.

The resistance to flow under physiological conditions (taking into account the viscosity of the
aqueous humor in patients with glaucoma) calculated from the resistance found experimental-
lyis R,,,,s=1.3 mmHg/ul/min and was found to be in excellent agreement with the theoretical
resistance to flow R,,,.,=1.3 mmHg/ul/min, validating the experimental method used in this
study and its results.

The experimental pressure drop, calculated using Hagen Poiseuille’s Law accounting for the
resistance to flow under physiological conditions (R, .= 1.3 mmHg/uL/min) and the mean flow
of agueous humor in humans (2 pL/min), was Ap, = 2.6 mmHg, comparable to the theoretical
pressure drop (Ap;, .= 2.6 mmHg).

The resistance to flow through Preserflo (RPHY; 1.3 mmHg/uL/min) should not be redundant
for the circulation of agqueous humor between the anterior chamber and the bleb once the
pressure equilibrium has been reached because the flow is laminar. The resistance to flow
through other tubes, as small in diameter as Preserflo, has been shown to offer lower resis-
tance to flow than the trabecular meshwork, supporting the reduction of the tube diameter
without undermining the hypotensive efficacy.

The theoretical pressure drop (Ap,,,.,) and the experimental pressure drop in physiological
conditions Ap,, . are comparable (Ap,, .= APy, = 2.6 mmHg) and lower than the numerical
value (5 mmHg) considered numerical hypotony by the World Glaucoma Association.

Given that the pressure drop across the Preserflo implant is lower than 5 mmHg, it can be
affirmed that this implant was not specifically designed to prevent hypotony due to its physical
properties.

Despite the theoretical inability of the Preserflo implant to prevent hypotony according to its
design, the rate of clinical hypotony is comparable to that of its main competitor XEN45, lower
than that of traditional drainage devices (Ahmed valve, Baerveldt implant, and Paul Glaucoma

Implant) and far below that of trabeculectomy, in the short and especially in the long term.
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8.2 Morphology and geometry of the filtering bleb after surgery with the Preserflo
Microshunt in the early postoperative period

1. The IBAGS clinical classification of the Preserflo blebs in the early postoperative period shows
that most of them have a low or moderate height, a horizontal extension of approximately two
clock hours, medium vascularity and a 0% incidence of avascularity and leaks.

2. The most frequent morphological type of filtering bleb analyzed with AS-OCT in the early post-
operative period (24 hours to 3 months) after surgery with the Preserflo implant together with
MMC 0.2 mg/ml, applied with sponges for 2 minutes (dose 11.9 to 17 pg), is multiformwith a mul-
tilayered appearance (multiple parallel layers of tissue separated by hyporeflective zones, sign
of the presence of aqueous humor) and episcleral fluid cavities in a high percentage of patients.
Subepithelial microcysts are more frequent in the immediate postoperative period and tend to
decrease over time. Multilayer morphology and the presence of episcleral fluid cavities are posi-
tive predictive factors for the long-term success of the trabeculectomy bleb.

3. The most frequent type of bleb observed in the early postoperative period of the Preserflo im-
plant with the use of MMC 0.02% seems to be comparable to the morphology of the trabeculec-
tomy bleb with MMC 0.04%, as published in the literature by other authors.

4. Compared to its main competitor, XEN45, both implants seem capable of forming multiform
blebs with episcleral fluid cavities comparable to trabeculectomy, as long as the conjunctiva-Ten-
on is dissected to avoid tube obstruction and the dose of MMC applied in the case of XEN45 is
higher to compensate for the greater resistance to flow.

5. The results of the studies on the morphology of the filtering bleb and the clinical efficacy of the
new microfiltering devices that restrict the flow by a reduction of the inner diameter (Preserflo
and XEN45) suggest that the success rate is higher when the conjunctiva is opened to place the
end of the tube underneath Tenon’s capsule. A 3.4-fold increase in resistance to flow through
XEN45 compared to that through Preserflo appears to increase the risk of fibrosis from 9% to
32% with the open conjunctival technique.

6. The geometrical analysis of the Preserflo bleb in the early postoperative period shows a signifi-
cantincrease inthe horizontal and vertical diameters of the intrableb fluid cavity from the first 24
hours to the third month. The mean vertical diameter is lower than the horizontal diameter, ex-
plaining the clinical findings observed with the IBAGS classification (diffuse low-elevation blebs).

7. The Preserflo blebs have low vertical diameters and low intrableb pressures, considering the
mean intraocular pressure at 3 months (10.9 + 1.8 mmHg). According to Laplace’s Law, the reduc-
tion in the vertical diameter together with low intrableb pressures decreases shear stress on the
bleb wall, below the closing pressure of the capillaries of the conjunctiva (20 mmHg), reducing
hypoxia and excessive extracellular matrix deposition (main protein collagen). Low pressures ini-
tiate afibroproliferative response of the tissues that leads to the formation of porous and perme-
able capsules. The decrease in shear stress reduces the overexpression of proinflammatory cy-
tokines (TGF-b), which is related to tissue damage during filtering glaucoma surgery. Preserflo’s
flow restriction seems to be capable of initiating the process toward the formation of functioning
filtering blebs by reducing their vertical diameter and pressure.

8. The position of the tube in the anterior chamber remained stable from the endothelium and iris
from 24 hours to 3 months, with the exception of the cases that developed hypotony where the
distances were reduced.

9. Thereductioninthe IOP was significant from baseline to all postoperative visits. The percentage
of reported needling was 3.5%, and the need for open surgical revision was 9%. The percentage
of hypotony reported during the first month was 11%.
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8.3 Effect of the Preserflo Microshunt on the cornea: topography, refraction and biometry

1.

10.

The decrease in IOP in the combined and noncombined surgery groups was significant at all
postoperative visits up to the third month (p<0.01).

Best-corrected visual acuity decreased significantly in both groups in the first week after sur-
gery, recovering preoperative values at 3 months.

The anterior chamber depth increased significantly in the combined surgery group as a con-
sequence of phacoemulsification and intraocular lens implantation but remained stable in the
noncombined surgery group at the third postoperative month. The axial length decreased sig-
nificantly in both groups.

Astigmatism increased in both groups (noncombined surgery and combined surgery) in the first
week, showing a progressive reduction until the third month. The increase in anterior surface
astigmatism and total astigmatism was greater in the first week in the combined surgery group
(1D vs. 0.7D; 1.2D vs. 0.8D). At 3 months, the change in total corneal astigmatism was 0.4D in
the noncombined surgery group and 0.2D in the combined surgery group.

The elevation of the anterior and posterior surface of the cornea increased in the first week in
both groups, recovering preoperative values at 3 months.

Preserflo and trabeculectomy increase the vertical curvature of the cornea in the early post-
operative period, but in the case of Preserflo, the change in the total astigmatism observed 3
months after surgery seems to be lower than that reported with trabeculectomy.

With respect to other filtering glaucoma surgery techniques, according to the results of this
study and studies published by other authors, trabeculectomy and Express induce a greater
change in astigmatism than deep sclerectomy and Preserflo, which are comparable to each other.
There are no published studies on the refractive effect of the XEN45 implant for comparison
with Preserflo. The evidence about the refractive effects of GDDs is scarce, offering no compa-
rable results to those reported with Preserflo.

The slight and transitory refractive changes observed after glaucoma surgery with the Preserflo
implant could be related to the absence of a scleral flap, deep sclerectomy and sutures, as well as
the morphology of the filtration bleb, reported to be diffuse, located away from the limbus at a
posterior location, and with absence of avascular blebs.

As an additional finding, a significant positive correlation was reported between the elevation
of the posterior surface of the cornea and the nonmedicated intraocular pressure. This finding
was previously reported as a possible new biomarker of the biomechanical modifications of the
corneain glaucoma patients.

8.4 Effect of the Preserflo Microshunt on the posterior surface of the cornea: endothelial
cell loss

1.

The percentage of endothelial decrease in the total study population (combined surgery and
noncombined surgery in pseudophakic patients) one year after surgery was 7.4%, and the mean
monthly reduction in endothelial cell density was -14.,6 cells/mm?.

The loss of endothelial cells begins in the immediate postoperative period and continues over
time in the same way it does after surgery with traditional drainage devices, a sustained loss over
time that is greater than the physiological loss associated with aging in the human being. The loss
seems to be lower than that reported with GDDs. The ECD loss with Preserflo differs from that
with trabeculectomy and phacoemulsification, where the loss is related to surgery and is subse-
quently stabilized.
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3. Theendothelial cell loss 3 months after surgery seemed to be higher after trabeculectomy (ECD
loss of 13.9%, mean monthly reduction of -265 cells/mm?) than after Preserflo (ECD loss of 2.3%
and MMR of -150 cells/mm?).

4. Comparedtoits main competitor, XEN45, 3 months after surgery, the endothelial loss appears to
be comparable (2.1%: XEN45, 2.3%: Preserflo) and lower than that with trabeculectomy in both
cases (trabeculectomy: 10%). Preserflo and XEN45 appear to reduce ECD to the same extent in
the long term (comparable yearly ECD loss).

5. The loss of endothelial cells that occurs after combined surgery is comparable to the reported
loss associated with phacoemulsification. One year after surgery, the loss of ECD is higher than
the physiological loss of ECD reported in humans with aging in both groups (combined surgery
and standalone surgery), suggesting that the presence of the tube in the anterior chamber and
the flow of agueous humor through the tube are the causes for endothelial cell loss in the long
term.

6. Compared to traditional drainage devices with the tube in the anterior chamber, the percentage
of loss one year after surgery appears to be lower with the Preserflo (Ahmed valve: 10.5%-15.3%,
Preserflo: 7.4%).

7. Ashorter distance between the distal end of Preserflo and the endothelium accelerates endothe-
lial cell loss, as has been reported for the Ahmed and Baerveldt implants.

8. Endothelial cell loss after Preserflo seems to be comparable to that reported after the Ahmed
valve was implanted in the sulcus (Preserflo: 14.6 cells/mm?, Ahmed: 15.3 cells/mm?).

9. Mixed model linear regression analysis showed that a reduction in the tube-endothelium dis-
tance increases endothelial cell loss. The loss of endothelial cells in the immediate postoperative
period is higher with shorter distances. During follow-up, the rate of endothelial loss decreases
for all tube positions, but the mean loss reported is higher with the tubes located closest to the
endothelium.

10. The analysis of the tube-endothelium distance by group supports the linear regression findings.
The endothelial cell loss one year after surgery was higher in tubes located <200 um (17.9%) than
in those located >500 pm (1.1%).

11. Atube-endothelium distance >600 pm appears to be a protective factor for endothelial cell loss
6 months after surgery.

12. A shallower anterior chamber depth and the presence of peripheral anterior synechiae as a con-
sequence of hypotony in the early postoperative period are related to a greater loss of endothe-
lial cells.
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Final Conclusions

1. The experimental measurement of the fluid dynamics of the Preserflo Microshunt has demon-
strated that this device was not specifically designed to avoid hypotony since the pressure drop
across the tube is lower than 5 mmHg.

2. The fluid dynamics of the Preserflo implant favor the formation of multiform and low-vertical-di-
ameter blebs in the early postoperative period, factors that could contribute to the reduction of
fibrosis during the filtration bleb maturation process.

3. The morphology and geometry of the filtration bleb derived from the flow restriction associated
with Preserflo improves intraocular pressure control with respect to trabeculectomy, the gold
standard in glaucoma-filtering surgery.

4. According to the early bleb morphology, the standardization of flow through this implant could
increase the rate of functioning filtering blebs in the long term. Along with an easier surgical tech-
nique with fewer complications, Preserflo could offer an advantage over trabeculectomy by the
standardization of results.

5. Preserflo’s bleb morphology, along with the absence of a scleral flap, sutures and sclerectomy,
induces mild and transient refractive changes. These findings could be considered an advantage
over trabeculectomy by increasing the accuracy of IOL calculations 3 months after surgery and
the possibility of using advanced intraocular lens optic designs.

6. Endothelial cell loss reported after surgery with Preserflo appears to be inferior to that after
trabeculectomy and comparable to that after XEN45 and the Ahmed valve when it is placed in
the sulcus. A smaller distance from the tube to the endothelium and hypotony are possible risk
factors for endothelial loss with this implant.
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Purpose: To measure the in vitro flow properties of the PRESERFLO implant for compar-
ison with the theoretical resistance to flow.

Methods: The PRESERFLO was designed to control the flow of aqueous humor accord-
ing to the Hagen-Poiseuille (HP) equation. Scanning electron microscopy (SEM) was
performed to analyze the ultrastructure, and flow measurements were carried out using
a gravity-flow setup.

Results: SEM images of the PRESERFLO showed luminal diameters of 67.73 x 65.95 um
and 63.66 x 70.54 um. The total diameter was 337.2 um, and the wall was 154 um wide.
The theoretical calculation of the resistance to flow (R) for an aqueous humor (AH) viscos-
ity of 0.7185 centipoises (cP) was 1.3 mm Hg/(uL/min). Hence, assuming a constant AH
flow of 2 pL/min, the pressure differential across the device (AP) was estimated to be
2.6 mm Hg. The gravity-flow experiment allowed us to measure the experimental resis-
tance to flow, which was Rg = 1.301 mm Hg/(uL/min), in agreement with the theoretical
resistance to flow R given by the HP equation.

Conclusions: The experimental and theoretical flow testing showed that the pressure
drop across this device would not be large enough to avoid hypotony unless the resis-
tance to outflow of the sub-Tenon space was sufficient to control the intraocular pressure
in the early postoperative period.

Translational Relevance: The fluid properties of glaucoma subconjunctival drainage
devices determine their specific bleb-forming capacity and ability to avoid hypotony
and therefore their safety and efficacy profile.

method, the resistance offered by the tissues that

translational vision science & technology

Introduction

One of the main challenges of glaucoma drainage
device surgery is the control of aqueous humor
outflow in the early postoperative phase to prevent
hypotony. In the absence of a flow restrictor

Copyright 2021 The Authors
tvstarvojournals.org | ISSN: 2164-2591

surround the glaucoma tube plate cannot prevent
hypotony until at least approximately six weeks
after surgery.! In this period, there is a risk of
severe hypotony, choroidal hemorrhage® and anterior
chamber flattening, all of which are vision-threatening
situations.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @. BY _NC_NO

Downloaded from tvst.arvojournals.org on 11/20/2021

109



translational vision science & technology

In Vitro Flow Properties of the PRESERFLO Implant

In 1969, Anthony Molteno was the first to intro-
duce pioneering concepts regarding the need for a
large surface area to disperse the aqueous humor
(AH) and the advantage of draining the aqueous
away from the limbus.> All the long-tube drainage
devices currently available are based on the concept
of the Molteno implant, which has a tube attached
to a large explant placed 9 to 10 mm away from
the limbus. The original Molteno implant (Molteno
Ophthalmic Limited, Dunedin, New Zealand) has been
modified over the years in two ways: the develop-
ment of valved mechanisms and surgical maneuvers
to improve the control of aqueous humor outflow to
reduce hypotony, and the enlargement of the plate*>
to obtain lower postoperative intraocular pressure
(I0P).

The Ahmed glaucoma valve (AGV; New World
Medical, Rancho Cucamonga, CA, USA) was the first
glaucoma drainage device with a flow resistor made of
folded silicone membranes pretensioned by the plate,
designed to open and close at a certain pressure level
to prevent hypotony.® In 2008, Moss and Trope,’ using
a gravity-driven flow test, found that half of the AGV
valves tested showed a closing pressure below 6 mm
Hg. The Baerveldelt implant (BGI; Abbott Medical
Optics, Santa Ana, CA, USA) was introduced in 1990
without a flow restrictor.’” The placement of tempo-
rary sutures around or within the lumen of the tube,?-’
or a two-stage procedure were proposed to control
the outflow. Despite these modifications, the rates
of hypotony reported for both implants were similar
(12% for the Molteno with the modified technique,
14% for the AGV!®) and also clinically relevant,
regarding the possible devastating consequences to
the eye.

The search for adequate control of aqueous humor
outflow continues today with the design of new
implants based on the Hagen-Poiseuille formula for
flow restriction. The resistance to flow (R) and the
pressure drop (Ap) can be modified by means of the
length and width of a tube according to the Hagen-
Poiseuille equation, which governs the fluid proper-
ties of a cylindrical pipe for noncompressible Newto-
nian fluids.!! The outflow resistance and therefore the
pressure differential increase linearly in relation to the
length of the tube and decrease to the fourth power
of the lumen radius. Thus two new “miniaturized”
tubes have been released, the XEN glaucoma implant
(XEN-GGM; Allergan Plc, Parsippany, NJ, USA) and
the PRESERFLO MicroShunt (Santen Pharmaceu-
tical Co., Osaka, Japan). They are designed to be
implanted either ab interno (XEN) or ab externo
(PRESERFLO) to connect the anterior chamber with
the subconjunctival space without a valved mecha-
nism or a plate located at the end of the tube. They
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differ in their length and luminal diameter and there-
fore in their theoretical resistance to flow and pressure
drop, which should be higher for XEN 45 (6 mm
long, 45 um internal diameter) than for the PRESER-
FLO (8.5 mm long, 70 um internal diameter). The
XEN 45 implant has been reported to be able to
maintain backpressure above hypotony (an experimen-
tal steady-state pressure of 8.9 mm Hg with a calcu-
lated value of 10.98 mm Hg),'”> whereas PRESER-
FLO has not yet been proven to do so. In a laboratory
study performed by the manufacturer,'® the authors
explained that the luminal diameter had to be greater
than the diameter of a sloughed endothelial cell (40—
50 um) and that the empirical data generated by
rabbit studies from Arrieta et al.'* helped to “fine-
tune” the lumen diameter to 70 um. The authors
hypothesized that the Poiseuille equation “breaks
down” at small tube diameters in extremely hydropho-
bic materials such as poly(styrene-block-isobutylene-
block-styrene) (SIBS), which is the material of the
PRESERFLO.

To the best of our knowledge, the real flow through
this implant, as well as its resistance to flow, and
the pressure drop have not been reported. In the
current study, we analyze the ultrastructure of
PRESERFLO with scanning electron microscopy
(SEM) to confirm that the luminal diameter is
consistent with the specifications provided by the
manufacturer. In addition, we calculate the theoret-
ical resistance to flow and pressure differential
for PRESERFLO, XEN 45, and other glaucoma
implants using the de Hagen-Poiseuille equation, and
finally we perform an experimental fluid-flow test
using a gravity-flow setup at different simulated
IOPs through the PRESERFLO. Thus the aim
of this study is to evaluate the theoretical and
experimental flow properties of the PRESERFLO
implant.

The two different samples of the PRESERFLO
MicroShunt that were used for each of the analyses
(SEM and flow studies) were provided directly by the
manufacturer, they were brand new, without any previ-
ous surgical or experimental use. The manufacturer-
provided dimensions of the device are as follows: total
length: 8.5 mm; external diameter: 350 pum; internal
diameter: 70 pm; and 1 mm? wings located 4.4 mm
posterior to the beveled tip of the implant designed to
avoid migration from the initial location Figure 1. For
the SEM analysis, the PRESERFLO MicroShunt was
cut transversally with a 45° cataract blade.
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1.0
- 8.5
PRESERFLO ,/
Microshunt

Figure 1.
end is placed in the anterior chamber.

Scanning Electron Microscope Analysis

The PRESERFLO luminal diameter was measured
with a Quanta FEG 250 scanning electron micro-
scope, which is a field-emission SEM (Fig. 2). Different
measures were taken from the lumen, including edge to
edge (vertically and horizontally), and edge to shadow.
Measures from the lumen, wall, and total diameter are
shown in Figure 3.

Figure 2.
scope.

Image of the Quanta FEG 250 scanning electron micro-
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Lumen
»,0.07

The PRESERFLO MicroShunt dimensions (mm) and location. The distal end is placed in the sub-Tenon space, and the proximal

Theoretical Calculation of the Resistance to
Flow

The Hagen-Poiseuille equation!' was used to
calculate the theoretical resistance to flow (R, mm
Hg/[uL/min]) and the pressure differential or pressure
drop (P = Ap = p1 — p2, mm Hg) through PRESER-
FLO for a known volumetric flow rate or AH
production (Q, pL/min) and an AH viscosity of
0.7185 centipoises (cP) at 36°C for primary open-
angle glaucoma.'®> In our flow experiments, we used
the known dynamic viscosity of water u = 0.9775
centipoises (cP) at 760 mmHg = 1 atm = 101325 Pa.s
(SI) and T = 21°C. Note that the dynamic viscosity of
the AH is only 2% higher than the dynamic viscosity
of water at the same temperature. We used the version
of the Hagen-Poiseuille equation that accounts for
the diameter (d*) and not the radius (r*). In this case,
the proportionality constant number is 128 instead
of &:

P=0QxR

P 128x uxLxQ
B 7 xd*

128x ux L
R=———
7 xdt
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65.95 ym

Figure 3. SEMimages of the lumen diameter measured with the caliper tool. (a) Luminal diameter 67.73 x 65.95 pm. (b) Luminal diameter
63.66 x 70.54 um. (c) Total diameter: 337.2 um. (d) Wall: 154 ym.

P = Ap =p; — p> (pressure drop along the lumen of the Flow Study

tube
o= dyfmmic viscosity The experimental setup followed the main features
L = length of the experiment conducted by Estermann et al.'®

O = volumetric flow rate Figure 4 shows the overall experimental setup.

R = resistance to flow

which is expressed in units of mm Hg/(uL/min). From

the geometrical characteristics of the device and the SEM Analysis

dynamic viscosity of the fluid, we can compute the

theoretical resistance to flow through the Hagen- The results from the measurements of two SEM
Poiseuille flow. images are shown in Figure 3.
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Figure 4. Experimental setup. The PRESERFLO is inserted into a
tube with a large diameter (D1 = 1 mm), with both ends immersed
in a physiological saline solution of sodium chloride used to limit
the presence of bubbles in the fluid circuit, connecting two different
containers located at different heights. Once the fluid has crossed
the implant, it continues through the tube until it reaches the
bottom container. The difference in height between the top fluid
reservoir and the bottom container induces the hydrostatic pressure
P. This hydrostatic pressure is the only motor behind the fluid flow in
the circuit according to the Hagen-Poiseuille law. No surface tension
mechanisms (such as droplet formation) should affect the dynamics.

Theoretical Calculation of the Resistance to
Flow

The results from the theoretical calculation of R and
P for each glaucoma implant are shown in Figure 5.

Experimental Flow Study

Figure 6 shows the time evolution of the collected
mass as a function of time. The volumetric flow
measured was Q = 35.22 (uL/min) for a pressure P
of 58.92 mm Hg. From the linear fit (R*> = 0.9241),
the estimated resistance to flow was Rg = 1.806 mm
Hg/(uL/min) with a computed confidence interval of
95% [1.571; 2.041] mm Hg/(uL/min). To compare the
results with the parameters present in a physiologi-
cal environment, we estimated the resistance of the
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PRESERFLO MicroShunt to be REpyys = Rg x (
paoruM/MwaTer ) 1.301 mm Hg/(uL/min), in excellent
agreement with the theoretical predicted value R = 1.3
mm Hg/ul/min, and the pressure drop was estimated
to be 2.6 mm Hg.

With the estimated Reynolds number for the present
fluid experiment for a flow of 60 uL./min and an average
speed of approximately 0.26 (m/s), our experiment
operated for Reynolds numbers in the range between 25
and 60, far below the transition to the turbulent regime.
This meant that even for such a high applied pressure,
the flow was still laminar, and the Hagen-Poiseuille law
was still valid.

Discussion

In recent years, advancements in glaucoma tube
development for flow restriction have brought new
implants to the glaucoma surgery spectrum that aim
not only to prevent hypotony but also to simplify and
standardize the surgical technique, with the goal of a
lower rate of postoperative complications. The objec-
tive is twofold: to reach sufficient flow restriction to
decrease the risk of hypotony without undermining the
drainage efficacy and to maintain the lowest possible
IOP once a filtering bleb has been developed.

Sheybani et al.,!> in an experimental flow test of
the XEN 45, showed that the implant was capable
of maintaining the backpressure above numerical
hypotony (defined as an IOP < 5 mm Hg, after surgery
by the World Glaucoma Association Guidelines'®).
The experimental steady-state pressure reported for
XEN 45 by the authors was 8.9 mm Hg, and the
resistance to flow was 4.393 mm Hg/(uL/min), 3.4-fold
higher than the experimental resistance to flow (Rg =
1.301 mm Hg/]JuL/min]) and pressure drop (2.6 mm Hg)
measured for the PRESERFLO with our experimen-
tal setup, suggesting that PRESERFLO would not be
able to avoid hypotony (5 mm Hg) just by means of its
flow restriction properties. Given that the clinical rates
of hypotony reported for PRESERFLO in the litera-
ture are much lower than expected by the results of the
laboratory tests, it is reasonable to believe that there
must be crucial control of the outflow exerted initially
by the Tenon capsule and later by the remodeling of the
subconjunctival tissue.

In a study published by Scheres et al.,?’ the
incidences of hypotony with the PRESERFLO and
the XEN 45 were comparable. In fact, they found that
during the first week after surgery, although the rate of
hypotony was higher with PRESERFLO (39%) than
with XEN 45 (24%), the need for anterior chamber
reformation was lower (2% PRESERFLO, 5% XEN
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PRESERFLO Microshunt:

_ 128x0.7185x1.25x10""x 8.5
- 3.1416 x 0.07+

R= 1.3 mmHg/uL/min
P=2x13

P= 2.6 mmHg

Ex-Press P-200:

_128x0.7185x 1.25x 1077x 2.56
- 3.1416x 0.3774

R= 0.0004 mmHg/pL/min
P =2x0.0004
P=0.0008 mmHg
Paul Glaucoma Implant:

R = 128x0.7185x1.25x 10 7x 10
B 3.1416 x 0.1274

R=0.14 mmHg/pL/min
P=2x014

P=0.28 mmHg

Figure 5.
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XEN 45:

_128x0.7185x1.25 x 1077x 6
B 3.1416 x 0.045¢%

R= 5.35 mmHg/puL/min
P=2x535

P=10.7 mmHg

Ahmed AGV, Baeverdelt BGI, Molteno:

_ 128x0.7185x 1.25x 1077x 10
- 3.1416 x 0.305%

R= 0.004 mmHg/puL/min
P =2x0.004

P=0.008 mmHg

According to the different internal diameters and lengths of each glaucoma drainage device (PRESERFLO MicroShunt, 70 pum,

8.5 mm; XEN45, 45 pum, 6 mm; Ahmed AGYV, Baerveldelt BGI, and Molteno 305 pm, 10 mm; Paul glaucoma implant, 127 pm, 10 mm), we
calculated R and P for an aqueous humor flow rate of 2 uL/min (the aqueous humor flow rate has been reported to be 2.75 & 0.63 pL/min
[arange of 1.8 to 4.3 uL/min]"’). For the Ex-PRESS implant (Alcon Laboratories, Inc.,, Fort Worth, TX, USA), the theoretical calculations of flow
were performed only for the P200 model (377 um, 2.56 mm) and not for the P50, which is more commonly used in clinical practice, because
the P50 model has a 150 pm diameter bar placed across its lumen,'® with implications on the fluid properties that prevent the theoretical

calculation of the resistance to flow.

45), with the same rate of choroidal detachment for
both implants (2%). In addition, after PRESERFLO
implantation, Schlenker et al.?' reported three out of
181 cases of anterior chamber reformation and four
out of 181 cases of late choroidal detachment, and
Batlle et al.?? reported 13% shallow anterior chambers
and 8.7% choroidal detachments during the first three
weeks. In a previous study by our group,>® we reported
an 11% rate of hypotony.

Regarding trabeculectomy, Abbas et al.?* reported a
hypotony rate of 47% at any time during follow-up and
11% of persistent hypotony in two consecutive follow-
up visits. In the Tube Versus Trabeculectomy study,”
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the rate of persistent hypotony after trabeculectomy
was 23% at three years, increasing to 31% at 5 years.
The Ahmed versus Baerveldt study!® reported a
similar rate of hypotony after one year of follow-up
(14%) for both implants. The AGV and the Baerveldt
implants share the same resistance to flow (R = 0.004
mm Hg/uL/min) but differ in the pressure drop across
the tube (0.008 mm Hg for Baerveldt, 13.6 mm Hg,
and 6.1 mm Hg opening and closing pressures for
AGV?®) because of the valved mechanism of the AGV.
In vitro testing of the AGV model FP7 showed signifi-
cant variability in the closing pressure, with half closing
at IOPs considered potentially problematic in clinical



translational vision science & technology

In Vitro Flow Properties of the PRESERFLO Implant

da R? - 0.9988

wit) = 50.72t+ w

0 data

Fit

17:45 18:45 19:16

ume

19:45

18:15

20:16

b R? = 0.9241
P=1806Q

data
50 | Linear ft

Pressure P (mm Hg)
=)
o

0 20 40 60 B0 100

Flow rate Q (xL/min)

120

Figure 6. Time evolution of the collected mass as a function of
time. (a) Results obtained by moving the upper fluid reservoir and
therefore modifying the applied pressure P. According to the Hagen-
Poiseuille law, a constant applied pressure difference induces a
constant flow, the flow is measured in terms of the collected mass,
and the linear growth of the mass as a function of time allows
us to determine the flow. The initial difference in height between
the top container and the bottom container was 80.1 cm. Assum-
ing that the physiological solution used in our experiment had the
same density as water, it was converted into a pressure difference
of P =58.92 mm Hg. The linear fit (R? = 0.9988) of the collected data
was approximated by w(t) = 50.72 t + w,, where w(t) is the weight
in grams and t is the time expressed in a fraction of the 24-hour
period. For the fixed pressure, the observed mass flow was given by
Q = 50.72 g/(24 h) with a 95% confidence interval of [50.71; 50.74]
g/(24 h). The linear fit was excellent; indeed, the confidence inter-
val for the estimated mass flow was very narrow and only affected
the fourth significant digit. The volumetric flow was also expressed
in more conventional units as Q = 35.22 (uL/min) for a pressure P
of 58.92 mm Hg. b) At five different heights, the flow rate (Q) was
expressed as a function of the applied pressure (P) through a linear
fit (R2 = 0.9241). From the data, the resistance to flow was estimated
to be Re = 1.806 mm Hg/(uL/min) with a computed confidence inter-
val at 95% of (1.571; 2.041) mm Hg/(uL/min). Note that error bars are
not shown on the data because they are very small (less than the
diamond symbol size).

situations (1.4, 3.2, 3.5 mm Hg).” The FP7 AGV is
made of silicone, which is much less stiff than the
previous polypropylene, and may probably have a less
precise opening pressure.’

Compared to the new short tubes (XEN 45,
PRESERFLO), only a randomized control trial that
included a significant number of patients would show
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the real clinical differences between them, but the clini-
cal results reported so far suggest that the rates of
hypotony expected for them are not higher than those
reported for the long-tube drainage devices. The Paul
glaucoma implant®® is an example of the progressive
tendency to narrow the luminal diameter of the tube
to search for the ideal size to control the outflow in
long tubes. This implant does not have a valved mecha-
nism to restrict the flow of aqueous. According to
the Hagen-Poiseuille equation, the theoretical pressure
drop of this implant would be 0.28 mm Hg, far below
5 mm Hg. Nevertheless the hypotony rates reported
are quite similar to those of the Ahmed and Baerveldt
drainage devices (14.9% rate of self-limiting shallow
anterior chamber and 9.5% hypotony requiring inter-
vention).”’

The tissue response to the flow rate of aqueous
humor and the formation of a characteristic type
of filtering bleb could explain the low incidence of
hypotony reported for the PRESERFLO implant.
In a study published by our group,”® we analyzed
the morphology and geometry of the blebs formed
after the implantation of PRESERFLO with anterior
segment optical coherence tomography (AS-OCT).
From the early postoperative period to the third
month, the aqueous humor displaces the tissues to
form fluid cavities underneath the Tenon, that showed
a measurable horizontal and vertical expansion and a
multilayered appearance of the overlying conjunctival
stroma in the majority of the cases. The morphology
of the blebs in the early postoperative period resem-
bled that of classic trabeculectomy blebs. A longer
follow-up of the same patients up to one year showed
that the bleb maturation process led to the forma-
tion of thick hypo reflective walls, as happened in
the maturation process after trabeculectomy (Fig. 7).
In contrast, the AS-OCT morphology of the filter-
ing blebs associated with XEN has been described
as low-lying, diffuse,”® or a “filtering conjunctiva,”’
without a conventional bleb, suggesting that the lower
flow through the XEN vs the PRESERFLO probably
accelerates the subconjunctival fibrotic response, thus
increasing the number of needlings required (43%—-71%
XEN vs. 8.5% PRESERFLO?"). The location of the
distal end of the implant and the surgical technique
(“ab interno” vs. “ab externo”) may also determine the
ability of a tube to form functioning filtering blebs.
Lenzhofer et al.?’ showed with AS-OCT that the XEN
gel stents located in deeper locations (the Tenon layer
above the outer stent lumen) achieved higher IOP
reductions and lower secondary needling rates (68%
sub-Tenon, 80% intraconjunctival). The “ab interno”
technique used to implant the XEN device has been
reported to be less prone to bleb formation because of
a higher resistance to flow of the tissues.’* Most likely,
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Figure 7. AS-OCT image of the hyporeflective bleb wall and discrete fluid cavity of a PRESERFLO bleb. Evolution from six months to one

year.

the “ab interno” approach makes it difficult to identify
the layers of the conjunctiva-Tenon complex to place
the tip of the implant underneath the Tenon capsule.
One of the key aspects of PRESERFLO is the “ab
externo” dissection of the virtual space located between
the conjunctiva and the Tenon capsule®! to create a
wide pocket where the bleb forming process initiates.
Narita et al.’> suggested the necessity to leave the
Tenon capsule as it is during trabeculectomy to facil-
itate the formation of thick and hypo reflective bleb
walls, the same principle followed during the surgical
technique used to implant a PRESERFLO. Maintain-
ing the anatomy of the Tenon capsule seems to be an
important factor in controlling the outflow in the early
postoperative period with this device. The sequence
of AH outflow control by the subconjunctival tissue
response might well be as follows: the mere presence
of the fluid,* as well as the presence of inflamma-
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tory mediators (cytokines) in the AH of primary open-
angle glaucoma patients** that initiates the fibrovas-
cular response of the tissues to form the filtering bleb
that ultimately modulates AH absorption, takes a few
weeks to occur.! In the very early postoperative period
when the fibrovascular response has not yet been initi-
ated, the resistance to flow offered by the Tenon capsule
against the amount of AH delivered by the implant
(directly proportional to the preoperative intraocular
pressure but restricted by its length and diameter)
might be the main factor involved in the prevention of
hypotony.

When the AH is released in the sub-Tenon space
at a certain flow rate, lower than the capillary
pressure of the surrounding tissues, a fibrovascular
response is initiated at the capsule toward the forma-
tion of a bleb wall,! whose porosity and therefore
hydraulic conductivity are sufficient to maintain a
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constant flow of AH from the anterior chamber, tube,
bleb wall and finally the episcleral venous system.
According to a study published by Gardiner et al.,*
the diameter of the tube becomes irrelevant when
the pressure between the anterior chamber and the
bleb reaches equilibrium. Lim® dissents somehow
from Gardiner’s et al. hypothesis, advocating that
neither the XEN 45 nor the PRESERFLO address
the problem of “resistor in series,” meaning that
once bleb resistance has occurred, the flow restric-
tor within the tube actually becomes redundant and
even detrimental to achieving the lowest possible
IOP.

Based on the outcomes of the current experiment,
which operates at Reynolds numbers in the range of 25
to 60 (far below the transition to the turbulent regime),
even for such a high applied pressure, the flow is still
laminar, and the Hagen-Poiseuille law is still valid for
measuring the resistance to flow through the PRESER-
FLO MicroShunt.

In conclusion, despite the theoretical and experi-
mental inability of the PRESERFLO MicroShunt to
protect against hypotony, the clinical results reported
suggest that the tissue response to the particular flow
rate of the aqueous humor provided by this implant
provides enough resistance to flow to maintain the
intraocular pressure above hypotony in most cases.
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Anterior-segment optical coherence tomography of
filtering blebs in the early postoperative period of
ab externo SIBS microshunt implantation with
mitomycin C: Morphological analysis and
correlation with intraocular pressure reduction
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ABSTRACT.

Purpose: To analyse the morphological evolution of filtering blebs with anterior-segment OCT (AS-OCT) and its
correlation with intraocular pressure after ab externo SIBS microshunt implantation with mitomycin C (MMC) during a 3-
month follow-up period.

Methods: Twenty-eight filtering blebs of 28 patients with open-angle glaucoma were measured horizontally and vertically
in the sub-Tenon space with AS-OCT after ab externo SIBS microshunt implantation with MMC. The intraocular
pressure (IOP) was monitored simultaneously at each visit. Maturation of and morphological changes in the blebs and
correlations with the IOP were recorded.

Results: The average median preoperative IOP of 20.7 (range, 12-30) mmHg decreased to 8.5 (range, 4-17), 8.9 (range,
5-17), 10.4 (range, 8-16) and 10.9 (range, 9—15) mmHg at 24 hr, 1 week, 1 month and 3 months, respectively (p < 0.001).
A multiform morphology on AS-OCT prevailed at all time points, with a 3.5% rate of a uniform bleb morphology at the
first week. The horizontal and vertical diameters of the blebs increased from baseline to the third month. The horizontal
expansion (406 = 127 pm on day 7, p = 0.04, 712 & 211 pm on day 30, p = 0.02 and 952 + 218 pm on day 90, p < 0.001) was
greater than the vertical expansion (16 + 18 pm,p = 0.3onday 1,63 + 27 pm,p = 0.02onday30and 137 + 34 pm,p < 0.001 on
day 90) without correlation with the IOP (r = —0.3, p = 0.2).

Conclusion: Anterior-segment OCT (AS-OCT) of the filtering blebs formed after ab externo SIBS microshunt
implantation showed progressive horizontal and vertical expansion of the blebs in the sub-Tenon space, with a significant
peak at the first month not significantly correlated with the decrease in the IOP.

Key words: glaucoma — POAG — PRESERFLO — AS-OCT — MIGS - Bleb — IOP — mitomycin C
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. bypass the trabecular meshwork by  2011). The aim of these new proce-
Introduction shunting aqueous humour to the dures is to improve the safety and
In recent years, new surgical subconjunctival and sub-Tenon space predictability compared with those of
approaches for glaucoma surgery that have been developed (Francis et al. trabeculectomy (TB), the gold
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standard since its introduction in
1968 (Cairns 1968).

Although these new devices (XEN®
45 and XEN®63 Gel Stent, Allergan
Inc., Dublin, Ireland) share the same
mechanism of action that depends on
the formation of a functioning filtra-
tion bleb, the PRESERFLO™ Micro-
Shunt (Santen, Osaka, Japan) is
composed of a biocompatible bioma-
terial called poly(styrene-block-isobu-
tylene-block-styrene), or ‘SIBS’, which
has been shown to induce minimal
scarring and reduce chronic inflamma-
tion (Acosta et al. 2006; Pinchuk et al.
2008; Arrieta et al. 2011). It is designed
to maintain a constant aqueous out-
flow through the lumen of the tube to a
posterior location at least 7 mm away
from the limbus under Tenon’s capsule,
with no need for a scleral flap or
sutures that determine the amount
and direction of the aqueous flow.
Poor aqueous humour outflow under-
neath the scleral flap might increase the
risk for scarring and intraocular pres-
sure (IOP) elevation. In fact, the most
important risk factor for bleb failure is
a fibrotic response at the wound site in
the subconjunctival tissue (Hitchings
et al. 1983). Although clinical classifi-
cation systems currently in use (Picht &
Grehn 1998]; Indiana bleb Appearance
Grading Scale [Cantor et al. 2003],
Moorfields Bleb Grading System
[Hamanaka et al. 2013]) remain useful
tools to determine bleb height, exten-
sion and vascularization, anterior-seg-
ment optical coherence tomography
(AS-OCT) enables assessment of the
ultrastructure and differentiation of the
type of bleb according to the type of
surgery and the presence or absence of
fibrosis. There are many published
studies that describe fibrosis and scar-
ring as the presence of areas of high
reflectivity within the bleb, as shown by
AS-OCT images after trabeculectomy
(Wells et al. 2004; Ciancanglini et al.
2008; Tominaga et al. 2010; Napoli
et al. 2014; Giiven et al 2015; Kokuban
et al. 2016; Meziani et al. 2016). Other
studies have described specific AS-OCT
characteristics of the blebs formed after
ab interno gel microstent implantation,
including a complete absence of signif-
icant subepithelial fibrosis, flatter blebs
and epithelial thickening (Teus et al.
2019), as well as a uniform bleb mor-
phology rate of 48% (Lenzhofer et al.,
2019a,2019b). To our knowledge, the
specific ultrastructural characteristics

of the blebs obtained after PRESER-
FLO implantation are currently
unknown, as are the possible correla-
tions between the bleb morphology and
10P.

In this study, we used the AS-OCT
software of the AngioVue OCT system
(Optovue, Inc., Fremont, CA, USA) to
compare the blebs described in the
literature resulting from trabeculec-
tomy and the implantation of other
subconjunctival  glaucoma  surgery
devices (XEN-GGM, Allergan Plc,
Parsippany, NJ, USA) with those
resulting from PRESERFLO Micro-
Shunt implantation. The sub-Tenon
position of the tube was our reference
parameter to measure the ultrastruc-
tural changes of the bleb from the early
preoperative period through the third
month and to correlate the changes to
changes in the IOP.

Methods

Patients

This was a prospective, interventional,
single-centre case series of consecutive
patients receiving the ab externo SIBS
microshunt with mitomycin C (MMC).
All surgeries were performed by the
same experienced surgeon (M.1.B). The
protocol adhered to the tenets of the
Declaration of Helsinki, and approval
was obtained for the study protocol
from the ethics committee at our insti-
tution before enrolment. Informed con-
sent was provided by all participants
prior to their inclusion in the study. All
patients who underwent surgery were
previously diagnosed with primary
open-angle glaucoma (POAG) at the
Glaucoma Unit of the HLA Hospital
Universitario  Moncloa,  Oftalvist
Group, Madrid, Spain. Primary open-
angle glaucoma (POAG) was defined
as the presence of an open iridocorneal
angle, signs of glaucomatous optic
nerve damage and visual field (VF)
defects. primary open-angle glaucoma
(POAG) patients who were on maxi-
mum tolerable medical therapy and
showed progressive visual loss were
included in the study. The inclusion
criteria were as follows: best-corrected
visual acuity (BCVA) of 20/200 or
better; uncontrolled glaucoma under
maximum tolerated medication, with
an IOP values ranging from 12 to
45 mmHg; phakic or pseudophakic
patients treated with intracapsular lens

implantation; and individuals who
showed rapid and significant loss of
visual function [visual function index
(VFI), mean deviation (MD) and glau-
coma progression analysis (GPA) with
the Humphrey Visual Field Analyzer,
Carl Zeiss AG, Germany]. Both eyes
could be included if necessary, with one
month between procedures for uncom-
plicated cases.

The exclusion criteria were as fol-
lows: angle closure, congenital, pseu-
doexfoliative, pigmentary, uveitic or
neovascular glaucoma. Eyes with a
history of previous filtering surgery
(trabeculectomy) were only included
when no sign of filtration was present
at the slit-lamp examination (flat, vas-
cularized bleb) and with the AS-OCT
(flat bleb, uniform hyperreflective stro-
mal pattern, no microcyst and no bleb
drainage pathway). In these cases, the
PRESERFLO MicroShunt was
implanted in a different quadrant,
avoiding the previous filtration site. If
the bleb dimensions were as big as to
make the OCT measurements impossi-
ble, the patient was followed and the
OCT examination was repeated in a
posterior visit, so only the data that
could not be obtained were not anal-
ysed. This happened in just one visit of
one eye that developed a tenon’s cyst.
Patients who had neck or back prob-
lems were excluded because of their
inability to perform AS-OCT. The
PRESERFLO MicroShunt was
implanted with or without combined
cataract surgery. Twenty-eight eyes of
28 patients were enrolled.

Baseline preoperative characteristics
were collected from all patients, includ-
ing demographics (age, sex, date of
surgery, laterality and diagnosis), type
of surgery (combined or stand-alone)
and ocular parameters (BCVA assessed
with the Snellen chart, IOP at which
the decision for surgery was made
measured using a calibrated Goldmann
applanation tonometer, central corneal
thickness [CCT]) and number of glau-
coma medications at the preoperative
visit). During follow-up, IOP, BCVA
and AS-OCT measures of the tube and
the size of the bleb (explained in detail
in the AS-OCT section) were analysed
(24 hr, 1 week, I month  and
3 months). The number of patients
with hypotony, the number of patients
who required glaucoma medication
and the number of medications were
also collected.
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Surgical technique

All surgeries were performed under sub-
Tenon’s anaesthesia in the inferonasal
quadrant. A traction suture on the
superior cornea was used to expose the
superonasal conjunctiva to performcon-
junctival peritomy and careful Tenon
dissection over two clock hours, liberat-
ing all the attachments between Tenon’s
capsule and the episclera and creating a
posterior pocket between the superior
and medial rectus muscles. A diathermy
probe was applied to the sclera to control
bleeding and to obtain a clear surgical
field. Three circular surgical sponges
soaked in MMC (0.2 mg/ml) provided
by the manufacturer were placed under
Tenon’s layer away from the limbus for
2 min and then removed, followed by
gentle washing with balanced salt solu-
tion. A mark with trypan blue was placed
with the tip of the calliper 3 mm away
from the limbus, and a I-mm-wide
scleral preincision was created with a
microknife until the tip was not visible.
The scleral tunnel was created parallel to
the surface of the sclera with a 25-G
needle entering the anterior chamber
(ACQC) at the trabecular meshwork. The
PRESERFLO MicroShunt was then
introduced in the tunnel until it reached
the AC, and its position was visually
checked to ensure that it was not too
close to the iris or endothelium and was
placed with the bevel facing up. If the
position of the tube was considered
inadequate, the tube was removed and
inserted again through a new tunnel
placed next to the first tunnel. Located
half-way down the tube, there is a planar
fixation structure resembling the fins of
an arrow that seals the device in the
pocket, preventing leakage around the
tube and preventing the tube from
migrating into the eye. The fins were
placed at the end of the scleral tunnel to
ensure that it was inside the scleral
tunnel. Flow through the implant was
confirmed by injecting balanced salt
solution (BSS) from the distal side of
the tube with a 23-G cannula; usually, a
small air bubble could be seen advancing
to the anterior chamber, and drop-by-
drop flow was confirmed from the end of
the tube with a surgical sponge. None of
the shunts had to be replaced intraoper-
atively due to an obstruction of the
lumen. Tenon’s layer was advanced
prior to the conjunctiva to ensure that
theimplant was notcaughtinit, and then
the conjunctiva was sutured watertight

over Tenon’s layer with 10-0 nylon. A
side-port incision was created at the end
of the surgery toinject 0.1 ml of cefurox-
ime (1 mg/0.1 ml) into the AC. For
combined surgery, the surgical tech-
nique did not change and was performed
at the end of the phacoemulsification
and intraocular lens (IOL) implantation
procedure.

Postoperative management

In both groups of patients, that is those
treated with the combined and stand-
alone procedure, postoperative care
included prophylactic antibiotics in
the first week after surgery and decreas-
ing doses of topical corticosteroids over
8 weeks. Patients were seen at day 1,
1 week, 1 month and 3 months post-
operatively. All visits included slit-
lamp examination, with a Seidel test
and fundus examination to evaluate
choroidal detachment in the case of
clinical signs of hypotony.

AS-OCT

Anterior-segment OCT (AS-OCT) was
performed in all patients with the AS-
OCT software of the Avanti Widefield
OCT with AngioVue Angiography sys-
tem (Optovue, Inc., Fremont, CA,
USA), which is commonly used for
the assessment of perfusion in various
retinal layers. The optical source of the
device was centred on 840 nm with a
bandwidth of 50 nm, a scan speed (A-
scan) of 70 000, an axial and transverse
resolution of 5 and 15, an imaging
depth of 2.0-3.0 mm, and a theoretical
acquisition time of 2.7 s x 2,4.6 s x 2
(HD mode). The AS-OCT software
allows imaging and the recording of
short videos of the anterior chamber
with the anterior chamber adapter
provided by the manufacturer. The
patient was instructed to look down
while the upper eyelid was pulled up to
expose the filtering bleb. All images
were captured by the same examiner
without exerting any additional pres-
sure on the eye. We used two different
modes, ‘3D cornea’ and ‘Cornea Cross-
line’, of the anterior-segment display of
the OCT system software. The ‘3D
Cornea’ mode works with a 4.5 x 4.5-
mm square that scans the X- and Y-
axes that can be rotated and moved to
be centred over the implant in the
orientation desired until the image of
the tube under Tenon’s capsule can be

seen. Several scans were obtained, and
the best of them was selected for the
study. From each scan, it was possible
to obtain a short video, and serial
images could be extracted to use those
with the best quality, in which the bleb
appeared to be larger, and in which the
tube could be easily identified under
Tenon’s capsule. Usually, that spot was
quite posterior, next to the distal end of
the tube. The ‘Cornea Crossline’ mode
offers higher resolution images but
does not record video. We used this
option to centre the raster over the tube
in the anterior chamber to measure the
distance of the tube from the iris and
endothelium and to obtain high-quality
images of the blebs to identify the
different layers (conjunctival and
Tenon layers) and the bleb structure.
In both cases, the calliper tool of the
OCT system was used to measure the
tube-iris/tube-endothelium distance
and the horizontal and vertical diame-
ters of the bleb. The tube was consid-
ered to be significantly displaced when
a difference >500 um was found as a
result of subtracting the lowest from
the highest total distance (tube-en-
dothelium + tube-iris) at every time
point. For bleb measurements, in those
cases where the bleb width exceeded
the AS-OCT display, the horizontal
measure was performed from one side
to the other of the image even though
the borders could not be identified
(Fig. 1). The presence of a multiform
versus a uniform morphology and the
number of blebs with defined vs unde-
fined borders were analysed at 24 hr,
1 week, 1 month and 3 months post-
operatively. Multiform blebs were
defined by the presence of multilayered
stroma above the aqueous humour
(AH) cavity, conjunctival microcysts
and AH bleb formation around the
tube (Fig. 2). Uniform blebs were
defined as those in which the stroma
around the tube was hyperreflective
and smooth without a bleb drainage
pathway (Fig. 3A). Multilayered (ML)
and microcystic (MC) blebs were clas-
sified into three categories (low, mod-
erate and high), and blebs formed
around the tube (DP) were categorized
as small, medium or diffuse.

Clinical classification of the filtering blebs

Additionally, the bleb morphology was
analysed by slit-lamp examination by
the same examiner who performed the

3
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Fig. 1. AS-OCT image of a multilayered bleb where the drainage pathway exceeds the borders of
the display. The tube can be identified on the right side of the image. Horizontal and vertical

diameters were measured with the calliper tool.

OCT examination. Photographs were
obtained at each visit to classify the
blebs according to the Indiana Bleb
Appearance Scale (IBAGS) (Cantor
et al. 2003).

Statistical analysis

The statistical analysis was performed
using Stata® 15.1 (Statistics Data Anal-
ysis, StataCorp, Texas, USA). The
Shapiro-Wilk test was used to verify

Operator:
Disease:

the normality of the data distribution.
Mixed models were selected for the
analysis of repeated measures using the
Akaike and Bayesian information cri-
teria to test the quality of the statistical
model. The Satterthwaite equation was
employed to calculate the degrees of
freedom, the Scheffe test was used for
multiple comparisons, Fisher’s exact
test was used for the analysis of binary
variables, and the Spearman correla-
tion coefficient and linear regression

OFTALVIST

Gender: Male
ID:

were used to analyse the relations
between variables.

Results

Study population and baseline

characteristics

A total of 28 eyes of 28 patients were
included. The mean age of the study
population at the time of the operation
was 77.7 + 8 years; laterality (RE/
LE), 13/15; sex (M/F), 12/16; median
preoperative IOP treated with antiglau-
coma medications, 20.7 (range, 12-
30 mmHg); mean BCVA, 0.65 + 0.3;
and mean number of eye drops pre-
surgery, 2.8 + 0.7. Combined surgery
was performed in 4 patients (14%), 23
patients were pseudophakic (82%) and
one was phakic (4%). The mean CCT
was 533 £ 59 um. Two patients
required surgical revision due to a high
IOP (at 24 hr and 1 month). Filtering
blebs were successfully formed after
revision. In one of the cases, a very
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Fig. 2. AS-OCT image of a multiform PRESERFLO bleb, including multilayered stroma above the aqueous humour cavity and the bleb drainage

pathway around the tube.
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Fig. 3. A) AS-OCT image of a uniform bleb. The stroma above the tube is hyperreflective and smooth, and there is little AH around the tube. B)
Image from the same patient after open surgical revision, including multilayered stroma and aqueous bleb around the tube.
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elevated Tenon’s cyst was observed in
the first month visit (Fig. 4), and the
OCT data from that visit first could not
be obtained. Needling at the slit-lamp
examination was not performed in any
of the cases, and open surgical revision
was preferred to sort out bleb failure.

Effect of the PRESERFLO MicroShunt
on IOP

PRESERFLO MicroShunt implanta-
tion induced a decrease in the IOP
from a median baseline (treated) of
20.7 (range, 12-30) mmHg to 8.5
(range, 4-17) mmHg at 24 hr, 8.9
(range, 5-17) mmHg at 1 week, 10.4
(range, 8-16) mmHg at 1 month and
10.9 (range, 9-15) mmHg at 3 months.
The variation from baseline was signif-
icant at all time points (—12.2 £ 0.7
mmHg at 24 hr, —11.8 £ 0.7 mmHg
at 1 week, —10.3 £ 0.7 mmHg at
I month and —9.8 £ 0.7 mmHg at
3 months, p <0.001). Pairwise com-
parisons of the IOP by age (<75 versus
>75 years) or sex did not show

Operator:
Disease:

significant differences (p = 0.4;
p=0.7). The Shapiro-Wilk test
showed that the IOP did not follow a
normal distribution. The IOP measure-
ments are shown in Fig. 5. The rate of
hypotony in this series was 11% (3
cases). One patient developed hypot-
ony in the first week with athalamia
and choroidal detachment. The evolu-
tion was positive with conservative
treatment (occlusion and atropine eye
drops 1%), with resolution in the first
month. Another two patients showed
moderate hypotony in the first week
with a narrow AC but without chor-
oidal detachment or hypotony macu-
lopathy.

One patient required topical medi-
cation before the third month. In this
case, even though the IOP was
16 mmHg without medication in the
first month, we decided to introduce a
prostaglandin analog to reach values in
the low teens instead of performing
surgical revision. The IOP prior to
surgery was 26 mmHg with topical
medication (latanoprost, timolol 0.5%

OFTALVIST

Gender: Male
ID:

and dorzolamide). Visual function
damage was not severe (MD,
—8.2 dB), and the microshunt appar-
ently maintained flow through the
tube. A filtering bleb was clearly
observed on slit-lamp examination,
and a small drainage pathway around
the tube with a superior cap and lateral
margins could be identified by AS-
OCT (Fig. 6).

Clinical classification

Clinical classification of the blebs of
the patients in the study was obtained
following the Indiana Bleb Appearance
Grading Scale (IBAGS) (Cantor et el.
2003) at all visits (Table 1), and slit-
lamp images were captured to docu-
ment the description of each bleb.

Position of the tube in the anterior
chamber

The distance from the tube to the
endothelium remained stable from the
first visit to the third month (24 hr,
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Fig. 4. AS-OCT image of an incipient Tenon cyst around the tube.
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Fig. 5. Box plot of the evolution of the IOP after PRESERFLO implantation: preoperatively
(treated, blue box) and 1 day (red box), 7 days (green box), 30 days (orange box) and 90 (light
blue box) days postoperatively. The IOP decreased significantly on day 1, with a gradual increase

from day 1 to day 90.

Fig. 6. AS-OCT image of a small bleb around the PRESERFLO MicroShunt in a patient who
required topical medication before the third month. The IOP was 16 mmHg without treatment.

531 £ 341 pum; one week, 491.5 + 339
pm; one month, 514 4+ 290 pm; three
months, 514 £+ 306 um). The tube-iris
distance also remained stable, with a
slight decrease in the first week due to
the three cases of hypotony, one with
athalamia and the other two with a
moderately flat AC (24 hr, 760 + 331
um; 1 week, 700 + 398 pm; 1 month,
821 + 340 um; 3 months, 812 + 352
pm). Tube displacement (>500 pm)
was found in 3 cases (11%), the three
cases of hypotony encountered in our
series (a cross-sectional image of a tube
too close to the iris and its measures are

shown in Fig. 7). Fisher’s exact test did
not show significant differences in the
position of the tube in the anterior
chamber in relation to sex, laterality or
age.

AS-OCT classification, bleb
measurements and correlations with IOP

The morphological AS-OCT classifica-
tions are shown in Table 2. A multi-
form morphology prevailed at all time
points, with a very low proportion of
uniform blebs (0% at day 1, 3.5% at
1 week, and 0% at 1 and 3 months).

Acta OpHTHALMOLOGICA 2021

The degree of a multilayered stroma
decreased from 24 hr to 3 months
(35.7% moderate MLs at day 1 versus
10.7% at month 3; 39.2% high MLs at
day 1 versus 0% at 3 months), while
the percentage of microcysts increased
(moderate MCs 10.7% at 24 hr versus
64.2% at 3 months).

Regarding the horizontal and vertical
diameters of the bleb, the Shapiro-Wilk
test showed that the data followed a
normal distribution. Mixed models with
the Satterthwaite method were used to
analyse the results. The mean horizontal
bleb diameter varied from 1964 +
929 um at 24 hr to 2370 + 852 um,
2676 + 932 pm, and 2916 + 940 um at
1 week, 1 month and 3 months, respec-
tively (Fig. 8). The increase from base-
line (day 1) was significant for all
postoperative visit values (406 + 127
pm at day 7, p = 0.04, 712 = 211 pm
at day 30, p = 0.02 and 952 + 218 um
at day 90, p <0.001). Furthermore,
using the Scheffe test for multiple com-
parisons, a significant difference between
the horizontal diameter at 1 week and
3 months (545 + 180 wum) was found.
There were no significant differences in
the horizontal bleb diameter by sex or
age (p = 0.6). The vertical bleb dimen-
sions showed less variability, with a
gradual increase from baseline (day 1,
294 £ 111 um) to the first week (311 +
121 pm), first month (349 + 150 pm)
and third month (427 + 154 pm)
(Fig. 9). The increase in the vertical
diameter from baseline was not signifi-
cant at the first week (16 + 18 um,
p = 0.3), but it was statistically signifi-
cant at days 30 and 90 (63 + 27 um,
p =0.02 and 137 + 34 um, p < 0.001).
The Scheffe test for multiple compar-
isons showed a significant increase in the
vertical diameter from day 7 to day 90
(120 £+ 34 pm, p = 0.01) and from day
30 to day 90 (74 £ 23 pum, p = 0.03).
There were no statistically significant
differences in the vertical bleb diameter
by age (p = 0.9) or sex (p = 0.1).

The Spearman rank correlation
coefficient and linear regression analy-
sis were used to study the possible
relation between the size of the bleb
formed after PRESERFLO implanta-
tion and the IOP. With the given
sample size (28 eyes), a negative but
nonsignificant correlation was found
between the horizontal bleb diameter
and the IOP at days 1, 30 and 90
(r=—0.3, p = 0.2 at the 3 time points)
and between the vertical diameter and
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Table 1. Indiana Bleb Appearance Grading Scale (IBAGS) classification of the PRESERFLO

MicroShunt blebs from 24 hr to the third month.

Preserflo Bleb 24 hr 1 week 1 month 3 months
Bleb height
HO: flat bleb 2 (7%) 2 (7%) 1 (3%) 0 (0%)
H1: low bleb 14 (50%) 13 (46%) 13 (46%) 14 (50%)
H2: medium bleb 10 (36%) 12 (43%) 14 (50%) 13 (46%)
H3: high bleb 2 (7%) 1 (3%) 0 (0%) 0 (0%)
Horizontal extent
EO0: 0 < 1 clock hours 2 (7%) 1 (3%) 2 (7%) 0 (0%)
El: 1-2 clock hours 24 (86%) 24 (86%) 25 (89%) 27 (96%)
E2: >2 <4 clock hours 2 (7%) 2 (7%) 1 (3%) 1 (3%)
E3:4 or >clock hours 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Bleb vascularity
VO0: avascular white 0 (0%) 0 (0%) 0 (0%) 0 (0%)
V1: avascular cystic 0 (0%) 0 (0%) 0 (0%) 0 (0%)
V2: mild vascularity 1(3.5%) 14 (50%) 22 (78%) 24 (86%)
V3: moderate vascularity 26 (93%) 13 (46%) 6 (21%) 4 (14%)
V4: extensive vascularity 1.(3%) 1 (3%) 0 (0%) 0 (0%)
Seidel test
S0: no leak 28 (100%) 28 (100%) 28 (100%) 28 (100%)
S1: multiple pinpoint leaks 0 (0%) 0 (0%) 0 (0%) 0 (0%)
S2: streaming leak (within 5 s) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

the IOP at day 7 (r = —0.07) and day
30 (r = —0.2). Linear regression analy-
sis between the bleb size and the IOP
showed that only 10% of the IOP
encountered on day 1 was explained by
the size of the bleb (R* = 0.10).

Discussion

In this prospective study, we analysed
the specific characteristics of the filter-
ing blebs produced by an ab interno
SIBS  microshunt (PRESERFLO)
implanted to treat POAG. The most
frequent type of bleb found in these
patients was localized under Tenon’s
capsule posterior to the limbus, with an
AH drainage pathway around the tube
expanding beyond the measurable lim-
its of the AS-OCT system in 28% of
the cases at 24 hr and 68% at
3 months. The connective tissue above
the AH cavity showed a multilayered,
loosened subconjunctival structure
with fluid spaces and subepithelial
microcysts in the majority of cases. A
uniform bleb morphology (no fluid
cavities under the conjunctiva and a
hyperreflective stroma) was very infre-
quent in our series (3.5% at the first
week), in contrast to the observed rate
of 20.8% reported by Nakano
(Nakano et al. 2010) and 48% by
Lenzhofer et al., (2019a, 2019b)
2 weeks after TB and XEN implanta-
tion, respectively. In the first week,
only one of our patients showed the

absence of AH around the tube (AS-
OCT, Fig. 3A) and a flat bleb on slit-
lamp examination. After surgical revi-
sion, an AH drainage pathway was
identifiable under Tenon’s capsule
(Fig. 3B).

The rate of AH flow under Tenon’s
capsule in a posterior location provided
by the PRESERFLO may explain the
low percentage of uniformity compared
to that of TB and XEN implantation.
A multiform bleb morphology was the
most  frequent AS-OCT  pattern
encountered at all time points (100%
at 24 hr, one month and 3 months and
96.4% at 1 week), with the presence of
multilayered, loosened stroma (Fig. 2)
being more frequent in the very early
postoperative period than later on
during follow-up, probably due to the
fibrotic response induced by surgical
trauma. Microcysts showed a tendency
to increase over time, following what
may be termed the ‘bleb maturation’
process.

The horizontal bleb diameter
observed after PRESERFLO implan-
tation increased significantly from the
very early postoperative period until
the third month (28.5% undefined
borders at 24 hr versus 67.8% at
3 months). The horizontal and vertical
diameters of the bleb measured on AS-
OCT did not show a significant corre-
lation with the decrease in the IOP, and
only 10% of the postoperative IOP at
24 hr could be explained by the bleb

size. Most likely, not only is the size of
the bleb around the tube responsible
for the significant decrease in the IOP,
but the bleb morphology (most of the
blebs showed a multiform pattern on
AS-OCT) may also play a role in the
IOP decrease.

Smaller blebs have been related to
higher IOP levels after TB using com-
putational modelling of fluid flow, as
reported by Gardiner (Gardiner et al
2010). In smaller TB blebs, the fluid
must travel further from the bleb
before it can be completely absorbed,
but the fluid movement is limited by a
lower hydraulic conductivity that
induces an increase in the IOP. In the
same model, larger blebs were pre-
dicted to induce lower IOP levels but
with a significant risk of hypotony in
TB blebs with a lack of definable cut-
off values. In our study, 64% of the
blebs formed around the tube had
undefined horizontal borders at the 1-
month examination, and there were
only 3 cases of hypotony (11%). The
expected rate of hypotony after PRE-
SERFLO implantation, according to
the bleb morphology that we encoun-
tered in the majority of cases, should be
higher according to Gardiner’s model
designed for TB. The explanation for
the low rate of hypotony despite the
high frequency of large horizontal
blebs could be the constant flow rate
provided by the PRESERFLO, the
resistance to flow through the lumen
of the implant, and the surgical tech-
nique, different from TB and other
devices, such as the XEN 45.

According to the Hagen—Poiseuille
equation (McEwen 1958), the flow rate
depends mainly on the diameter of the
lumen and the length of the tube. For
an AH flow rate (Q) of 2 pl/min,
[2.75 £ 0.63 pl/min (range, 1.8-4.3 pl/
min)] (Brubacker 1991), and a viscosity
of human aqueous humour in POAG
of 0.7185 (Vass et al. 2004), the resis-
tance to flow through the PRESER-
FLO (lumen diameter, 70 pm; length,
8.5 mm) is predicted to be 2 mmHg/pl/
min, whereas for the XEN 45 (lumen
diameter, 45 pm; length, 6 mm), it is
8.5 mmHg/ul/min, which is fourfold
higher than that for the PRESERFLO.
These two devices differ not only in
their resistance to flow but also in the
surgical approach. The ab interno
technique used with the XEN implant
has been demonstrated to result in
significantly  (p = 0.004) increased
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Fig. 7. Cross-sectional AS-OCT image of a PRESERFLO implant that was placed too low in the AC and was in contact with the iris.

Table 2. Morphological AS-OCT classification of PRESERFLO filtration blebs at 24 hr, 1 week, 1 month and 3 months.

ML ML ML ML MC MC MC MC DP DP DP DP

Uniform  Multiform  none  low moderate  high  none low moderate  high none small medium diffuse
Day 1 0% 100% 0%  25%  36% 39%  25%  64% 11% 0% 0% 43%  28% 28%
Week 1 3% 96% 11%  25% 61% 3% 1%  71% 18% 0% 3% 7%  53% 36%
Month 1 0% 100% 7%  57%  28% 7% 7%  46%  46% 0% 0% 3%  32% 64%
Month 3 0% 100% 14%  75% 11% 0% 7%  28%  64% 0% 0% 7%  25% 68%

DP = drainage pathway, MC = microcysts, ML = multilayer.

outflow resistance (0.8 + 0.11 mmHg/
pl/min) compared with the ab externo
implantation of the same device
(0.42 £+ 0.05 mmHg/ul/min), as
reported by Lee et al. (2019). In addi-
tion, the resistance to flow and there-
fore the efficacy rate of the ab interno
technique for the XEN implant has
also been reported to be higher with
deeper placement (intra—sub-Tenon)
than with more superficial placement
(intraconjunctival) (Lenzhofer et al.,
2019a,2019b). The higher outflow resis-
tance associated with the ab externo
technique used for the XEN implant,

especially when it ends up being
implanted intraconjunctivally, along
with the higher resistance to flow
through the tube, may explain the
uniform bleb rate of 48% reported by
Lenzhofer et al., (2019a, 2019b), as well
as the results reported by Teus et al.
(2019), including significantly flatter
XEN blebs (417 £+ 183 pm) compared
to those resulting from TB
(618 £ 256 um), a 50% rate of ‘cystic
area’ formation versus 80% after TB,
and the development of a ‘filtering
conjunctiva’ after XEN implantation
instead of a conventional, localized

bleb. Nevertheless, it should be noted
that in the study conducted by Teus,
both the XEN implantation and TB
surgeries had been performed one year
before AS-OCT analysis, preventing a
direct comparison of the results with
those of the current study. Our findings
suggest that the blebs that developed
after PRESERFLO implantation
resemble those resulting from TB more
than those resulting from XEN implan-
tation, even though the XEN and
PRESERFLO implants are tubes with
a constant fluid flow. Most likely, the
lower resistance to flow through the

127



— Acta OpaTHALMOLOGICA 2021

u=

[ Horizontal after 1 day
[""""1 Horizonal after 30 days

Horizontal Bleb (microns)
1,000 2,000 3,000 4,000 5000

0

[ Horizontal after 7 days
[ 1 Horizontal after 90 days

Fig. 8. Box plot of the evolution of the horizontal bleb diameter from day 1 to day 90. Blue box: Horizontal diameter at day 1; Red box: Horizontal
diameter at 7 days; Green box: Horizontal diameter at 30 days; Orange box: horizontal diameter at 90 days.
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Fig. 9. Box plot of the evolution of the vertical bleb diameter from day 1 to day 90. Blue box: Vertical diameter at day 1; Red box: Vertical diameter
at 7 days; Green box: Vertical diameter at 30 days; Orange box: Vertical diameter at 90 days.

PRESERFLO than the XEN and the
surgical technique (ab externo), which
induces a decrease in the outflow resis-
tance and allows greater control by the
surgeon over positioning the tube
underneath Tenon’s capsule at a pos-
terior location (approximately 7 mm
from limbus), produce intermediate
aqueous humour drainage at a low
pressure (8.5 + 3 mmHg at 24 hr)
throughout the third month
(10.8 + 2 mmHg), thereby allowing

the formation of wide and diffuse
drainage pathways, as shown by AS-
OCT analysis. When the pressure
inside the bleb is lower than the capil-
lary pressure of Tenon’s capsule, it is
insufficient to initiate the avascular
fibrodegenerative response that induces
the formation of thick, impermeable
capsules (Molteno et al. 2003). Scar
formation at low pressures is initiated
above the bleb, where the pressure is
higher, as reported by Gardiner

(Gardiner et al. 2010), but not on the
horizontal borders of the bleb, where
the pressure is lower. The bleb can
therefore expand its horizontal limits
slowly and progressively up to at least
the third month if the pressure remains
low and stable. The horizontal expan-
sion seems to be higher than the
vertical expansion after PRESERFLO
implantation and has been shown to be
related to the low levels of controlled
IOP in these patients. The scar
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formation above the bleb at low pres-
sures would limit the tissue’s exposure
to hypoxia (induced at higher fluid
pressures), delaying the adverse
fibrodegenerative response that leads
to the formation of thick, vascularized
walls that have been reported to be
associated with uncontrolled IOP
(Azuara-Blanco et al. 1998). In light
of these findings, it is reasonable to
hypothesize that the standardized ab
externo technique used for PRESER-
FLO implantation, in addition to the
deep and posterior localization of the
distal end of the tube and its lower
resistance to flow compared to that of
the XEN 45, may be related to the
higher number of multiform blebs and
lower rate of surgical revision in our
series.

For TB, it is not possible to calculate
resistance to flow with the Hagen—
Poiseuille law, which only gives the
pressure drop for laminar flow through
a cylindrical pipe of a constant cross-
section. During trabeculectomy, the
tension of the scleral sutures is crucial
to control the outflow (Samsudin et al.
2016), and it depends on the surgical
technique and skills of the surgeon. If
the sutures are loose, the AH will
displace the normal interstitial tissue
fluid at a pressure that exceeds the
intracapillary pressure in the deeper
layers of Tenon’s capsule, which stim-
ulates the fibrodegenerative process in
response to hypoxia. In contrast, if the
sutures are too tight, insufficient aque-
ous humour flow results in the forma-
tion of a uniform layer of avascular
and modestly cellular connective tissue
20-60 um thick that reaches its final
thickness by 4 weeks after the opera-
tion and remains unchanged thereafter
(Molteno et al. 2003). Most likely, the
intermediate and constant flow rate
provided by the PRESERFLO (higher
than that of the XEN 45 and lower
than that of TB with loose sutures)
induces the formation of filtering blebs
that resemble those described for func-
tioning TB blebs but with a repeatable
morphology in the majority of patients
(multiform, wide horizontal extension
with a thin cap). Other authors did not
find a significant correlation between
the height or extent of the filtering bleb
cavity and the IOP after TB. Pfen-
ninger (Pfenninger et al. 2011) reported
a significant direct correlation between
the reflectivity of the fluid-filled cavity
and the IOP, while Tominaga et al.

(2010) found a significant inverse cor-
relation between the thickness of the
bleb wall and the IOP.

On the other hand, inflammation is
an important contributing factor for
glaucoma surgery failure. Investigators
have reported the presence of inflam-
matory mediators in glaucomatous AH
(Chang et al. 2000), with increased
rates in uveitic and neovascular glau-
coma. A decrease in the inflammatory
response due to different factors, such
as an advanced age, the use of steroids
and the use of MMC, may be involved
in the higher rate of success after the
formation of filtering blebs. In the case
of the PRESERFLO, the material of
which it is composed is another factor
that appears to decrease the inflamma-
tory response. The polymer SIBS, ini-
tially used for coating cardiac stents
(TAXUS® stent), induces less scarring
and chronic inflammation, with no
biodegradation and minimal tissue
reaction described in studies of this
implant in cardiology (Silber et al.
2009). Most likely, the presence of
multiform, wide blebs with low IOPs
in the early postoperative period, in
combination with a polymer that
induces minimal inflammation and
MMC to control the fibrotic response,
could be a predictive factor of success
in the long term. However, further
investigation is required.

The position and length of the tube
in the anterior chamber were analysed
in our study to determine its anatom-
ical relation to the iris and endothelium
and provide surgeons a tool to prevent
future damage to ocular structures
(endothelial cell loss and pigment dis-
persion). The correlation between the
position of the tube in the anterior
chamber and the IOP has already been
reported to be nonsignificant. A study
of three different MIGS implants
(XEN 45, XEN 63 and PRESERFLO)
showed a minimal (nonsignificant)
effect of the position of the tube on
the IOP (<0.1 mmHg) (Bachar et al.
2020). The independence of these two
variables can be explained by the fact
that the fluid pressure inside the bleb is
effectively the same as the IOP, to
within 1 mmHg, according to Gar-
diner’s computational modelling of
fluid flow and IOP for glaucoma
drainage devices (GDDs) (Gardiner
et al. 2010). Therefore, the position of
the tube in the anterior chamber does
not affect the IOP but could have a

negative effect on the endothelial count
when positioned too close to the cornea
or induce pigment dispersion when
located too close to the iris. It is
possible to measure the real position
of the tube in the AC on AS-OCT,
thereby helping the surgeon decide
whether revision is necessary to change
its position. Intraoperative OCT could
also be a helpful tool for the implan-
tation of this kind of device.

To our knowledge, this is the first
study to describe the ultrastructural AS-
OCT changes in the subconjunctival and
sub-Tenon space after PRESERFLO
MicroShunt implantation for glau-
coma. We demonstrated that the blebs
formed with this implant are diffuse,
posterior and low and that they increase
in size from the first visit through the
third month after implantation of the
PRESERFLO MicroShunt. One of the
limitations of the study is that the AS-
OCT examinations, bleb and tube mea-
surements and clinical evaluations were
performed by only one observer. How-
ever, the observer followed the same
protocol in all cases, centred the images
using the same reference points, dis-
carded low-quality scans and repeated
the examinations as many times as
necessary to obtain high-quality OCT
images. Another limitation of this study
is the sample size. Our preliminary
results need to be validated by the
collection of a higher number of subjects
and observation over a longer follow-up
period to strengthen the statistical
power of the results and extend the
analysis of the bleb maturation process.

The results of this study suggest that
PRESERFLO implantation for glau-
coma induces the formation of deep
and posterior blebs that are localized
under Tenon’s capsule and show a
multiform morphology on AS-OCT in
the majority of cases. The horizontal
expansion of these filtering blebs occurs
from the early postoperative period
until the third month. Long-term fol-
low-up is needed to evaluate the bleb
maturation process and its influence on
IOP control.
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Precise: Glaucoma surgery with the Preserflo Microshunt shows mild and transient changes in the cor-
neal astigmatism, the corneal elevation and biometrics in the early postoperative period. The posterior
corneal elevation tends to be higher in POAG.

Abstract

Purpose: To determine the changes in the corneal keratometry, astigmatism and elevation, refraction,
axial length and anterior chamber depth and volume after the implantation of the Preserflo Microshunt in
patients with primary open angle glaucoma (POAG) in the early postoperative period.

Methods: Patients diagnosed with primary open angle glaucoma (POAG) who underwent an ab-externo
SIBS (poly(styrene-block-isobutylene-block-styrene) microshunt implantation were recruited. The cen-
tral corneal thickness (CCT), the intraocular pressure (IOP), best corrected visual acuity (BCVA), refrac-
tion, biometrics and corneal topography with a Scheimpflug topographer were analyzed preoperatively
and 24 hours, 1 week, 1 month and 3 months after surgery.

Results: A total of 30 eyes of 29 patients were included. In 24 eyes the device was implanted as a stan-
dalone procedure and in 6 eyes it was combined with cataract surgery. The results were analyzed sepa-
rately. The IOP decreased from21.8+5.2and 16.5+1.5 mmHgat baselineto 10.9+1.8 and 10.1+1.1mmHg
at 3 months in the non-combined and combined groups (p<0.01). The anterior, posterior and total corne-
al astigmatism (ASA, PSA, TCA) increased in each group 0.4+0.3/ 0.2+1.0 D, 0.08+0.1/ 0.03+0.1 D and
0.4+0.3/ 0.2+0.9 D respectively at 3 months. The anterior and posterior corneal elevation (ACE max,
ACE min, PCE max) increased on the first week (p=0.01) with no significant changes at 3 months in the
non-combined group. The changes observed in the combined group were not significant. The axial length
(AL) decreased 0.13+0.23 and 0.2+0.07 mm in each group (p=0.01). There was a significant correlation
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between the IOP and the maximum elevation of the posterior surface of the cornea at the preoperative
examination (r=0.93, p= 0.02).

Conclusions: The Preserflo Microshunt implant for glaucoma surgery induces mild and transient changes
in corneal astigmatism, axial length and anterior chamber depth in the early post-operative period.
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Introduction

Minimally invasive glaucoma surgery (MIGS) is a term that includes a group of relatively new surgical in-
terventions to lower the intraocular pressure (IOP), aiming for a faster recovery, a lower risk of complica-
tions and fewer refractive and visual changes than classic trabeculectomy®. There are three possible cat-
egories of MIGS depending on the targeted anatomical structure of the outflow pathway: the Schlemm’s
canal, the suprachoroidal space and the subconjunctival-sub-Tenon space. Recently, the European Glau-
coma Society has excluded the implantation of subconjunctival devices from the definition of MIGS, which
refers to only ab interno bleb-less implants?.

Subconjunctival implants for the surgical treatment of glaucoma are basically shunts that allow the aque-
ous humor to drain from the anterior chamber into an area underneath the conjunctiva, creating a filtering
bleb in the same manner as trabeculectomy since it was described by Cairns 53 years ago®. In an effort to
reduce hypotony, new ab interno and ab externo, cylindrical implants have been designed according to the
Hagen-Poiseuille equation?, to limit the aqueous humor (AH) flow into the subconjunctival space. The dif-
ferent flow rates through those tubes may lead to specific morphological characteristics of the resultant
blebs®, as compared with those described for trabeculectomy.

Ocular biometric changes®, and more specifically corneal keratometric and topographical changes in-
duced by trabeculectomy and other bleb-forming procedures such as the Ex-Press® glaucoma implant
(Alcon Laboratories, Inc, Fort Worth, TX, USA), and nonpenetrating deep sclerectomy (NPDS), have been
widely reported in the literature” 2. Changes to the corneal curvature may have an impact on refraction,
visual acuity and thus the IOL power calculation. The cause of these changes may be related to the remov-
al of tissue under the scleral flap in trabeculectomy?®, tight sutures'?, large drainage or avascular blebs and
ptosis'.

The Preserflo Microshunt (Santen Pharmaceutical Co., Osaka, Japan) consists of an 8.5 mm long SIBS
(poly(styrene-block-isobutylene-block-styrene) tube with an outer diameter of 350 pm and a lumen diam-
eter of 70 um that was designed for a simple bleb-based procedure that does not require a scleral flap15.
It is placed ab-externo through a 3 mm-long scleral tract made using a 25-G needle to shunt aqueous hu-
mor from the anterior chamber to the sub-Tenon space approximately 6.5 mm away from the limbus. Hy-
pothetically, a sutureless and nonscleral flap-dependent technique, as well as deeper and more posterior
filtering blebs5, could be advantages over trabeculectomy, NPDS or Ex-Press® by reducing the amount of
induced corneal and refractive changes. The lack of data about the ocular changes induced by this implant
prompted us to evaluate the ocular changes, as evaluated using the Pentacam and the IOLMaster 700,
after glaucoma filtering surgery performed using the Preserflo Microshunt.
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Materials And Methods

Patients:

This was a prospective, interventional, single-center case series of 30 eyes of 29 patients. Patients were
consecutively recruited from among patients diagnosed with POAG who were attended at the Glaucoma
Unit of the HLA Hospital Universitario Moncloa (Oftalvist Group, Madrid, Spain) and underwent glauco-
ma surgery with the Preserflo Microshunt.

The protocol adhered to the tenets of the Declaration of Helsinki and it was approved by the Institutional
Review Board of the HLA Moncloa Hospital (Madrid, Spain). Informed consent was provided by all partic-
ipants prior to their inclusion in the study.

The inclusion criteria were as follows: diagnosis of POAG and poor glaucoma control with an IOP higher
than 21 mmHg or less than 21 mmHg and progression of glaucoma damage observed in complementary
examinations. Patients with cataracts and visual acuity of 0.5 were included and combined surgery was
performed (cataract extraction and implantation of Preserflo Microshunt). In pseudophakic patients or
those without cataracts, only Preserflo Microshunt implantation was performed. Pseudophakic patients
in which cataract removal had been performed less than 3 months before the glaucoma procedure, were
excluded.

The exclusion criteria were as follows: angle closure and congenital, pseudoexfoliative, pigmentary, uveitic
or neovascular glaucoma. Eyes with a previous history of filtering surgery were only included when to-
tal bleb failure was previously demonstrated clinically and by AS-OCT (flat bleb, uniform hyperreflective
stromal pattern, no microcyst and no bleb drainage pathway). In these cases, the Preserflo Microshunt
was implanted in a different quadrant, avoiding the previous filtration site.

Baseline preoperative characteristics were collected from all patients, including demographics (age, sex,
date of surgery, laterality), type of surgery (combined or stand-alone) and ocular parameters (best-cor-
rected visual acuity [BCVA] assessed with the Snellen chart, intraocular pressure [IOP] at which the deci-
sion for surgery was made measured using a calibrated Goldmann applanation tonometer, central corneal
thickness [CCT] and number of glaucoma medications at the preoperative visit). The following indices
were collected, pre and postoperatively (1 day, 1 week, 1 month and 3 months): IOP, axial length (AL) using
anoncontact method (IOLMaster 700, swept-source biometry, Carl Zeiss Meditec AG), spherical equiva-
lent (SE), Pentacam HR (Oculus, Inc.) and measurements of the anterior and posterior corneal curvatures
inthe central 8-mm-diameter area, including anterior surface astigmatism (ASA), ASA axis (flat), posterior
surface astigmatism (PSA), PSA axis (flat), total corneal astigmatism (TCA, 4 mm), anterior corneal radius
flat, steep, and mean [Rf (A), Rs (A), Rm (A)], posterior corneal radius flat, steep, and mean [Rf (B), Rs (B),
Rm (B)], anterior corneal elevation (ACE max, ACE min, ACE central), posterior corneal elevation (PCE
max, PCE min, PCE central) and anterior chamber depth (ACD).

Surgical technique:

All surgeries were performed by the same surgeon (MIB), under sub-Tenon anesthesia in the inferior nasal
quadrant. A traction suture on the superior cornea was used to expose the upper nasal conjunctiva in or-
der to perform conjunctival peritomy and careful Tenon dissection over two clock hours, liberating all the
attachments between the Tenon capsule and episclera and creating a posterior pocket between the supe-
rior and medial rectus muscles. A diathermy probe was applied to the sclera to control bleeding and to ob-
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tain aclear surgical field. Mitomycin C (MMC) 0,2 mg/ml was used in all cases via introducing three soaked
surgical sponges provided by the manufacturer under Tenon’s layer for 2 minutes, avoiding limbus, and
then gently washing with balanced salt solution. A mark with trypan blue was placed with the tip of the ca-
liper 3 mm away from the limbus and a 1-mm-wide scleral preincision was created with a microknife until
the tip was not visible. The scleral tunnel was created parallel to the surface of the sclera with a 25-gauge
needle entering the anterior chamber (AC) at the trabecular meshwork. The Preserflo Microshunt was
then introduced in the tunnel until it reached the AC, and its position was visually checked, ensuring that
it was not too close to the iris or endothelium and was placed with the bevel facing up. Located half-way
down the tube, there is a planar fixation structure resembling the fins of an arrow that seals the device
in the pocket, preventing leakage around the tube and preventing the tube from migrating into the eyel.
The fins were placed at the end of the scleral tunnel to ensure that it was inside the scleral tunnel. Flow
through the implant was confirmed by injecting BSS from the distal side of the tube with a 23-G cannula,
usually a small air bubble was observed advancing to the anterior chamber and drop-by-drop flow was
confirmed from the end of the tube with a surgical sponge. Tenon’s layer was advanced prior to the con-
junctiva to ensure that the implant was not caught in it, and then the conjunctiva was sutured watertight
over Tenon’s layer with 10-O nylon. (Figure 1). A side-port incision was created at the end of the surgery
toinject 0.1 ml of cefuroxime (1 mg/0.1ml) into the AC. For combined surgery, the surgical technique did
not change and was performed at the end of the phacoemulsification and IOL implantation procedure.

Postoperative management:

In both groups of patients, i.e., those treated with the combined and stand-alone procedure, postopera-
tive care included prophylactic antibiotic (moxifloxacin) 4 times a day in the first week after surgery and
decreasing doses of topical corticosteroids over 10 weeks (dexamethasone 4 times a day the first 15 days,
3 times a day for one month, 2 times a day, 15 days and 1 time a day for 15 days). Patients were seen at
24 hours, one week, one month and three months. All visits included slit lamp examination with a Seidel
test, Goldmann applanation tonometry to measure |OP and fundus examination to evaluate for choroidal
detachment in the case of clinical signs of hypotony.

Pentacam examination:

The Pentacam HR (Oculus, Inc.) is an eye tomography system that uses a 360-degree rotating Scheimp-
flug camera to obtain cross-sectional images of the anterior segment and is illuminated with a monochro-
matic slit-light source (blue-light-emitting diode [LED]; wavelength, 475 nm). The device obtains up to 50
images in 2 seconds with 138.000 evaluated measuring points. In this study, 25 images were captured,
and the examination was repeated until an acceptable scan could be obtained according to the quality
scan index. Elevation maps were viewed by comparing the data to a standard reference surface (best-fit-
sphere) in the 8-mm zone that appeared best for clinical interpretation13.

Statistical analysis:

The Stata 17® (StataCorp LLC, Texas, USA) was used for statistical analysis. The Shapiro-wilk Test was
used to test for normality of each variable of the study. Paired Student’s t-test was used for comparison of
the normally distributed variables and the

Wilcoxon signed-rank test was used for data that did not follow a normal distribution. To analyze relation-
ships between variables, the Pearson correlation coefficient was used to analyze the normally distributed
variables and the Spearman correlation coefficient for data that did not show a normal distribution. Prob-
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abilities were considered significant at < 0.05. The statistical power was calculated for each of the tests
used for comparison of the variables.

Results
Study population and baseline characteristics:

Atotal of 30 eyes of 29 patients were included. Combined surgery was performed in 6 eyes (20%). The re-
sults from this subgroup of patients were analyzed separately (group 1: non-combined; subgroup 2: com-
bined). The mean age of the study population at the operation was 77.7 + 8 (non-combined) and 69.8+4
years (combined); laterality (RE/LE), 14/15; sex (M/F), 12/17, mean preoperative |IOP treated with an-
tiglaucoma medications was 21.8+5.2 mmHg (group 1) and 16.5+1.5 mmHg (subgroup 2); mean BCVA
0.6+0.3 (group 1) and 0.8+0.1 (subgroup 2); number of eye-drops pre-surgery were 2.8 (1-4), group 1,
and 2.3 (1-4), subgroup 2. Postoperatively at each follow-up visit, only one patient from group 1 required
medication (3.6%). This patient received monotherapy with a prostaglandin analog 60 days after surgery.
At the last follow-up visit, 96.4% of patients were free of medication. In the non-combined group, 23 pa-
tients were pseudophakic (82%), and one was phakic (4%). The mean CCT was 530+34pm and 525+11
(group 1 and subgroup 2). Three out of 24 patients in the non-combined surgery group required surgical
revision (11%). Two of them due to the increase in IOP at 24 hours and 1 month respectively and one
case associated with the development of a Tenon’s cyst on the first month. Needling at the slit lamp exam-
ination was not performed in any of the cases, and open surgical revision was preferred to sort out bleb
failure. There were 3 patients with a history of previous glaucoma surgery (Ex-Press®, two cases, XEN®,
one case) and one patient that referred a selective laser trabeculoplasty (SLT) performed 5 years before
the preoperative visit. Baseline demographics are summarized in Table 1.

Effect of the Preserflo Microshunt on IOP:

The reduction of the IOP from baseline at every postoperative visit and the statistical significance is
shown in Table 2 (a) non-combined group and (b) combined subgroup and in Figure 2. The variation from
baseline was significant at all time-points (p<0.01) for both groups. There was a 60% reduction of the |IOP
ingroup 1 at 24 hours and 50% at 3 months. In subgroup 2, the reduction was 44% and 39% respectively.

Hypotony was defined according to the numeric definition of an IOP < 5 mmHg after surgery suggested
by the World Glaucoma Association Guidelines16. The rate of hypotony for this series was 10% (3 cases),
2 of them were from group 1. One of the patients developed hypotony in the first week with a flat anterior
chamber and choroidal detachment. The evolution was positive with conservative treatment (occlusion
and atropine eye drops 1%) with resolution in the first month. The other two patients showed moderate
hypotony in the first week with a narrow AC but without choroidal detachment or hypotony maculopathy.

One patient required topical medication before the third month. In this case, even though the IOP was 16
mmHg without medication in the first month, a prostaglandin analog was prescribed to reach a value in
the low teens instead of performing surgical revision. The IOP prior to surgery was 26 mmHg with topical
medication (latanoprost, timolol 0.5% and dorzolamide). Visual function damage was not severe (MD, -8.2
dB), and the microshunt apparently maintained flow through the tube. A filtering bleb was clearly seen on
the slit lamp examination, and a small drainage pathway around the tube with a superior cap and lateral
margins could be identified by AS-OCT.
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Comparison of preoperative and postoperative visual acuity, refraction and biometrics:

The changes observed in the best-corrected visual acuity (BCVA), spherical equivalent (SE), refractive
sphere and cylinder, anterior chamber depth (ACD and axial length (AL) are shown in Table 2 (a,b) for
group 1 and subgroup 2. BCVA decreased significantly from baseline to the first week in both groups,
showing no differences at 3 months. The change in SE was not significant in group 1 (0.2+0.8), but it was
significant (-2.79+1, p<0.01) in the combined surgery subgroup. The refractive cylinder showed no sig-
nificant changes from baseline to the third month in both groups. The ACD remained unchanged in the
non-combined group but increased significantly in the combined surgery subgroup (1.7+0.2 mm, p<0.01).
The axial length showed a significant decrease in both groups (0.1+0.2, p=0.01 group 1;0.2+0.07, p<0.01
subgroup 2).

Corneal changes analyzed with the Pentacam® Sheimpflug Camera:

The results from the change in the anterior and posterior surface astigmatism as well as the total corneal
astigmatism are shown in Table 3 (a) Non-combined group, (b) combined subgroup and in Figure 3. On
the first week, there was an increase in the anterior, posterior and total corneal astigmatism in group 1,
significant for ASA and TCA (p=0.01). In subgroup 2 (combined surgery), the increase was significant only
for TCA (p=0.02). ASA and TCA remained elevated with respect to baseline at one month in both groups
(not significant in the non-combined group, significant for TCA in the combined group) and decreased on
the third month. The total increase in ASA and TCA from pre-op to three months was 0.4+0.3 (p=0.03 and
p=0.05 respectively) in group 1 and 0.2+1.0 (p=0.2) and 0.2+0.9 (p=0.4) respectively in subgroup 2. The
increase in the PSA on the first week in both groups did not reach statistical significance and no differenc-
es were found at three months with respect to baseline. There was a non-significant with-the rule (WTR)
shift from baseline to the third month in the axis of ASA and PSA. In Figure 3, the boxplot diagram of the
results from ASA and PSA shows the increase of astigmatism on the first week and decrease towards the
third month in both groups.

The changes in the flat, steep and mean radius (Rf, Rs, Rm) of the anterior and posterior cornea are shown
inTable 4 (a) group 1 and (b) subgroup 2. On the first week, there was a significant increase in the Rf of the
anterior surface and a significant decrease in the Rs and Rm of the posterior surface in the non-combined
group. In the combined subgroup there were no significant changes except for the decrease of Rs on the
first week. At three months, there were no significant changes in the corneal radius (anterior and posteri-
or)ingroup 1, and a statistically significant but not clinically relevant (0.02+0.06, 0.04+0.03) decrease in
Rs and Rm of the anterior surface in subgroup 2.

The results from the analysis of the anterior and posterior corneal elevation are shown in Table 5 (a)
Non-combined group, (b) combined subgroup and in Figure 4. The anterior and posterior corneal eleva-
tion (max, min, central) increased on the first week in both groups except for the PCE central in subgroup 2
that decreased not significantly. The increase was significant for ACE max and min, and PCE max in group
1. At three months, the differences from baseline were not significant for any of the variables studied. In
figure 4, the boxplot diagrams show the same tendency for the changes in the corneal elevation in both
groups.

The correlation analysis between the IOP and the different variables of the study (astigmatism, corneal
elevation, AL and ACD) showed no statistically significant correlation. Even though it was not a primary
objective of this study, a significant correlation between the baseline nonmedicated IOP and the preoper-
ative corneal posterior maximum elevation (r=0.93, p=0.02) was found.
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Discussion

In this study, the effect of the Preserflo Microshunt implantation on the anterior and posterior corneal
surfaces (astigmatism and elevation) and other biometric parameters (AL and ACD) was analyzed from
the early postoperative period to the third month. In this sense, an increase of 0.7 D in the anterior cor-
neal astigmatism and 0.8 D in the total corneal astigmatism at one week postoperatively in the group
of non-combined surgery was observed. In the subgroup combined-phaco-Preserflo Microshunt, slightly
higher changes were noticed (1 D of increase in the anterior surface astigmatism and 1.2 D in the total
corneal astigmatism). In both groups, the increase observed on the first week decreased towards the third
month showing a residual difference from baseline of 0.4 D of ASA and TCA in the non-combined group
and 0.2 D in the combined subgroup.The changes observed in the posterior surface astigmatism were
similar for the combined and non-combined patients on the first week, without significant differences
from preoperative values at 3 months. The anterior and posterior corneal elevation showed a tendency
to increase on the first week and decrease throughout the third month in both groups, as it is shown in
the boxplot diagram for ACE and PCE (Figure 4). Most likely, the sudden drop in the IOP in the very early
postoperative period induces an increase in the corneal curvature and a consecutive increase in astigma-
tism and corneal elevation.

Several studies have examined the effect of glaucoma surgery on astigmatism. The type and amount of
astigmatism induced by trabeculectomy was first reported by Hugkulstone” using keratometry in 10
patients after a 28-day follow-up period. He reported a statistically significant reduction in the vertical
corneal radius from a mean of 7.71 mm preoperatively to 7.36 mm at day 1 postoperatively and at all
time points up to the last follow-up visit. This steepening of the vertical meridian or induction of WTR
astigmatism was confirmed by Cunliffe et al®, who reported a reduction in the vertical corneal radius from
7.69 mmto 7.56 mm at week one, persisting at weeks 3 and 8 but returning to preoperative values at 10
months. The findings of the current study concerning the corneal radii showed similar changes in com-
parison to those reported for trabeculectomy, with a decrease in the steep radius (7.6 to 7.5 mm) on the
first week and a change of the anterior flat axis of the astigmatism from 105° to 135° (steep axis from 15°
to 45°), which suggest that trabeculectomy and Preserflo Microshunt implantation seem to induce the
same kind of vertical corneal steepening in the early postoperative period. Still, the methodology used to
measure the changes on the corneal radii and astigmatism have evolved from the studies published with
keratometry to the actual topographers.

Claridge et al’, using computer-assisted corneal topography in 1995, described complex regional changes
in the corneal curvature that had not been detected by alterations in refractive or keratometric parame-
ters and reported that the topographic changes after trabeculectomy lasted for at least 12 months after
surgery. Rosen et al.'® reported that the amount of induced steepening was underestimated by keratome-
try compared to topography, finding a WTR shift in 8 eyes of 1.5to 2.5 D up to 12 weeks postoperatively.
Dietze et al™, using computerized video keratography, reported that the mean central corneal astigma-
tismincreased by 1.4 D along the surgical meridian at 1 week postoperatively and was within+ 1 D by 12
weeks. In our study, we used the Pentacam system to measure the corneal astigmatism, finding a change
of 0.8 D inthe total corneal astigmatism in the very early postoperative period after Preserflo Microshunt
implantation that decreased up to 3 months postoperatively, with aresidual difference of 0.4 D from base-
line which seems to be lower than previous reports and clinically not significant. An underestimation of
the corneal astigmatic change with Scheimpflug tomography is very unlikely, given that the Pentacam has
demonstrated its superiority to Placido topography because not only the anterior but also the posterior
corneal surfaces are measured with high precision?. Even when compared with the first commercially
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available tomography technology (scanning slit; Orbscan, Bausch & Lomb), Scheimpflug tomography gives
more precise anterior and posterior corneal measurements*é. Therefore, we believe that our results ob-
served after the Preserflo Microshunt implantation are reliable.

Regarding other glaucoma surgery techniques beyond trabeculectomy and their effect on the cornea,
Hammel et al.’? examined 19 eyes undergoing EX-PRESS implantation with the Pentacam system, finding
atransient increase in both the anterior and posterior corneal astigmatism (2.6 to 4.7 D anterior; 0.4 to
0.9 D posterior), higher than the increase found in our series with Preserflo Microshunt. The authors
reported that |OP fluctuations were correlated with corneal changes, a point that was not confirmed in
our study. Egrilmez and colleagues13 found less WTR astigmatism induction after deep sclerectomy with
anonabsorbable implant (T-Flux) vs trabeculectomy (0.62 D vs .1.06 D) in the early postoperative period
and less of an ATR shift thereafter (0.62 D vs. 1.24 D at 6 months). Similar results were reported by El-
Saied19 (0.67 D at 6 months) in a group of eyes treated with deep sclerectomy and MMC, and although
slightly lower in magnitude, also by Corcostegui et al.?° after combined surgery with deep sclerectomy
plus placement of an absorbable implant (SKGel) (less than 0.5 D and not significant). In summary, pub-
lished studies suggest that trabeculectomy and Ex-Press implantation seem to induce greater corneal
astigmatism than deep sclerectomy and Preserflo Microshunt. Concerning the changes observed on the
axial length after glaucoma surgery, this implant seems to induce a comparable reduction to trabeculecto-
my with MMC. Using a noncontact biometry device to obtain the measurements on the third month the
results seem to be comparable (-0.14 + 0.13 mm for trabeculectomy?®, 0.13+0.23 mm for non-combined
and 0.2+0.07 mm for combined surgery).

There are relatively few publications on other glaucoma surgical devices such as MIGS and glaucoma
drainage devices (GDD). loannidis et al.?* analyzed the refraction, visual acuity and manifest astigmatism,
represented by the astigmatism component of a power vector in patients undergoing combined femto-
second laser-assisted cataract surgery and the insertion of two iStent inject (Glaukos, San Clemente, CA,
USA) trabecular micro-bypass. Mean cylinder changed from 0.91 pre-op to 0.41 at 4 weeks with a signif-
icant reduction in J45 and B values in the vector-based values. To our knowledge, there are presently no
studies examining refractive outcomes following GDD implantation. Tzu et al.?? examined the refractive
outcomes after cataract-only and combined cataract- trabeculectomy with 0.4 mg/ml MMC, or either
Ahmed (New World Medical Inc., CA) or Baerveldt (Abbott Laboratories Inc., IL) implants. They reported
1.31 +£ 0.86 (+ 0.26 to + 3.76) change in cylinder in the combined group vs 0.99 + 0.72 (O to + 2.75) in
the cataract-only group (p=0.1) but this did not differentiate between the combined trabeculectomy and
GDD populations. To the best of our knowledge, there are no studies published that report the corneal
and refractive changes after the implantation of the XEN gel stent. A summary of the studies published in
the literature is shown in Table é.

Different mechanisms have been proposed to explain the change in the corneal astigmatism with different
glaucoma surgeries. Egrilmez®® explained that the thin layer of tissue left intact in deep sclerectomy may
help reduce the amount of induced corneal steepening. Cunliffe et al. postulated that the sclerostomy
performed in trabeculectomy allows the edge of the cornea to retract, reducing the vertical corneal radi-
us. Rosen et al.’ proposed cauterization at the time of surgery as one of the main factors for corneal cur-
vature changes. Dietze'! suggested that overtight scleral flap sutures at 12 o'clock could cause local tissue
compression, steepening the vertical meridian. Large drainage blebs, ptosis and hypotony have also been
reported as possible mechanisms of astigmatism induction'* as well as the use of mitomycin C, which ap-
pears to be associated with longer lasting astigmatic changes. In a study published by Hong et al.%, there
was less WTR astigmatism induction in the early postoperative period and longer lasting ATR astigmatism
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up to 12 months in the trabeculectomy-MMC group (0.2mg/ml). Kook et al.24 found a WTR change of
1.23D at 3 months, persistent at 6-12 months (0.94 and 0.65D) after trabeculectomy with MMC 0.4 mg/
ml. In contrast, Delbeke et al®® reported a lower WTR change with 0.2 mg/ml MMC (0.35 D at 1 month,
whichhad almost disappeared at 3 months, 0.18 D). In our series, with a 0.2 mg/ml concentration of MMC,
the changes observed in the corneal astigmatism seem to be comparable to those reported for trabeculec-
tomy in the early postoperative period for the same concentration. A longer follow-up of our cases will
show if there are longer lasting corneal effects associated with this implant and MMC concentration, even
though our results suggest a tendency to regain preoperative values close to the third month.

The Preserflo Microshunt implant avoids the need for scleral flap creation and sutures (both risk factors
for astigmatism induction). Furthermore, the most frequent type of filtering bleb (analyzed clinically and
by AS-OCT) has been reported to be multilayered, low and posterior in relation to the limbus in the ma-
jority of the cases® with no reported cases to date of large or avascular blebs that have been related to
changes in the corneal curvature®®. Even though it is a penetrating procedure, the lack of a sclerectomy
and the narrow external diameter of the tube (350 um) placed across the angle probably induce very small
changes in the angular morphology. These findings may be involved in the transient and mild astigmatic
change observed after surgery with this implant.

A potential bias to the study is the presence of three cases of refractory glaucoma. In these cases, the
Preserflo Microshunt was implanted as the second glaucoma surgery procedure due to the fibrosis of the
filtering bleb, confirmed clinically and by AS-OCT. The surgery was performed in another quadrant (na-
sal-superior was preferred to leave the temporal-superior quadrant for a future GDD if required) to avoid
the scar tissue, aiming to decrease the inflammation and fibrosis. Still, an unexpected fibrotic response
could alter the maturation process of the bleb with a subsequent influence on the corneal curvature.

Even though it was not a initially the main purpose of the study, we found a significant correlation be-
tween the nonmedicated mean IOP and the posterior corneal elevation at the preoperative baseline visit,
suggesting that mechanical compression of the stroma occurs in POAG eyes with a subsequent increase
in the posterior corneal elevation. This finding, which could be a new marker for the biomechanical cor-
neal modifications that occur in glaucoma patients, has been previously described by Arranz et al?¢. Most
likely, corneal hysteresis (CH) and the way it responds to changes in the IOP are involved in the changes
encountered in the posterior corneal elevation. Corneal hysteresis remains stable with diurnal variations
in the IOP?7 or transient corneal swelling induced by contact lenses?®, thus maintaining biomechanical in-
tegrity under these conditions??. Nevertheless, changes in the CH do occur in association with structural
changes in the cornea, such as in Fuchs dystrophy, after LASIK, in keratoconus®® and in glaucoma patients
(POAG or normal tension glaucoma [NTG])®'. Under these conditions, the CH is lower than normal. Fur-
thermore, in glaucomatous eyes, a lower CH has been identified as a risk factor for progressive worsening
of the visual field*. In addition, the CH seems to recover to baseline values after the IOP is decreased
using antiglaucoma medication?’. Thus, a lower CH and smaller central corneal thickness (CCT) have been
described as independent risk factors for glaucoma progression®?. This hypothesis suggests that a more
deformable cornea may be linked to more deformable posterior ocular structures (sclera, lamina cribrosa)
and thus might be associated with a higher risk for glaucoma development and progression. It would be
interesting to investigate whether the higher posterior corneal elevation shown in glaucoma patients is
also correlated with a worsening VF and therefore glaucoma progression.

Based onour results, the Preserflo Microshunt technique seems to improve the refractive changes caused
by classic filtering surgery. Compared to trabeculectomy, which has been reported to induce visually sig-
nificant changes in the AL, ACD and keratometric parameters, in some cases, lasting more than a year, the
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effect of Preserflo Microshunt implantation on ocular biometrics appears to be clinically not significant,
inducing low and transient corneal and biometric changes only in the very early postoperative period.
The mild refractive changes induced by Preserflo Microshunt may benefit IOL calculations for combined
surgery or even for the implantation of toric and extended depth-of-focus IOLs in specific cases. Although
the current study did not initially aim to find new glaucoma biomarkers in the cornea, we confirmed that
POAG eyes seem to have a higher posterior corneal elevation since a positive correlation was demon-
strated between the baseline, nontreated IOP and posterior corneal elevation. Further investigation on
the posterior corneal elevation in POAG and VF worsening is clearly needed, as well as a longer follow-up
period to elucidate the long-term effects of the Preserflo Microshunt implantation on the cornea and
refraction.
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Table 1. Baseline characteristics of the study population in the non-combined group and combined
subgroup. Best corrected visual acuity (BCVA); selective laser trabeculoplasty (SLT).

Baseline demographics Non-combined (24 eyes) Combined (6 eyes)
Age 77.7+8 69.8+4
Central corneal thickness 530+34um 525+11um
BCVA (non-combined) 0.6+0.3 0.8+0.1
N° of meds pre-surgery 2.8(1-4) 2.3(1-4)
N° of meds post-surgery 0.2 0
% of patients with post-op meds 3.6% 0
Mean time (days) to post-op meds 60 0
Pseudophakic 23 (82%) 0
Phakic 1(4%) 0
Needling 0 0
Mean time to needling 0 0
N° of patients with surgical revision 3(11%) 0
Time to surgical revision 22.3(7-35) 0
Previous glaucoma surgery 3 0
Previous SLT 1 0

Table 2. Comparison of preoperative and postoperative intraocular pressure, visual acuity, refraction
and biometrics. Anterior chamber depth (ACD); axial length (AL); best-corrected visual acuity (BCVA);
intraocular pressure (I0OP); spherical equivalent (SE). (a) Non-combined group (b) Combined subgroup.

i p/z One p/z Three p/z Difference p/z
Parameters Preoperative One week
value month value months value pre-3M value
8.7(7-17) 10.4 (8-16) 10.9+1.8
|OP 21.8+5.2 (60% <0.01* (52% <0.01* (50% re- <0.01* 10.8+5.13 <0.01*
reduction) reduction) duction)
BCVA, .
Snellen 0.6+0.3 0.4+0.3 0.01 0.5+0.3 0.1 0.6+0.2 0.8 0.009+0.2 0.8
SE 0.08+1 - - - = 0.3+1 0.1 0.2+0.8 0.1
Refractive 55,4 - - - - 02¢1 005 03207 0.05*
Sphere
Refractive 4 5108 - - : - 11:07 08 001 08
Cylinder
ACD 3.9+0.9 - - - - 3.9+0.7 0.9 0.00006+0.7 0.9
AL 245427 - - - - 24.3+2.7 0.13+0.23 0.01*

Table 2 (a) Non-combined group.
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Parameters Preoperative
|OP 16.5£1.5
BCVA, 0.8+0.1
Snellen

SE -1.8+14
Refractive

Sphere 2 AL2
Refractive

Cylinder 22200
ACD 2.4+0.3
AL 24.1+0.6

One week

9.3+2.5
(44%
reduction)

060109

Table 2 (b) Combined subgroup.

p/z One p/z
value month value
10.1+1.3
<0.01* (29% <0.01*
reduction)
0.04* 0.78+0.1  0.05*

Three months

10.1+1.1
(39%
reduction)

0.8(0.4-1)
0.9+0.6

0.25+0.5

1.4+0.8

4.2+0.3

23.8+0.2

p/z Difference
value pre-3M
<0.01* 6.3+0.8
0.7 +0.025+0.1
<0.01* -2.79+1
<0.01" -2.6+1
04 -0.25+0.7
1.7+£0.2
= 0.2+0.07

p/z
value

<0.01*

0.7

<0.01*

<0.01*

0.4

<0.01"

<0.01*

Table 3. Comparison of preoperative and postoperative astigmatism. Anterior surface astigmatism (ASA);

anterior surface astigmatism axis (ASA axis, flat); posterior surface astigmatism (PSA); posterior surface

astigmatism axis (PSA axis, flat); total corneal astigmatism (TCA, 4 mm); statistical power of the test (pwr).

(a) Non-combined group (b) Combined subgroup.

Parameters Preoperative One week

ASA 1.4+0.9 2.1(1.5-34)

] 118.2 (6.3-

ASA axis (flat) 104.7+72

171.5)

PSA 0.3+0.1 0.4 (0.3-0.6)

) 87.2(1.4- 162.5(141.8-

PSA axis (flat)

176) 169.6)

TCA 4 mm 1.5+1.1 2.3(1.8-3.8)
Table 3 (a) Non-combined group.
Parameters Preoperative = One week

ASA 1.1+1 22+1.7

ASA axis (flat) 101.5+67 126.8+53

PSA 0.3+0.1 0.2+04

PSA axis (flat)  66.1+71 102.4+77

TCA 4 mm 1.1+1 2.3+1.5

Table 3 (b) Combined subgroup.
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p/z One
value month
0.01* 2.1+08
127 (14.6-
0.3
166)
0.06 0.3+0.09
0.3 17247
0.01* 25+1
p/z One
value month
0.07 1.7+1
0.2 114.5+66
0.09 0.4+0.3
0.1 106.1+79
0.02* 1.7+0.8

p/z Three Difference
value months pre-3M
0.2 1.8+1 0.4+0.3
135.2
0.4 30.5+64
(60-174)
0.1 0.4+0.1 0.08+0.1
0.6 170.7£4.7 83.5+91
0.2 1.9+1.1 0.4+0.3
p/z Three Difference
value months pre-3M
0.1 14+0.8 0.2+1.0
0.3 117.8+56  7.3+76.2
1 0.3+0.2 0.03+0.1
0.3 105.3+78 16+89
0.03* 1.5£0.7 0.2+0.9

p/z
value

0.03"

0.2

0.2

0.07

0.05*

p/z
value

0.2
0.6
0.3
0.4
0.4



Table 4. Comparison of preoperative and postoperative corneal radii for the non-combines group (a) and
combined subgroup (b).; Radius flat (Rf); Radius steep (Rs); Radius mean (Rm); anterior surface (A); poste-
rior surface (B); * statistically significant; statistical power of the test (pwr).

Parameters Preoperative One week

Rf (A) 7.8+0.4 7.9£04
Rs (A) 7.6+0.4 7.5+0.4
Rm (A) 7.7+0.4 7.75+0.3
Rf (B) 6.55+0.2 6.57+0.3
Rs (B) 6.2+0.2 6+0.3
Rm (B) 6.39+0.2 6.32+0.2

Table 4(a) Non-combined group (Group 1)

Parameters Preoperative One week

Rf (A) 7.6+0.2 7.6+0.1
Rs (A) 7.39+0.3 7.25+0.4
Rm (A) 7.5+0.2 7404
Rf (B) 6.3+0.2 6.3+0.2
Rs (B) 6.08+0.1 5.9+0.3
Rm (B) 6.23+0.2 6.1+0.2

Table 4(b) Combined subgroup (Subgroup 2)

p value

0.03*
0.1
0.9

0.7
<0.01*

0.03

p value

0.01
0.2
0.5
0.1
0.5

One
month

7.8£0.1
7.5£0.3
7.71+0.3
6.6x0.2
6.1+0.2

6.38+0.2

One
month

7.6+0.4
7.2+0.5
7.4+0.4
6.4+0.3
6.04+0.3

6.2%0.2

p value

0.2
0.2
0.6
0.2
0.2

0.3

p value

0.8
0.9
0.6
0.4
0.02*

0.1

Three
months

7.8£0.4
7.540.3
7.6£0.4
6.5%0.2
6£0.2

6.2+0.2

Three
months

7.6+0.2
7.31+£0.36
7.45+0.3
6.4+0.2
6.07+0.03

6.25%0.2

Difference
pre-3M

0.008+0.1
0.04+0.1
0.01+0.09
0.0004+0.1
0.01+0.1
0.02+0.08

Difference
pre-3M

0.01+0.01
0.02+0.06
0.04+0.03
0.05+0.1

0.01+0.03
0.02+0.04

p value

0.7
0.2
0.4
0.9
0.5

0.2

p value

0.1
0.02*
0.01*
0.3
0.5
0.3
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Table 5. Comparison of preoperative and postoperative corneal elevation. Anterior corneal elevation
(ACE, max, min, central); posterior corneal elevation (PCE, max, min, central); *statistically significant. (a)

Non-combined group. (b) Combined subgroup.

Preoperative One week
Parameters
(um) (um)

ACEmax  26(20-31) 40 (29-51)
ACE min -19 (-23/-14) -27 (-37/-17)
ACE cen-

tral

PCEmax  53.5(40-67) 67 (46-88)

0.6 (-0.9-2) 0.9 (-2/4)

PCE min -34 (-45/-23) -44 (-61/-27)
PCE cen-

tral

4.6+4.8 52+43

Table 5 (a) Non-combined group

Parameters Preoperative One week
(um) (um)
ACE max 22+15.6 40.5+9.7
ACE min -14.3+7.5 -19+4.5
ACE central  1.6+0.8 2.5+2.3
PCE max 47.1+24.4 75+22.9
PCE min -25.6+£17 -60.7+60.5
PCE central 2.9+3.4 1.2+3.9

Table 5(b) Combined subgroup
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p/z
value

0.017

0.017

0.7

<0.01*

0.5

0.3

p/z
value

0.09
0.2
0.5
0.1
0.4

0.5

One month p/z

(um) value
32 (22-43) 0.01*
-21(13-29)  0.03

1(-0.6-3) 0.7

56 (40-73) <0.01
-38(-57/-19) 0.2

3.7%5 0.2

One month p/z

(um) value
36.2+13.9 08
-25+8.2 0.2
2.5+1.9 0.4
54.2420.6 04
-33.2+7.4 0.8
2.7%2.5 0.4

Three

months (um)

29(23-34)
-21(-27/-13)

0.7 (-0.5-2)

59.8(41-78)
-31(-39/-24)

3.4+4.7

Three

months (um)

27.3£11.2
-18.5+9
1.5+1
46.3+18.4
-29.1+4.7

1.8+2

p/z
value

0.1

0.8

0.2

0.3

0.9

0.8

p/z
value

0.3
0.01"
0.2
0.4
0.1
0.3

Difference

pre-3M (um)

312

1.3

0.04

6.3

0.6x0.5

Difference
pre-3M (um)
5.3£9
4.1+8.1
0.1+0.3
0.8+115
3.5+19

1.1+£34

p/z
value

0.1
0.5

0.7

0.7
0.8

0.2

p/z
value

0.2
0.2
0.6
0.8
0.6

04



Table 6. Summary of the studies published in the literature for the changes in refraction and astigmatism
after different glaucoma surgery techniques. Mitomycin C (MMC); against-the-rule (ATR); with-the-rule

(WTR).

Hugkulstone’

Cunliffe et al®

Claridge et al”

Rosen et al.*°

Dietze et al'!

Hongetal.?®

Kook et al*

Delbeke et al*

Hammel et al*?

Egrilmez et al®®

El-Saied??

Corcostegui et al®®

loannidis et al?*

Tzu et al??

Surgical technique

Trabeculectomy

Trabeculectomy

Trabeculectomy

Trabeculectomy

Trabeculectomy

Trabeculectomy

Trabeculectomy

Trabeculectomy

Ex-Press

Trabeculectomy and deep

sclerectomy

Deep sclerectomy vs
trabeculectomy

Combined cataract+ deep

sclerectomy

iStent + catarac surgery

Cataract vs combined
(trabeculectomy or
Ahmed/Baerveldt)

Intraoperative

antimetabolite

None

None

None

None

None

With or without
MMC 0.2

MMC 0.4

MMCO0.2

None

None

MMC

Reticulated
hyaluronic acid
implant

MMC 0.4 mg/ml

Follow-up

7 months

10 months

3 months

3 months

3 months

12 months

12 months

3 months

3 months

6 months

6 months

3 months

Findings

Vertical corneal radius reductionin the
first postoperative day (from 7.7 1 to
7.36) with a gradual increase until the

7th week

WTR astigmatism shift (reduction in
vertical radius from 7.69 to 7.56 at
week one) that returned to the preop-
erative values within 10 months.

Two types of topographic variations: su-
perior corneal steepening and flattening,
with WTR astigmatism in both cases
Mean WTR astigmatism of 1.24 D at 3
months and WTR shift in 8 eyes of 1.5
to 2.5 D up to 12 weeks postoperatively
WTR astigmatism at 1st week (1.4D)
which returned to within 1 D of preop-
erative values on 12th week

Less WTR astigmatism induction in

the early postoperative period and
longer lasting ATR astigmatism up to 12
months in the trabeculectomy-MMC

group.

WTR change of 1.23D at 3 months,
persistent at 6-12 months (0.94 and

0.65D)

WTR change of 1.23D at 3 months,
persistent at 6-12 months (0.94 and

0.65D)

Transient increase in both anterior and
posterior corneal astigmatism (from 2.6
to 4.7 D anterior; 0.4 to 0.9 D posterior
Less WTR astigmatism induction after
deep sclerectomy with a nonabsorbable
implant (T-Flux) vs trabeculectomy
(0.62Dvs.1.06 D) in the early post-
operative period and less of an ATR
shift thereafter (0.62Dvs. 1.24 D at 6

months)

0.67 D at 6 months

The refractive change after phacoemul-
sification combined with deep sclerec-
tomy was mild and not clinically signif-

icant.

Mean absolute difference from SE
target refractionwas 0.36 0.25D with
73.9% of eyes within 0.5D of the refrac-
tive target with 98.9 eyes within 1.00D
of the predicted refractive target.

1.31 0.86(+0.26to+3.76) changein
cylinder in the combined group vs 0.99
0.72 (0to + 2.75) in the cataract-only

group (p=0.1)

Astigmatism

induction

WTR at all time points
up to 28 days

WTR induction

+1.5-25D

+0.4+£0.3

0.71 + 0.54 induced
WTR astigmatism

1.23at3
months

0.35D at 1 month,
0.18 at 3 months

ACA change from 2.6
to2.2D

0.62D (D9)
106D (TB)

0.67 D (DS)
0.82D(TB)

WTR change < 0.5
Drange
(0.03-1.67 D)

Keratometric
astigmatism not ana-
lyzed

1.31+0.86
(+0.26 to+3.76)
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Figure 1. Image of the Preserflo Microshunt implanted on the superior nasal quadrant 1 week after sur-
gery. Fornix-based conjunctival dissection. The conjunctiva is sutured watertight with two 10/0 nylon
stitches close to the limbus.

Figure 2. Box plot diagram from the evolution of the IOP after the Preserflo Microshunt implantation in
the non-combined group and combined subgroup. Intraocular pressure (IOP); interquartilic range (IQR).
IOP preoperative: 21.8+5.2, 16.5+1.5 mmHg (group 1, subgroup 2); one week: 8.7 (7-17), 9.3+2.5 mmHg
(group 1, subgroup 2); one month: 10.4 (8-16),10.1+1.3 mmHg (group 1, subgroup 2); 3 months 10.9+1.8,
10.1+1.1 mmHg (group 1, subgroup 2).

IOP non-combined group IOP combined subgroup
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pad
[ 1OF pre (IQR 17-25) [0 10P 24 hours (1QR 7-9) [ 1OF pre (IQR 15-17) [0 10P 24 hours (IQR 8-10)
[0 10P 1 week (IQR 8-9) 77771 10P 1 month (IQR 9-11.5) [0 10P 1 week (IQR 8-11) I IOP 1 month (IQR 9-11)
[ 10P 3 months (IOR 9.5-12) 1 10P 3 months (IQR 9-11)
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Figure 3. Box plot diagrams from the changes observed in the anterior and posterior corneal astigmatism
for the combined and non-combined groups. Anterior surface astigmatism (ASA); posterior surface astig-
matism (PSA); total corneal astigmatism (TCA); interquartilic range (IQR). The results from ASA, PSA and
TCA are also summarized in Table 3 (a) non-combined and (b) combined.
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Figure 4. Box plot diagrams from the changes observed in the anterior and posterior corneal elevation
for the combined and non-combined groups. Anterior corneal elevation max (ACE max); anterior corne-
al elevation min (ACE min); posterior corneal elevation max (PCE max); posterior corneal elevation min
(PCE min); interquartilic range (IQR). The results from ACE and PCE are also summarized in Table 4 (a)
non-combined and (b) combined.
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ABSTRACT

Introduction: To analyze the effects of PRE-
SERFLO on corneal endothelial cell density
(ECD).

Methods: Forty-six eyes that underwent PRE-
SERFLO implantation were followed up for
12 months. Specular microscopy was performed
preoperatively and at 1, 3, 6, and 12 months
postoperatively to measure central ECD and
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mean monthly reduction (MMR). Anterior seg-
ment optical coherence tomography (AS-OCT)
was applied to measure the tube-endothelium
(TE <200 ym, 201-500 um, > 500 um)  dis-
tance. The relationship between TE distance
and ECD was analyzed with a linear mixed-ef-
fects model.

Results: Central ECD decreased significantly at
lyear (7.4%, p=0.04), with an MMR of
—15 + 25 cells/mm? Regarding TE distance
groups, there was an 18% ECD reduction in
the <200 pm group vs. 1% in the > 500 um
group (p = 0.08). Endothelial cell loss was rela-
ted to TE distance (mean 482.9 4+ 238 um), with
a higher rate at 1 month in comparison to
12 months for the same tube position in the
anterior chamber (—174.8 + 65.2 cells/mm? at
1month vs. 30.2+11.3 cellsymm? at
12 months, p <0.01). From month 6, tubes
located > 600 pm from the endothelium
showed EC loss close to zero.

Conclusions: The PRESERFLO implant is asso-
ciated with a loss of EC from the immediate
postoperative period that continues over time at
lower rates. A shorter TE distance appears to
cause more severe ECD loss.

Keywords: AS-OCT; Glaucoma; Endothelial
cell loss; Filtering glaucoma  surgery;
Glaucoma; Glaucoma drainage device; MIGS;
PRESERFLO
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Key Summary Points

Why carry out this study?

There is growing concern about the
endothelial safety of the new glaucoma
implants since the recent market
withdrawal of a suprachoroidal device.
The rate of endothelial cell loss and the
risk factors associated with the
PRESERFLO MicroShunt are still not
known.

What was the hypothesis of the study?

The main hypothesis of this study was that
a short distance of the tip of the
PRESERFLO from the endothelium might
be associated with greater corneal
endothelial cell loss, as has been shown to
happen with long-tube glaucoma drainage
devices.

What was learned from the study?

What were the study outcomes? A short
distance from the tip of the tube from the
endothelium appears to cause more severe
endothelial cell density (ECD) loss. The
tubes located at a distance greater than
600 pm show ECD loss close to zero.

What has been learned from the study?
The pattern of ECD loss associated with
PRESERFLO resembles the ECD loss
associated with long-tube glaucoma
drainage devices, an ongoing loss of
endothelial cells that occurs over time,
but at a slower rate with PRESERFLO. At
one year, the mean percentage of ECD loss
(7.4%) and the mean monthly reduction
(—14.6 cells/mm?) are comparable to the
ECD loss reported for the Ahmed valve
located in the ciliary sulcus. A distance
from the tip of the endothelium greater
than 600 um appears to protect from
endothelial cell loss. Hypotony and
peripheral anterior synechiae are risk
factors for greater endothelial cell loss in
the immediate postoperative period.

INTRODUCTION

Endothelial cell loss (ECL) leading to corneal
decompensation is one of the major concerns
regarding glaucoma surgical procedures. Many
studies have reported the effects of glaucoma
surgery on corneal endothelial cells (CECs). In
recent years, attention has been focused on the
effects that the relatively new techniques,
microincisional glaucoma surgery (MIGS) and
subconjunctival “miniaturized” tube shunts
(XEN 45, Allergan Inc. Dublin, Ireland; PRE-
SERFLO MicroShunt, Santen Pharmaceutical
Co., Osaka, Japan), might have on the
endothelium. However, the withdrawal of the
CyPass supraciliary micro-shunt (Alcon Labora-
tories, Fort Worth, TX, USA) from the global
marketplace as a direct result of adverse effects
on endothelial cell density (ECD), with a
cumulative 5-year incidence of ECL > 30% [1],
has increased concerns about the monitoring
and control of the impact of glaucoma surgery
on CEC health.

Although the pathophysiology of endothe-
lial cell loss is not well understood, it has been
proposed to involve at least three mechanisms:
first, mechanical damage derived from the
proximity of the implant to the endothelium;
second, the high fluid flow of aqueous humor
through the tube, inducing ECL proximal to the
tube entry site; and third, postoperative
inflammation [2, 3]. In the CyPass study, the
position of the tube in the anterior chamber
(AC) was associated with ECL, with greater ECL
in eyes where the implant protruded further
and was closer to the endothelium [1]. Based on
the Ahmed glaucoma valve (AGV; New World
Medical, Rancho Cucamonga, CA, USA), the
mean monthly rate of central endothelial cell
loss was recently reported to be significantly
higher when the tube was located in the AC
compared to the ciliary sulcus [4]. Similarly, in a
3-year follow-up study, the position of the tube
of the Baerveldt (BV) glaucoma drainage device
(GDD) (Abbott Medical Optics, Chicago, Illi-
nois, USA) was found to accelerate EC loss when
placed closer to the endothelium, i.e., the
shorter the distance, the greater the loss [5].
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The PRESERFLO implant is an 8.5-mm-long
tube designed to shunt the aqueous humor
from the AC to the subconjunctival space in a
posterior location, away from the limbus, and
underneath Tenon's capsule. For the same tube
length, the volume occupied by this implant in
the AC is almost half that of a traditional GDD
(due to their different external diameters, 350
vs. 630 um, respectively). In addition, resistance
to flow, as calculated with the Hagen-Poiseuille
equation [6], is significantly higher through
PRESERFLO, increasing inversely to the fourth
power of the lumen diameter (70 vs. 305 um,
1.3 mmHg/pL/min vs. 0.004 mmHg/uL/min).
Thus, the fluid flow through PRESERFLO is sig-
nificantly lower than that through a traditional
GDD. Both parameters, namely, high fluid flow
through the tube and turbulence present at the
tip of the implant producing damage to the
endothelium near tube entry, have been pro-
posed as possible mechanisms involved in ECL
after GDD implantation [2, 7]. Theoretically,
the lower rate of aqueous flow through this new
implant might reduce the rate of ECL after sur-
gery, though the effects of the location of PRE-
SERFLO in the AC (distance from the
endothelium and the iris and the total length of
the tube) on ECD have not yet been analyzed.
We hypothesized that a short distance of the tip
of the PRESERFLO from the endothelium might
be associated with higher rates of CEC loss, as
has been shown for the BV glaucoma implant,
but probably at a slower rate due to its smaller
volume into the AC and its lower flow rate of
aqueous humor in comparison with traditional
GDDs. The aim of this study was to evaluate the
effect of tube location on corneal cell density
after implantation of the PRESERFLO
MicroShunt.

METHODS

This is an observational, prospective study. It
was performed in accordance with the tenets of
the Helsinki Declaration of 1964. All the
patients gave their informed consent for data
collection and further publication of the study
outcomes prior to surgery. Approval from the
ethics committee was not required, given both

the observational nature of the study and that
the usual clinical practice was followed.

Study Population

The study included consecutive patients who
underwent PRESERFLO implantation in the
upper-temporal or upper-nasal quadrant in the
AC in the Glaucoma Department of the Oftal-
vist Clinic-Moncloa HLA Hospital (Madrid,
Spain). Both “standalone” and combined catar-
act phacoemulsification and PRESERFLO proce-
dures were included, but only pseudophakic
eyes were considered for “standalone” PRESER-
FLO implantation. The exclusion criteria were
as follows: previous glaucoma surgery with a
tube shunt, previous corneal disease, previous
corneal transplant, neovascular and uveitic
glaucoma, and inability of the patient to coop-
erate with the tests required for this study.

Surgical Technique

The surgical technique has been previously
reported by our group [8]: https://journals.lww.
com/glaucomajournal/Fulltext/2021/10000/
Changes_to_Corneal_Topography_and_
Biometrics_After.8.aspx.

In brief: “All operations were performed by
the same surgeon (M.L.B.), with sub-Tenon
anesthesia in the inferior nasal quadrant. A
traction suture on the superior cornea was used
to expose the upper nasal conjunctiva to per-
form conjunctival peritomy and careful Tenon
dissection over two clock hours, liberating all
the attachments between the Tenon capsule
and episclera and creating a posterior pocket
between the superior and medial rectus mus-
cles. A diathermy probe was applied to the
sclera to control bleeding and to obtain a clear
surgical field. Mitomycin C (MMC) 0.2 mg/ml
was used in all cases by introducing three
soaked surgical sponges provided by the man-
ufacturer under Tenon's layer for 2 minutes,
avoiding the limbus, and then gently washing
with balanced salt solution. A mark with trypan
blue was placed with the tip of the caliper 3 mm
away from the limbus, and a 1-mm-wide scleral
pre-incision was created with a microknife until
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the tip was not visible. The scleral tunnel was
created parallel to the surface of the sclera with
a 25-gauge needle entering the AC at the tra-
becular meshwork. The PRESERFLO MicroShunt
was then introduced into the tunnel until it
reached the AC; its position was visually
checked, ensuring that it was not too close to
the iris or endothelium and was placed with the
bevel facing up. A planar fixation structure
resembling the fins of an arrow that seals the
device in the pocket is located half-way down
the tube, preventing leakage around the tube
and the tube from migrating into the eye. The
fins were placed at the end of the scleral tunnel
to ensure that it was inside. Flow through the
implant was confirmed by injecting BSS [bal-
anced salt solution] from the distal side of the
tube with a 23-G cannula; a small air bubble
advancing to the AC is usually observed, and
drop-by-drop flow was confirmed from the end
of the tube with a surgical sponge. Tenon'’s layer
was advanced prior to the conjunctiva to ensure
that the implant was not caught in it, and then
the conjunctiva was sutured watertight over
Tenon’s layer with 10-0 nylon. A side-port

Comea Cross Line Sgred Sranch hdex

Fig. 1 AS-OCT image of the tube of the PRESERFLO in
the AC. The caliper tool of the “Crossline” software of the
Optovue Avanti Widefield was used to measure the

incision was created at the end of the surgery to
inject 0.1 ml of cefuroxime (1 mg/0.1 ml) into
the AC. For combined surgery, the surgical
technique was the same and performed at the
end of the phacoemulsification and IOL [in-
traocular lens] implantation procedure” [8].

Evaluation of the Anterior Segment

All patients underwent preoperative evaluation
of the central corneal thickness (CCT) and
noncontact specular microscopy (Topcon SP-1P
specular microscope, Topcon Corporation,
Tokyo, Japan) for corneal endothelial evalua-
tion prior to PRESERFLO implantation. The
photography magnification of this model is
x254, range 0.25 x 0.55 mm. The automatic
segmentation on a data set of in vivo specular
microscopy images obtained with this device
showed 95.8% correctly merged cells and 2%
undersegmented cells [9]. The images were col-
lected by the fully automated capture proce-
dure. To obtain the images, the mode “center”
was used.

» Right / QD

distance from the tube to the endothelium and the iris and
its total length
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Fig. 2 AS-OCT image of two cases of peripheral anterior synechiae (PAS)

During postoperative visits, these measure-
ments were repeated while accounting for the
central ECD. During follow-up, anterior seg-
ment optical coherence tomography (AS-OCT)
with the Avanti Widefield (Optovue, Inc., Fre-
mont, CA, USA) was used to evaluate the dis-
tance of the tube from the endothelium and iris

and its length in the AC using the caliper tool of
the “Crossline” option. Measurements from the
distal superior end of the beveled tip of the tube
were performed perpendicular to the internal
surface of the cornea (tube-endothelium [TE]
distance) [5], and from the distal inferior end of
the tube to the iris plane (tube-iris [TI] distance)
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Fig. 3 Scatterplot of endothelial cell density (ECD) loss
over time after PRESERFLO implantation into the AC.
The horizontal axis shows days after surgery, and the

(Fig. 1). These measurements were repeated at
1week and at 1, 3, 6, and 12 months after
surgery.

The length of the tube in the AC was mea-
sured from the beveled tip to the angle at
3 months (Fig. 1). Peripheral anterior synechiae
(PAS) were evaluated by AS-OCT (Fig. 2).

Statistical Analysis

Graphic analysis of the data distribution was
analyzed with scatter plots, box plots, and bar
graphs of the total ECD, ECD change (ECD
postoperative — ECD preoperative) versus time
from surgery (number of days since surgery)
(Figs. 3, 4), and the mean monthly reduction
(MMR) in ECD of the total population of the
study (Fig.5). The MMR was calculated by
dividing the ECD change (preoperative — post-
operative) by the number of months since
surgery.

vertical axis shows ECD calculated by subtracting ECD
postoperatively from ECD preoperatively (cells/mm?)

The percentage of central ECD loss (mean +
SD) was obtained by dividing the monthly ECD
change by the preoperative ECD for the total
population of the study at the different follow-
up visits. A linear mixed model was employed to
analyze the influence of the TE and TI distances
on the ECD central change, and the Pearson
correlation index was calculated to analyze the
correlation between ECD and the TE and TI
distances.

Stata® 17 (StataCorp LLC, College Station,
TX, USA) was used for statistical analysis.

The sample was divided into different groups
for analysis:

1. Two groups divided by type of surgery:
Combined  phaco-PRESERFLO  surgery
(“combined” group) vs. pseudophakic eyes
that received the implant as a “solo” proce-
dure (“standalone pseudophakic, SPF”).
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ECD data distribution at the postoperative visits

1

1§

1,000 1,500 2,000 2,500 3,000

500

[ Baseline (IQR 1753-2482)
[ ] 3 months (IQR 1703-2296)
' | 1 year (IQR 1487-2498)

[0 1 month (IQR 1759-2488)
6 months (IQR 1662-2281)

Fig. 4 Endothelial cell density (ECD) distribution at postoperative visits. IQR interquartile range

2. Three groups divided by the TE distance:
(a) TE distance < 200 um, (b) TE distance
201-500 pum, (c) TE distance > 500 pum.

No sample size was specifically calculated for
the current study, because the published litera-
ture about the PRESERFLO implant is so scarce
that this study should be regarded as a pilot
study.

RESULTS

Baseline Data

Forty-six eyes of 40 patients were included
(mean age 74 + 9 years, 37% female, 52% right
eye). Thirty-two eyes were pseudophakic, and
14 underwent combined surgery. Two eyes had
pseudoexfoliative glaucoma, 43 had primary
open-angle glaucoma, one eye had primary
angle-closure glaucoma, and three had under-
gone a  previous glaucoma  surgery

(trabeculectomy). All  patients
informed consent before surgery.

provided

Mean Central Endothelial Cell Density,
Mean Monthly Reduction, and Percentage
of Central ECD Loss in the Total
Population of the Study Over Time

Preoperatively, the mean central ECD was
2088 + 527 cells/mm?. At 12 months, the per-
centage of total central ECD loss was 7.4%. The
results for mean central ECD and mean pachy-
metry are shown in Table 1.

The MMR in central ECD (calculated as the
difference between preoperative and postoper-
ative endothelial measurements divided by the
number of months since surgery, mean + SD
cells/ymm?) at the different time points is shown
in Table 2 and Fig. 5. MMR was —92.8 + 165.6
cellsymm? in the first month, decreasing pro-
gressively in the first year to —14.7 + 28.4 cells/
mm?.
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Mean monthly reduction of ECD (cells/mm2)

-150

B VMR 1 month
B VMR 6 months

B VMR 3 months
P MMR 1 year

Fig. 5 Bar graph of the mean monthly reduction (MMR)
in endothelial cell density (ECD, cells/mm?) after implan-
tation of the PRESERFLO MicroShunt, as calculated by

dividing ECD change (preoperative — postoperative) by

the number of months since surgery

Table 1 Central ECD, percentage of total mean decrease of ECD, and mean pachymetry at different time points

Central ECD (cells/ Mean decrease (cells/ % decrease ECD Mean pachymetry
mm?) mm”) (%) (microns)
Baseline 2088 £ 527 515 + 27
1 month 2087 & 431 —126 £ 160 0.04 511 £ 31
3 months 2040 + 484 —151 + 189 23 504 £ 27
6 months 1980 £ 541 —94 £ 180 5.1 495 £ 93
12 months 1933 =+ 653 —162 £ 301 7.4 509 £ 35

SD standard deviation

The percentage of central ECD loss (mean +
SD) obtained by monthly ECD change divided
by preoperative ECD for the total population of
the study at the different follow-up visits is
shown in Table 3.

Endothelial Cell Changes Analyzed
by Groups

Combined Versus Standalone

There was no statistically significant difference
in baseline ECD between the groups (Student’s
t test p=0.1). The mean central ECD (cells/
mm?) per group at consecutive visits and the
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Table 2 Mean monthly reduction in the endothelial cell
density (total endothelial cell decrease/no. of months since
surgery) in the total population of the study

Mean monthly reduction (cells/mm”®) Mean SD
1 month —1258 160
3 months —50.2 63
6 months —15.6 30
12 months —14.6 25

SD standard deviation

total percentage of loss at 1 year are given in
Table 4.

The MMR in ECD per group showed greater
endothelial loss in the combined group in the
first month (—140 + 110 vs. —118 4 181 cells/
mm?) and in the standalone group at 1 year
(=16 £28 vs. —11 +13 cellsymm?), even
though the differences were not significant

Table 3 Percentage of central ECD loss (mean £ SD)
obtained by monthly ECD change divided by preoperative
ECD for the total population of the study at the different

follow-up visits

% central decrease (MMR/baseline Mean SD

ECD) (%)
1 month —0.075  0.07
3 months —0.02% 0.03
6 months —0.008% 0.01

12 months —0.007% 0.01

(p = 0.6, p = 0.3, respectively; Table 5). Figure 6
shows the progressive MMR in ECD (cells/mm?)
from 1 month to 1 year.

Comparison of TE Distance Between Groups
The mean distance from the tube to the
endothelium was 482.9 + 238 um; from the iris,
it was 778.5 + 348 pm. The mean length of the
tube in the AC was 2.76 + 0.4 mm.

The mean central ECD in the groups with
TE < 200 pm (Group a), 201-500 pm (Group b),
and > 501 pm (Group c) from baseline to 1 year
is shown in Table 6. No statistically significant
differences were found between the groups at
baseline or at different time points (one-way
ANOVA, Bonferroni correction, Prob > F 0.4),
but ECL over time was greater when the TE
distance was less than 500 um (—134 + 203 and
—209 + 349 cells/mm? in groups < 200 pm and
201-500 ym  TE, Vs. —36 + 163 in
group > 500 pm TE). According to the percent-
age of total loss at 12 months between the
groups, the shorter the TE distance, the greater
the loss (<200pum: 18%, 200-500 pm:
11%, > 500 pm: 1%) .

The MMR in ECD based on TE distance
groups is shown in Table 7 and Fig. 7. Although
the differences were not significant (one-way
ANOVA, Bonferroni correction, Prob > F 0.5),
MMR in the first month was higher when the TE
distance was less than 200 um (—149 + 76). At
12 months, the group with TE distance greater
than 500 um had less MMR in ECD (-3 + 14
Cells/mmz) than the < 200 pm (—11 + 9 cells/
mm?) and 201-500 pm (—20 4 29 cells/mm?)
groups.

Table 4 Mean central ECD (ceﬂs/mmz) at baseline, 1, 3, 6, and 12 months by groups; combined and standalone pseu-

dophakic (SPF) and mean difference from baseline

Central ECD Combined % decrease (%) SPF % decrease (%)
Baseline 2239 + 428 2022 + 558

1 month 2065 + 365 7.7 2097 + 467 0

3 months 2096 + 407 6.3 2018 £ 519 0.2

6 months 2110 £ 529 5.7 1899 £ 550 6

12 months 2114 + 428 5.5 1869 £ 713 7.5
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Table 5 Mean monthly reduction (MMR) in ECD (cells/mm?) per group; combined and standalone pseudophakic (SPF)

at 1, 3, 6, and 12 months post-op

MMR in central ECD (cells/mm?) Combined SPF

1 month —140 £+ 110 —118 £+ 181
3 months —72 £ 41 —41 £+ 69

6 months —19 £ 25 —13 £33

12 months —11 £ 13 —16 + 28

Mean monthly reduction of ECD (combined vs. standalone PF)

[«

-50

-100

-150
1

C

PF

B VMR 1 month
B MMR 6 months

B VMR 3 months
S MMR 1 year

Fig. 6 Mean monthly reduction (MMR) in ECD (cells/mm?) per group (combined vs. standalone pseudophakic PF)

Mixed-Effects Linear Regression Model
Analysis Between the TE Distance

and Total Length of the Tube in the AC
with Endothelial Cell Loss

A mixed-effects linear regression model ruled by
the equation MMR = mean TE coefficient x
mean TE constant coefficient showed an inverse
linear relationship between the MMR in ECD at
1, 3, 6, and 12 months and the TE distance
(Fig. 8). According to this model, all tube loca-
tions were associated with endothelial cell loss

at 1 and 3 months: the shorter the TE distance,
the greater the loss. At 1 month, loss began at
—174.8 + 65.2 cells/ymm? for a TE dis-
tance=0um  (p <0.01), decreasing  to
—62.2 + 27.8 cells/mm? at 6 months (p = 0.02).
At 6 and 12 months, the linear fit showed a
lower rate of loss, which was initiated at
—33.9 +£12.8 cellsymm? (p<0.01) and
—30.2 + 11.3 cellsymm? (p <0.01) at 6 and
12 months, respectively. From 6 months and
thereafter, tubes located further than 600 pm
from the endothelium were associated with a
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Table 6 Central endothelial cell density (ECD) per group of tube—endothelium (TE) distance at different time points

(Group a: 3 eyes; Group b: 21 eyes; Group c: 22 eyes)

Central ECD <200 pm TE 201-500 pm TE > 501 pm TE
(Group a) (Group b) (Group ¢)

Baseline 2073 + 356 2023 £ 588 2239 + 478

1 month 2010 + 383 2029 + 460 2248 + 420

3 months 2048 £ 207 2123 + 490 2143 + 427

6 months 1928 + 251 1810 £ 525 2157 £+ 622

12 months 1700 £ 349 1810 + 697 2214 + 574

Mean diff baseline — 12 months (Prob p) and ~ —134 & 203 —209 &+ 349 (10.5%) —36 % 163 (1.1%)

total % loss (17.9%)

Table 7 Mean monthly reduction in the endothelial cell density (total endothelial cell decrease/no. of months since

surgery) per group of tube—endothelium (TE) distance

Mean monthly reduction <200 pm TE 201-500 pm TE > 501 pm TE
1 month —149 £ 76 —129 £ 195 71 £ 79
3 months —48 + 67 —50 £ 69 —37 £ 59
6 months —38 + 34 —23 + 33 —3+21
12 months —11+£9 —20 £+ 29 -3+ 14

very low rate of endothelial cell loss, close to
zero (Fig. 8b, c). Using this model, an inverse
linear relationship with a significant goodness
of fit (p < 0.01) was found between the mean TE
distance and ECD at 1 year, with a shorter dis-
tance from the tube to the iris having a higher
ECD (Fig. 9). However, linear regression mixed-
model analysis did not find an association
between the total length of the tube into the AC
and the MMR in ECD at any of the time points.

Pearson’s Correlation Coefficient

to Measure the Statistical Relationship
Between TE Distance, TI Distance,
and Tube Length in the AC

with Endothelial Cell Density

A positive and significant correlation (r = 0.38,
p =0.05) between TE distance and ECD and a
negative and significant correlation (r = —0.5,
p < 0.01) between mean TE distance and ECD

were found 1year after surgery. Therefore,
higher ECD at 1 year was associated with greater
distance of the tube from the endothelium and
smaller distance of the tube from the iris. The
total length of the tube in the AC did not
exhibit a correlation with MMR or ECD at any
of the time points of the study.

Analysis of Other Risk Factors
for Endothelial Cell Loss
with the PRESERFLO Implant

Age: An inverse and significant correlation was
found between age and ECD at 6 months
(r=-0.3, p =0.05, younger age, higher ECD).
The correlation was negative but not significant
at the remaining postoperative visits. Linear
mixed-effects models showed an inverse linear
relationship (r= —0.15, p = 0.03) between age
and MMR at 12 months.
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Mean monthly reduction of ECD per group of TE distance
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Fig. 7 Mean monthly reduction (MMR) in ECD (cells/mm?) based on tube-endothelium distance (TE)

groups. < 200 pm; 201-500 pm; > 500 pm

AC depth: A positive and significant corre-
lation was found between ACD and ECD at
3 months (r = 0.3, p = 0.05), but an inverse and
significant correlation (r= —0.4, p = 0.01) was
found between ACD and MMR in ECD at
3 months: he higher the ACD at 3 months, the
higher the ECD; conversely, the lower the ACD,
the higher the MMR in ECD.

PAS: Student’s t test analysis showed that the
MMR in ECD at 1month was greater
(—341 + 139 vs. —111 + 28 cells/mm?) in
patients with PAS (p = 0.02).

Significant Endothelial Cell Loss Was
Observed in One Case of Extremely Short
TE Distance and Anterior Corneal Position
of the Tube

In the total study population, there was one
case of a 78-year-old man who underwent sur-
gery for tube repositioning. AS-OCT images
revealed that the tube had been introduced into

the AC through the corneal stroma very close to
the endothelium (176 pm), with subsequent
endothelial cell changes observed from baseline
to 1 year. The endothelial cell count decreased
from 2173 cells/mm? preoperatively to 1755
cellsymm? at 3 months, 1459 cells/mm? at
6 months, and 783 cells/mm? at 1 year. Fig-
ure 10 displays the endothelial changes
observed from baseline and the very anterior
position of the tube into the AC. Mean TE and
TI distances in this case were 176.3 + 81.9 um
and 1210 £+ 73.6 um, respectively, with a total
tube length of 2.85 mm in the AC. The tube was
repositioned 1 year after surgery when
endothelial loss was evidenced.

PAS and MMR of Endothelial Cells

Five eyes were found to have PAS related to
transient hypotony in the early postoperative
period. MMR in the first month was signifi-
cantly greater in these eyes (mean —341 + 139
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Fig. 8 A mixed-effects linear regression model was used to
analyze the relationship between the mean monthly
reduction (MMR) in ECD (cells/mm®) and the distance
from the tube to the endothelium (TE). a At 1 month,
mean EC loss began at 174.8 & 65.2 cells/mm* for
TE = 0 um (p < 0.01) and decreased progressively with
increasing TE distance. b At 3 months, EC loss began at

cells/mm?) than in the group with no PAS and
history of hypotony (—72.2 + 30.5 cells/mm?),
p = 0.01. No significant differences were found
at 3 and 6 months or at 1 year.

DISCUSSION

This 1-year follow-up study aimed to analyze
postoperative endothelial cell changes in
patients after glaucoma surgery with the PRE-
SERFLO implant and the relationship that these
changes may have with the tube’s position in
the AC, among other risk factors.

i Mixed Medel LR
MAMR 3 months = 00363695 TE - 61,22861

Mean Distane T {usp

Mixed Model LR
MM 12 months = 0,0329298 TF -10,24199

ht
t

—62.2 & 27.8 cells/mm” for TE = 0 um (p = 0.02). ¢ At
6 months, EC loss began at —33.9 £ 12.8 cells/mm’
(p < 0.01) and reached a value close to zero when the TE
distance was greater than 600 pm. d At 1 year, EC loss
began at —30.2 & 11.3 cells/mm” (p < 0.01) and showed
the same protective distance at 600 Lm

We found that after PRESERFLO, ECL begins
soon after the surgery and continues over time,
following the same pattern of ongoing ECL
previously described for long-tube shunts [10].
Phacoemulsification and trabeculectomy both
have a well-described effect on ECD, with
reductions occurring in the immediate postop-
erative period that tend to stabilize over time.
Additionally, in the current study, a closer
position from the tube to the endothelium was
found to accelerate endothelial cell loss, with a
greater effect in the immediate postoperative
period that decreased over time. It was also
found that patients who underwent combined
surgery experienced higher rates of ECL at 1
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Mixed Model LR
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Fig. 9 A mixed-effects linear regression model was used to
analyze the relationship between endothelial cell density
(ECD, cells/mmz) at 1 year and the mean distance from

month and lower rates at 1 year than after
standalone procedures, suggesting that once
ECL has stabilized after phacoemulsification,
other factors related to the implant continue to
influence endothelial cell loss.

There are widespread data on the effects of
trabeculectomy with mitomycin C (MMC),
phacoemulsification, and tube-shunt implanta-
tion for comparison with the results of this
study on the PRESERFLO MicroShunt. Within
the first 3 months after trabeculectomy with
MMC 0.2 mg/ml, an ECL of 13.9% and a mean
cell loss of —265 cells/mm? were observed [11],
higher than the 2.3% ECL and —150 cells/mm?
found after PRESERFLO implantation. In con-
trast, ECL after trabeculectomy with and with-
out MMC trabeculectomy appears to occur in
the immediate postoperative period. One study
reported 3- and 12-month ECL of 9.5% and
10%, respectively, indicating no significant
ongoing ECL after the first few months (MMC
0.2 mg/ml) [12]. Another study with a 3-month
follow-up of trabeculectomy without MMC
reported an ECL of 4.6%, of which only 1.2%

the tube to the iris (TT). The model showed an inverse
linear relationship (p < 0.01): the greater the TI distance,
the lower the ECD

occurred between months 1 and 3 [13]. The
percentage of ECD decrease found with PRE-
SERFLO for the total population of the current
study revealed ongoing EC decrease, with 7.4%
loss at 1 year.

On the other hand, routine phacoemulsifi-
cation has been reported to be associated with
an ECL of 7.6 to 9.5% within the first 2 weeks
after surgery, stabilizing over time [14, 15] and
leading to an ECL of 7.3% reported at 12
months [16]. In contrast, comparison between
groups of combined versus standalone PRESER-
FLO in the current study showed greater ECL in
the combined group in the first month (7.7%
and 0%, respectively) but comparable ECL at
12 months (5.5% and 7.5%). These results sug-
gest initial ECL associated with phacoemulsifi-
cation in the immediate postoperative period
followed by sustained loss most likely associated
with the presence of the tube in the AC, which
is greater than the gradual physiological decline
in the ECD of the normal adult cornea (esti-
mated 0.6% per year) [17]. The MMR in ECD in
these two groups also exhibited a greater
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Fig. 10 Endothelial cell loss was observed in a case of a short tube—endothelium distance (176 pm), in which the tube
entered the AC through the corneal stroma. The tube was repositioned when significant EC loss was noted

decrease in the first month in both the com-
bined (—140 + 110 cells/mm?) and standalone
(—118 + 181 cells/mm?) groups, whereas the
opposite was observed at 1year (higher mean
monthly loss in standalone). The findings sug-
gest the existence of other factors associated
with ECL at 1 year after PRESERFLO implanta-
tion that are independent of phacoemulsifica-
tion. Most likely, the presence of the tube in the
AC induces sustained EC loss, similar to the
Ahmed (AGV) and Baerveldt (BGI) devices,
though at a slower rate according to our
findings.

AC AGYV tube location has been reported to
be associated with a higher percentage of ECD
loss at 1 year. For instance, Kim et al. [18] found
a 10.5% decrease in central ECD at 12 months
and Lee et al. [19] a 15.3% decrease at 1 year and

an 18.6% decrease 2 years after surgery. These
figures are higher than our results with the
PRESERFLO device, with 7.4% ECL at 1 year.
BGI implantation into the AC has also been
reported to produce a high ECL at 12 months
[20], at 13.1%.

For both the Ahmed and Baerveldt devices,
the proximity of the tube tip to the corneal
endothelium has been reported to be related to
the magnitude of ECL [4, 5], which is consistent
with the results of our study for PRESERFLO.
Furthermore, Zhang et al. [4] compared ECL
between sulcus and AC tube locations after AGV
and detected higher monthly ECD loss in the
AC group (29.3 cells/mm?) than in the sulcus
group (15.3 cellsymm?). In the current study,
the monthly reduction at 1 year was 14.6 cells/
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mm?, comparable to the rate of ECL after plac-
ing the tube of the AGV in the sulcus.

On the other hand, using a linear mixed
model to analyze the central and peripheral
ECD in relation to BGI tube-cornea distance,
Tan et al. [5] found that a tube position closer to
the endothelium accelerated EC loss: the
shorter the distance, the greater the loss. Using
the same statistical tool to analyze the effect of
the PRESERFLO tube location on ECD, we found
that a shorter TE distance was associated with
greater loss of endothelial cells in the immedi-
ate postoperative period, beginning at —174.8
cells/ymm? for a TE distance of O pm and fol-
lowing an inverse linear relationship as the TE
distance increased. At 6 and 12 months, the rate
of EC loss for the same tube position was lower,
and tubes located further than 600 um from the
endothelium showed a very low rate of ECL,
close to zero. Tan et al. [5] reported a central loss
of 6.2% at 1 year for a tube-cornea distance of
1.1 mm. In the current study, the percentage of
central ECD was 17.9% for a TE dis-
tance < 200 um, 10.5% for a distance between
201 and 500 um, and 1.1% when the distance
was greater than 500 um. Nevertheless, as there
might be differences in the AS-OCT devices used
and in the measurement methodology, it is not
easy to directly compare figures from different
studies. In addition, it would be interesting to
measure TE distances of all the different
implants at the same tube length in the AC for a
more consistent comparison between studies.

Moreover, the increase in ECL over time in
eyes implanted with long-tube shunts has been
related not only to tube-endothelial contact but
also to some degree of chronic inflammation,
which may further compromise the corneal
endothelium and increase the risk of corneal
failure [21].

Another factor that might influence the ECL
rate is tube displacement in the AC after
implantation. Tan et al. [5] proposed that the
position of the tube of a BGI placed “free” into
the AC tends to move closer to the endothe-
lium, explaining the higher loss found in their
study when the tube was “free” compared to a
trans-iridial position, which maintains the tube
in a more stable position. In a previous study
published by our group [22], the distance from

the PRESERFLO tube to the endothelium
remained stable from postoperative day 1 to the
third month, suggesting that the cause of ECL is
not movement of the tube, at least in the cur-
rent adult population of this study, but is rather
the position with respect to the cornea.

On the other hand, the corneal endothelium
closest to the tip of the tube has been reported
to show the greatest decrease in ECD [20],
which suggests that the flow of aqueous humor
through the tip of the tube near the corneal
endothelium causes cell damage. In general,
higher resistance to flow through the tube and
therefore lower flow of aqueous solution may be
a protective factor. The smaller dimensions of
the PRESERFLO tube compared to the tube of an
AGV or BGI increases resistance to flow 325
times (1.3 mmHg/ul/min vs. 0.004 mmHg/ul/
min, respectively). The corresponding decrease
in aqueous humor flow through the tip of the
tube might explain the lower rate of ECL found
for PRESERFLO in comparison to AGV or BGL

The percentage of endothelial cell loss
reported for the main competitor, the XEN gel
stent, appears to be comparable to PRESERFLO.
A short-term report (3 months) [23] showed a
loss of 2.1% of ECD with XEN, versus 2.3%
found for PRESERFLO in the current study, in
both cases lower than trabeculectomy (10%)
according to the author’s findings. In a longer
follow-up study (2 years) of the XEN gel stent
[24], a 15.4% ECD loss was reported, versus
7.4% for PRESERFLO at 1 year. The yearly ECD
loss found for PRESERFLO appears to be con-
sistent with the ECD loss reported for XEN.

The AC depth and the presence of PAS after
hypotony were associated with ECD, whereby a
higher ACD resulted in a higher ECD and lower
mean reduction in ECD at 3 months. The pres-
ence of PAS in the first month also correlated
with a higher reduction in ECD.

One of the limitations of this study was the
sample size. A larger number of patients would
have allowed us to assemble a wider group for
the tubes located at < 200 pm, a situation not
very frequent and probably related to the sur-
geon’s learning curve. Another weakness of this
study is that only the central ECD was measured
and not the ECD at the area closest to the tip of
the implant.
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CONCLUSIONS

In conclusion, PRESERFLO implantation into
the AC is associated with ECD loss that began in
the immediate postoperative period, with
ongoing loss of endothelial cells over time,
though at slower rates, at least up to 1 year
postoperatively. A closer position of the tube to
the endothelium is related to a higher loss of
ECD. A TE distance greater than 600 um appears
to be a protective factor for endothelial cell
preservation.
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