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CAPITULOI.

INTRODUCCION






1.1. La infertilidad

La infertilidad y sus términos asociados presentan significados ambiguos segun
la disciplina que se considere. En medicina reproductiva, el término esterilidad se usa
para mujeres (0 parejas) que han mantenido relaciones sexuales sin proteccion durante
mas de un afio sin conseguir gestacion. Se define como infertilidad primaria cuando no
es posible lograr un embarazo en 1-2 afios sin gestacion previa, e infertilidad secundaria
cuando se cumplen los criterios de infertilidad primaria pero habiéndose logrado

gestacién en algin momento previo (Lunenfeld et al. 2004).

En los paises en desarrollo, la tasa de infertilidad primaria es baja en
comparacion con los paises desarrollados, debido fundamentalmente a que la
maternidad ocurre a edades muy tempranas. Sin embargo, el escenario cambia
radicalmente cuando se consideran los datos de infertilidad secundaria donde las
enfermedades de transmision sexual y la dificultad para acceder a unas prestaciones
sanitarias higiénicas y seguras actian como causas responsables de estos altos indices
de infertilidad (World Health Organization 2001). Por el contrario, en las sociedades
mas desarrolladas, la infertilidad primaria tiende a ser significativamente mayor que en
los paises en vias de desarrollo debido a que las mujeres retrasan la edad de su primera
gestaciéon; ademas, en las poblaciones contemporaneas de mujeres que intentan
activamente concebir, el descenso en la fertilidad asociado a la edad es un hecho
evidente. Por su parte, la infertilidad secundaria es menor debido a un control eficaz de
las enfermedades de transmision sexual y a una mayor accesibilidad a las politicas de

salud reproductiva (figura 1).



Tasa fertiiicag 1970
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L

Figura 1. Evolucion y pronostico de la infertilidad. Las zonas grises representan paises con 0-2,5
hijos; las zonas rosas paises con 2,5-4,5 hijos y las zonas rojas paises con mas de 4,5 hijos.

El uso a gran escala de medidas anticonceptivas y la creciente popularidad de las
técnicas de reproduccion asistida (TRA) dan la impresién erronea de que la fertilidad
femenina puede manipularse segun las preferencias individuales de cada mujer.
Actualmente, es posible interrumpir momentaneamente la fertilidad usando medidas
relativamente simples; sin embargo, la reanudacién de la misma es ilusoria,

especialmente en las mujeres que se han adentrado en la treintena.

La infertilidad estd considerada como un problema de caracter publico que
repercute sobre los servicios sociales y sanitarios de un pais. En los ultimos afios, los
progresos logrados en tecnologia médica han aportado soluciones a la mayor parte de
las parejas infértiles, especialmente en los paises desarrollados; sin embargo, estos
avances también han supuesto la aparicion de ciertas cuestiones médicas, €ticas y
sociales que precisan de la atencién no sélo de los profesionales sanitarios sino de la

sociedad como conjunto.



La gestion de la infertilidad supone para la Medicina una labor considerable por
las dificultades que entrafia su diagndstico y el tratamiento de los desdrdenes
reproductivos de cada miembro de la pareja; ademas, es importante que la pareja reciba
informacion realista sobre las posibilidades que tienen de tener un hijo asi como de los

riesgos y costes del tratamiento y de sus posibles alternativas (Kamel 2010).

La concesion del premio Nobel de Medicina 2010 a Robert G. Edwards, pionero
que revoluciono el tratamiento de la esterilidad a través del desarrollo de la fecundacion
in vitro, supone un reconocimiento global a este campo de la biomedicina y en
consecuencia un sello de prestigio e importancia a esta nueva especialidad médico-

bioldgica.

1.2. Técnicas de Reproduccion Asistida.

Frente a la infertilidad, histéricamente se han desarrollado diferentes técnicas de
reproduccion asistida, en funcién del motivo original por el cual una pareja no puede
concebir. El objetivo principal de las TRA es generar una descendencia sana y viable; el
nacimiento del primer “bebé-probeta” en 1978 supuso un hito para la medicina

reproductiva, estableciendo las bases de un nuevo campo de investigacion médica.

Una de las primeras técnicas de Reproduccion Asistida desarrolladas para el
tratamiento de una pareja infértil es la inseminacion artificial que tradicionalmente
consistia en el deposito de una muestra de semen procesado en la cavidad uterina. Los
intentos para lograr la fecundacion in vitro (FIV) en humanos pasaron por varias etapas
de investigacion; esta técnica implica la fecundacion del ovocito en condiciones de
cultivo in vitro, previa obtencion y preparacion de los gametos para la posterior

transferencia de los embriones a la cavidad uterina. Aunque la indicacion inicial para



realizar un ciclo de FIV fue la patologia tubérica, en la actualidad podemos admitir que
la situacion ha cambiado ya que esta técnica también se aplica en casos de factor
masculino anormal, esterilidad de causa desconocida, endometriosis, esterilidad

plurifactorial, edad materna avanzada, etc.

La década posterior al desarrollo de la fecundacion in vitro condujo a la
aparicion de numerosas variantes de la técnica, que culmina con la puesta a punto de la
inyeccion intracitoplasmatica de espermatozoides (ICSI), préctica consistente en la
microinyeccion de un espermatozoide en el interior de un ovocito previamente
decumulado (Palermo et al. 1992) y que representa aproximadamente el 40% de los
procedimientos efectuados en el laboratorio de fecundacion in vitro. La FIV
convencional precisa una cantidad minima de espermatozoides mdviles por lo que
resulta relativamente ineficaz para parejas cuya situacion de infertilidad se debe a un
factor masculino severo; teniendo en cuenta estas condiciones previas, el ICSI ha
revolucionado el tratamiento de la infertilidad masculina logrando gestaciones incluso
en casos de muy mal prondstico con otras técnicas. Ademas, las mejoras en los métodos
de cultivo, la optimizacion de las condiciones del laboratorio y la introduccion de
nuevas tecnologias han permitido la obtencién de embriones de buena calidad con un

elevado potencial de implantacion.

En el siglo XXI resulta evidente la influencia de los avances genéticos en la
medicina reproductiva. El diagnostico genético preimplantacional (DGP), desarrollado
para detectar anomalias genéticas en los embriones, mejora los criterios de seleccion
embrionaria en el momento del transfer. Por dltimo, destacar las técnicas de
criopreservacion tanto en ovocitos como en embriones. Un buen programa de
congelacion es fundamental para maximizar las tasas acumuladas de gestacion por ciclo

estimulado; el avance experimentado en los ultimos afios con la vitrificacion, junto con



las mejoras introducidas en los laboratorios se reflejan en el mayor rendimiento de
embriones de buena calidad, lo que permite al embridlogo optimizar sus criterios de
seleccion y reducir el nimero de embriones transferidos. Los resultados obtenidos con
embriones congelados son cada vez més similares a los de embriones frescos, por lo que
los programas de congelacion se convierten en una alternativa vélida para rentabilizar
los ciclos de estimulacion ovérica a traves de las transferencias de embriones

congelados.

En este capitulo no hay que olvidar que paralelamente a la incorporacién de
nuevos farmacos y protocolos, el laboratorio de Embriologia ha evolucionado
notablemente. Son tantos los cambios experimentados en los laboratorios de FIV que se
hace dificil enumerarlos, pero quiza lo mas importante sea la evolucion conceptual que
han experimentado, pasando de métodos muy basicos al rigor basado en la evidencia
cientifica y a tener un control preciso sobre una gran cantidad de factores que pueden
influir en los resultados, de modo que variables como la temperatura, la iluminacion, la
composicion de los medios de cultivo o la concentracion de gases en el interior de los
incubadores son considerados aspectos de obligado cumplimiento. Gracias a este rigor
se consiguen resultados que superan el rendimiento reproductivo natural de nuestra

especie.

1.3. La problematica de la “seleccion embrionaria”

La seleccion de embriones a transferir es un paso crucial dentro del proceso de
fecundacion in vitro. Es por ello que los laboratorios han centrado sus esfuerzos en
mejorar cada vez méas los métodos de seleccion embrionaria con el fin de a) reducir el

numero de embriones transferidos y b) identificar aquellos con el mayor potencial de



implantacion. Esto constituye un gran reto considerando que la reduccion en el nimero
de embriones transferidos podria poner en peligro las tasas globales de éxito de los
programas de FIV. Nuevas estrategias se han propuesto, como por ejemplo: el cultivo
de embriones hasta el estadio de blastocisto, el screening cromosémico a través de
array-CGH (aCGH) y mas recientemente el estudio de la cinética embrionaria a través
de los sistemas time-lapse (TMS). A continuacion se describen brevemente los
marcadores clasicos que han sido utilizados para valorar calidad embrionaria en los

ultimos 30 afios asi como aquellos que han sido introducidos més recientemente.

1.3.1 Marcadores clésicos.

La evolucién de los métodos de observacion embrionaria no ha experimentado
grandes cambios en los ultimos 30 afios. Aungue se han acumulado una gran cantidad
de datos morfoldgicos y de experiencia, todos los métodos de examen descansan sobre
el mismo instrumental y la misma representacion visual; sin embargo, gracias a estas
mediciones ha sido posible profundizar en la apariencia de un embrion éptimo en
diferentes etapas del desarrollo. La evaluacion morfoldgica, aunque imperfecta, es
actualmente el método mas popular de seleccion embrionaria previo a la transferencia.
Histéricamente, el embridélogo se ha basado en las observaciones realizadas al
microscopio Optico para describir las caracteristicas morfologicas de un embrién como
potencial indicador de viabilidad. Sin embargo, el empleo de criterios de seleccién
morfolégica basados en métodos de observacion estaticos deriva en tasas de
implantacion que todavia son relativamente bajas en relacion al nimero de embriones
transferidos. La explicacion mas probable de este fendmeno tal vez sea que el examen
de la calidad embrionaria en un momento determinado no es representativo del

desarrollo global ni del gameto ni del embrion, por lo que las conclusiones extraidas



pueden ser erradas en relacion a la competencia embrionaria. Ademas, los resultados
obtenidos cuando se transfieren embriones congelados son similares o incluso mejores
(Levens et al. 2008) que cuando se transfieren embriones frescos, lo que hace sospechar
que se ha errado en la identificacion del embrién con mayor competencia evolutiva
sugiriendo que los métodos convencionales de seleccion embrionaria no son
especialmente fiables. Los métodos actuales de seleccion embrionaria incluyen el
andlisis de los gametos y embriones en etapas puntuales del desarrollo comenzando con
los ovocitos, seguido de los zigotos en prondcleos y de las sucesivas divisiones
embrionarias hasta que se alcanza el estadio de blastocisto; adicionalmente, se han
estudiado otros marcadores como la morfologia ovocitaria, el “score” pronuclear y la
division temprana (Rienzi et al. 2005). Todos estos pardmetros complementan
individualmente o en conjunto la evaluacién “original” del embrién, aunque su utilidad
y aplicacién practica sean objeto de un intenso debate. Mientras que el examen
morfologico tiene la ventaja de ser un método sencillo, no invasivo y répido, presenta el
inconveniente de ser poco fiable, es altamente subjetivo, precisa de formacion
especializada y presenta pocas esperanzas de lograr una estandarizacion. Ademas, la
definicién de calidad embrionaria es un concepto vago e impreciso y resulta inquietante
advertir que esta definicion tan imprecisa de los fenotipos deseados impacta
directamente sobre la interpretacion de los resultados, ya que actualmente no podemos

apreciar su valor sin ser capaces de situarlos dentro de un contexto fisioldgico.



1.3.2 Nuevos marcadores.

Las limitaciones de los criterios morfoldgicos de seleccion embrionaria han
conducido al desarrollo de nuevas tecnologias con el proposito de conocer el potencial
reproductivo de un embrién en concreto. Por lo tanto, la busqueda de un test objetivo y
fiable que evalle la viabilidad tanto del ovocito como del embrion y que conduzca a un
descenso en las tasas de gestacion multiple, mientras se mantienen los resultados
globales, se ha convertido en uno de los desafios mas importantes de la medicina
reproductiva contemporanea. Hasta hace relativamente poco tiempo, se partia del
fenotipo como principal fuente de informacidn para el estudio de una patologia y/o para
describir la eficacia de un determinado procedimiento médico. Aunque estas
aproximaciones son valiosas, actualmente se dispone de técnicas que amplian la
descripcion fenotipica y cuya aplicacion clinica a veces estd condicionada por su
complejidad metodoldgica y porque precisan de cierto grado de manipulacion
embrionaria. La posibilidad de acceder a estos conocimientos supone una nueva forma
de pensamiento global en lo que a cuestiones bioldgicas se refiere, aunque la
interpretacion y gestion de esta informacion precise el desarrollo de herramientas

estadisticas y bioinformaticas de probada eficacia y potencia.

- Respiracion ovocitaria. El estudio del metabolismo embrionario, y en
particular del consumo de oxigeno, puede mejorar la seleccion embrionaria a partir de la
identificacion de los embriones con mayor competencia en el desarrollo (Tejera et al.
2011). Este factor esta considerado como el mejor indicador de la actividad metabolica
global (Overstrom, 2007) y como un parametro importante en la evaluacion de la
calidad embrionaria (Harvey et al. 2004). Los resultados obtenidos aportan informacion
relativa a la carga mitocondrial del ovocito, un factor indicativo del crecimiento y

maduracion ovocitaria, ya que si un ovocito tiene poco material mitocondrial, no sera
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capaz de completar la fecundacion ni sostener el posterior desarrollo embrionario como
consecuencia de la escasez de ATP (Dumollard et al. 2007). Se ha podido determinar la
relacion directa entre el consumo de oxigeno y la calidad embrionaria, aplicandose por
primera vez este analisis en la rutina clinica (Tejera et al. 2011). La posibilidad de
determinar tasas individuales de respiracion en diferentes etapas del desarrollo
embrionario puede resultar util en el estudio de procesos bioldgicos como la respuesta
embrionaria en situaciones de estrés o el analisis del impacto de la congelacion sobre las
membranas de los organulos celulares.

- Recambio de aminodcidos. En las ultimas décadas, la comunidad
cientifica ha manifestado un gran interés sobre cémo los embriones tempranos
modifican el medio de cultivo in vitro. A raiz de esta curiosidad, se publican trabajos
que demuestran que la presencia de determinados aminoécidos en el medio de cultivo
mejora el desarrollo embrionario en modelos animales y en humanos (Devreker et al.
2001). El experimento clave que vincula el perfil aminoécido con el potencial de
desarrollo embrionario fue disefiado por Houghton (Houghton et al. 2002), quien
demostré que el modo en el que embriones de dia 2 modifican el contenido en
aminoacidos del medio de cultivo puede ayudar a predecir su posterior desarrollo a
blastocisto; este trabajo es el primero en revelar la conexion entre viabilidad
embrionaria y consumo/sintesis de aminoacidos, independientemente de otros factores
como la evaluacion morfologica.

- Las “—6micas” como herramientas de investigacion. Estas nuevas
tecnologias estan cambiando la percepcion sobre la fisiologia de los mamiferos al
tratarse de instrumentos que amplian la descripcion fenotipica.

. genomica. La secuencia del ADN condiciona la sintesis de proteinas y el

fenotipo, por lo que no se puede descartar la presencia de determinantes genéticos
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relacionados con la viabilidad embrionaria, aunque las variaciones especificas del ADN
relacionadas con una mejora en las perspectivas de desarrollo no han sido identificadas.
El estudio de la integridad y de la dotacion cromosdmica es importante debido a que las
aneuploidias no son compatibles con el desarrollo de individuos sanos, son la causa mas
comun de aborto espontaneo y son muy frecuentes a nivel embrionario (Munne et al.
1995).

. transcriptomica. Se basa en la identificacion de genes que se expresan
diferencialmente entre dos 0 més situaciones de estudio y que resultan adecuados en la
caracterizacion de marcadores diagndstico; las ventajas derivadas de estos estudios se
deben a que los cambios fisioldgicos no se traducen en variaciones importantes de la
expresion génica y a que la mayoria de genes que actlan conjuntamente en un contexto
concreto son buenos indicadores de una respuesta fisioldgica real (Hamel et al. 2008).

. proteémica. La caracterizacion de las proteinas expresadas y secretadas
por el embrién durante todas las etapas de desarrollo preimplantatorio aportan una
nueva vision de los procesos bioldgicos y celulares afectados. Los resultados indican
que embriones morfolégicamente similares presentan perfiles proteicos distintos y que
una activacion adecuada del genoma embrionario, y del proteoma, actta como un factor

critico del potencial de desarrollo embrionario (Katz-Jaffe and Gardner 2008).

Las”-6micas” descritas hasta ahora tienen en comun un caracter invasivo
y que ninguna de ellas es lo suficientemente sencilla como para incorporarla a la
practica diaria del laboratorio de Embriologia. Pese a estas dificultades, se consigue
poner a punto una nueva metodologia de facil aplicacion basada en el perfil metabolico

del medio de cultivo embrionario:

. metabolomica. ElI examen de los metabolitos presentes en el medio de

cultivo se erige en un método potencial de seleccion embrionaria que optimiza las
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oportunidades de gestacion mejorando la eficacia de los tratamientos de fecundacion in
vitro; los estudios publicados hasta el momento describen una correlacién directa entre
el perfil metabdlico y la viabilidad embrionaria. Los perfiles metabolicos que
caracterizan a los embriones en distintas etapas del desarrollo estan estrechamente
relacionados con la competencia del embrion, y por tanto, son capaces de predecir el

resultado de un ciclo (Dominguez et al. 2008).

Cualquiera de las alternativas mencionadas hasta ahora puede emerger en un
futuro como una herramienta adicional a los criterios morfoldgicos convencionales de
seleccion embrionaria. Las caracteristicas que deben definir a estas innovaciones
tecnoldgicas son: un cardcter no invasivo, de uso fécil, econdmicas, rapidas, fiables y
reproducibles, que se ajusten al trabajo diario del laboratorio sin forzar cambios en la
rutina y que aporten informacion util a los criterios morfologicos clasicos. Sin embargo,
muchas de estas técnicas todavia se encuentran en fase de investigacion basica por lo
que los resultados clinicos son escasos. Ademas, precisan de personal altamente
cualificado y los centros/laboratorios de reproduccion no suelen contar con el
equipamiento necesario requiriendo el traslado de las muestras a centros especializados.
Finalmente no olvidemos mencionar que se trata de ensayos de dificil aplicacion clinica
por su complejidad y que suelen ser invasivos ya que la mayoria precisan de cierto

grado de manipulacion embrionaria.

1.4. Marcadores morfocinéticos y tecnologia time-lapse
Dentro de los nuevos marcadores de viabilidad embrionaria tal vez estos sean los
unicos que hayan demostrado superar la mayoria de los obstaculos mencionados

anteriormente. La introduccion de la tecnologia time-lapse en la clinica diaria es muy
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reciente, sin embargo, ya ha dado signos de ser una herramienta de gran utilidad en la
mejora de la seleccion embrionaria y en consecuencia de conseguir un aumento en las
tasas de éxito en los tratamientos de reproduccion asistida (Meseguer et al. 2012, Rubio

et al. 2014).

Partiendo de la premisa que el desarrollo embrionario es un proceso “dinamico”
resulta atractivo pensar en un sistema que permita hacer una monitorizacién continua de
dicho proceso. EIl segundo capitulo de esta tesis doctoral se centrara en hacer una
descripcion detallada de esta nueva tecnologia asi como del uso de la cinética como

marcador de viabilidad embrionaria.
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CAPITULO L.

TECNOLOGIA TIME-LAPSE
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Tecnologia time-lapse: evaluacion del desarrollo embrionario y

nuevos marcadores de seleccién embrionaria

Natalia Basile y Marcos Meseguer

Expert Review of Obstetric & Ginecology

Vol.7, No.2 pp. 175-190, 2012

Durante los ultimos 5 afios la vision del desarrollo embrionario por parte de los
embridlogos se ha visto revolucionada. Tras haber evaluado el desarrollo embrionario
de forma puntual y estatica durante mas de 30 afios, se nos presenta una tecnologia que
transforma lo puntual en continuo y lo estatico en dindmico. Sorprendentemente, esta
tecnologia ya se encontraba disponible hace muchos afios en el campo de la
investigacion (Cole, 1967), pero recientemente y gracias a los grandes avances en la
bioinformaética , los sistemas han evolucionado de versiones caseras (Lemmen et al.
2008) a equipos comerciales mas adecuados para uso clinico (Kirkegaard et al. 2012,
Meseguer et al. 2011, Wong et al. 2010). Este capitulo pretende introducir al lector en
esta nueva tecnologia, estudiar sus aplicaciones en el campo de la embriologia y

describir su uso como herramienta de seleccidon embrionaria.
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2.1. Desarrollo embrionario y time-lapse

El desarrollo embrionario temprano es un proceso dinamico que comienza con la
fusion del ovocito y el espermatozoide. El cigoto resultante sufre una reprogramacion
epigenética seguida por una serie de divisiones celulares que dependeran inicialmente
del ARN vy las proteinas maternas. Posteriormente, se produce la activacion del genoma
embrionario, el pre-embrion compacta, forma una morula y finalmente se diferencia
celularmente para formar un blastocisto. Durante los ultimos 30 afios este proceso
"dinamico" se ha descrito basado en observaciones "estaticas" y, si bien hemos
adquirido grandes conocimientos, es inevitable pensar en tres grandes desventajas:

1) La microscopia estatica convencional esta vinculada a momentos puntuales y
especificos dentro de la rutina diaria en un laboratorio de FIV, con la consiguiente

pérdida de informacidn sobre el resto del desarrollo embrionario.

2) La microscopia estética convencional genera una situacion de estrés en el

embridn ya que requiere el aislamiento temporal de sus condiciones 6ptimas de cultivo.

3) La microscopia estatica convencional so6lo permite interpretaciones
cualitativas que son altamente subjetivas y propensas a variaciones intra e inter-

observador (Baxter Bendus et al. 2006)

Por otro lado los equipos time-lapse (TMS) estan constituidos por una
combinacion de camara + microscopio + incubador + software. Esta combinacion
ofrece la posibilidad de hacer una monitorizacion ininterrumpida de los embriones a la
vez que proporciona condiciones muy estables para su cultivo (Cruz et al. 2011,
Meseguer et al. 2011). La captura de imagenes suele llevarse a cabo en periodos de
entre 5-20 minutos dependiendo del sistema y de la instruccion del operador. A

continuacion se describen los distintos tipos de TMS con sus ventajas y desventajas.
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2.2. Equipos TMS

Es importante tener en cuenta que los requisitos y exigencias de un TMS van a
depender del uso que se le destine. Si el fin es la investigacion, el TMS debera
proporcionar la mayor cantidad de informacion posible y disponer de un software
sofisticado para la interpretacion y anélisis de los datos. Si el fin es de uso clinico, el
TMS debera generar sélo algunos datos claves, facilmente interpretables y de manejo

muy sencillo; lo que conocemos como equipos “user-friendly”.
Actualmente existen 3 alternativas diferentes de equipos TMS:

1) Construir un incubador alrededor de un microscopio convencional. Un
ejemplo de ello es el Tokai —hit Ltd® (Japan). Su elevada calidad de imagen y la
complejidad de las opciones ofrecidas lo convierten en una herramienta de gran utilidad
en investigacion. Sin embargo, la estabilidad y condiciones del cultivo embrionario no
son lo suficientemente 6ptimas como para ser utilizado clinicamente.

2) Insertar un microscopio dentro de un incubador convencional. Un
ejemplo de ello es el sistema Primo Vision® (Vitrolife); este sistema es menos flexible
pero proporciona unas condiciones de cultivo éptimas y estables. Otro ejemplo es el
Eeva® (“Embryo early viability assessment” Merck-Serono); este sistema ha sido
disefiado para ser insertado dentro de la mayoria de los incubadores convencionales y
proporciona una captura de imagenes automatica en campo oscuro cuyo fin es analizar
informacion cuantitativa del desarrollo embrionario.

3) Un equipo con ambas aplicaciones integradas (incubador y microscopio).
En esta seccion nos centraremos en dos sistemas diferentes. Ambos proporcionan unas

condiciones de cultivo estables pero han sido disefiados con fines diferentes.

El primero de ellos es el Biostation-Nikon® (Japan), con gran cantidad de
opciones de imagen y canales para imagenes fluorescentes. Ademas, estd equipado con

19



un software sofisticado para interpretar toda la informacion adquirida lo cual lo
convierte en una herramienta de gran utilidad en proyectos de investigacion. El segundo
sistema es el Embryoscope® (Unisense Fertilitech, Denmark), disefiado para uso clinico.
Su principal ventaja es que tiene una gran capacidad, pudiendo adquirir
automaticamente imégenes de hasta 72 embriones cultivados de forma individual.
Ademas, este incubador utiliza un software de analisis de imagen en el cual los eventos

y tiempos de divisiones celulares pueden ser interpretados de manera sencilla.

Este altimo equipo, el Embryoscope, es en el que hemos basado los estudios que
forman parte de esta tesis doctoral. La tabla 1 resume las diferencias desde el punto de
vista técnico y clinico de tres aparatos disponibles hoy en dia para el uso clinico: Eeva®,

Primo Vision® y Embryoscope®.

2.2.1. Ventajas de los TMS

La tecnologia time-lapse ofrece varias ventajas con respecto a la microscopia
estatica convencional. Por empezar, permite el mantenimiento de condiciones éptimas
de cultivo durante todo el desarrollo embrionario. Es importante destacar que el pH, la
temperatura y la humedad son cruciales para el correcto desarrollo de los embriones in
vitro y es imposible evitar que estos parametros se alteren cuando realizamos
microscopia convencional. Por otro lado, nos permiten hacer una monitorizacion
continua de los embriones ya que los mismos son cultivados directamente bajo una
camara (Primo Vision®, Eeva®) o son colocados por encima de una cdmara a intervalos

determinados de tiempo (Embryoscope®).
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Tabla 1. Caracteristicas técnicas y clinicas de Embryoscope®, Primo-Vision® y Eeva®

Incubador integrado

EMBRYOSCOPE®
UNISENSE

-

St

PRIMO VISION®
VITROLIFE

o

No

EEVA®
AUXOGYN

CL
=y

No

Optica Contraste Hoffman | Contraste Hoffman | Campo oscuro
Frecuencia de | Cada 10 minutos Cada 10 minutos Cada 5 minutos
imagenes

Planos focales 7 1 1

Capacidad de | 6/sistema 1/cdmara 1/camara
pacientes

N embriones/pt

12 cultivo individual

16 cultivo en grupo

12 cultivo en grupo

Herramienta de No No Si
diagndstico

automatico

Depende del usuario | Si Si No
Consume tiempo St Si Automatico

Incluye algoritmo

Solo si lo define el
usuario

Solo si lo define el
usuario

Si

implantacion en D3

Prediccion llegada a | No No Si (Wong, 2010)
blastocisto en D3
Prediccion Si (Meseguer, 2011) | No No




En contraste con la microscopia convencional (que se realiza solo una vez al
dia), esta monitorizacion continua nos permite realizar determinaciones precisas de las
divisiones celulares y una observacion mas cercana de acontecimientos morfologicos
tales como el inicio de la compactacion y la aparicion de la cavidad del blastocele. La
mejora en las condiciones de cultivo y la disponibilidad de informacion objetiva,

precisa, cualitativa y cuantitativa representan las principales ventajas de estos sistemas.

32 horas
en cultivo

2 células

? células
0% fragm. Fragmentos

grandes
Blastomeras,
simétricas Blastémeras
asimétricas

34 horas
en cultivo

3 células 4 células

5% fragm. 0% fragm

Blastomeras
simétricas

Blastomeras
asimétricas

Figura 2. Aspecto morfoldgico del mismo embrién en un periodo de 6 horas

Como ventajas secundarias podemos mencionar que el cultivo de embriones en
los TMS nos evidencia posibles errores en la clasificacion de embriones. Es sabido que
el aspecto morfologico de un embridén puede cambiar en un periodo muy corto de
tiempo (Figura 2) lo cual conduce a decisiones diferentes con respecto al tipo y nimero
de embriones a transferir. Este fenomeno ha sido descrito por Montag en un estudio
donde se comparan datos provenientes de TMS y datos provenientes de microscopia
convencional (Montag et al. 2011). Fue llamativo que el 46% de los embriones
analizados mostraban un score/numero de celulas diferente en un periodo de tiempo

muy corto (4 horas). Mas especificamente a las 38h, 40h y 42hs.
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Cabe destacar asimismo el ahorro de tiempo ya que no es necesario entrar al
laboratorio para la evaluacion embrionaria y la disminucion de los costes en los medios
de cultivo, material fungible, aceite mineral y CO,. Ademaés, algunos TMS ocupan
menos espacio fisico en el laboratorio. Por otro lado estos sistemas nos proporcionan
una gran cantidad de datos e imagenes que nos servirdn de fuente de informacién para
futuros estudios retrospectivos y también nos permitiran  detectar eventos que
normalmente se producen entre una observacion y otra (y que normalmente no veriamos
si estuviéramos haciendo microscopia convencional) como por ejemplo: divisiones
irregulares, formacion y reabsorcion de fragmentos, aparicion / desaparicion de

multinucleacién, cambios en la simetria de blastémeras, etc.

Los TMS también han sido de gran utilidad para definir la duracién de los
primeros ciclos celulares asi como los tiempos entre dos divisiones consecutivas. Ciclos
celulares extremadamente cortos pueden implicar una distribucion anormal del ADN en
las blastémeras y/o errores en la replicacion. Utilizando esta tecnologia ahora podemos
identificar de forma precisa cada ciclo celular y detectar duraciones anormales. Un
ejemplo de esto es la divisién directa de 1 a 3 células (Meseguer et al. 2011). Se ha
observado que aquellos embriones en los cuales se produce una division directa de 1 a 3
células (menos de 5 horas) la tasa de implantacion es muy baja, en torno al 3% (Rubio

et al. 2012).

2.2.2. Limitaciones de los TMS
A pesar de sus numerosas ventajas, los TMS presentan algunas limitaciones.
Desde el punto de vista del embridlogo una de las principales desventajas es la
incapacidad de poder mover/rotar los embriones durante su observacion. Debemos

recordar que los embriones son estructuras tridimensionales, y que algunas de las
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estructuras que son claramente visibles en un plano (por ejemplo la multinucleacion)
pueden no serlo en el siguiente, especialmente si se trata de embriones muy
fragmentados. Otro problema esté relacionado con la colocacion de los embriones bajo
el campo de vision del microscopio y con el movimiento de los embriones dentro del
pocillo. Los TMS de cultivo individual utilizan placas de cultivo con pocillos
individuales que se apoyan en un brazo motorizado (Embryoscope®). Este brazo
motorizado, a su vez, coloca cada pocillo dentro del campo de visién del microscopio a
una frecuencia determinada para que las imagenes puedan tomarse. El otro tipo de
sistemas (PrimoVision®, Eeva®) utiliza placas con micropocillos donde, si bien los
embriones se encuentran separados (cada uno en su micropocillo), todos comparten la
misma gota de medio de cultivo por encima. Estas placas estan especialmente disefiadas
para mantener constantemente a todos los embriones dentro del campo de vision del
microscopio. Ambas opciones son validas, aunque en el caso de la segunda existen
preocupaciones sobre el posible desplazamiento de los embriones entre los pocillos.
Esto limita su utilidad en algunas situaciones, por ejemplo en pacientes que realizan
diagndstico genético pre-implantacional (DGP) donde asegurar un cultivo individual es

précticamente obligatorio.

La aparicion de burbujas en el medio de cultivo también es un problema ya
que impide que se puedan evaluar correctamente los embriones, pudiéndose perder
algun evento importante del desarrollo del mismo (Wong et al. 2013). Otro reto de estos
sistemas tiene que ver con la informacion cualitativa que podamos obtener dependiendo
del estadio y la calidad del embrion a analizar. Cuanto més avanzado en su desarrollo
mas dificil sera contar el numero de células y cuanto mas fragmentado esté el embrion
mas complicado sera contar y evaluar las divisiones celulares. Esto se observa aun en

aquellos equipos que proporcionan varios planos de enfoque.
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Finalmente y con respecto al célculo de los tiempos de division debemos
reconocer que el tiempo definido como tiempo cero (t0) es una media de todos los
ovocitos de la cohorte, por lo que hay un pequefio desfase ya que obviamente no todos
los ovocitos se microinyectan exactamente al mismo tiempo. Sin embargo este desfase

es muy pequefio y no afectaria a los resultados obtenidos.

2.2.3. Seguridad de los TMS

El efecto negativo de la luz sobre los embriones ha sido objeto de estudio por
parte de diferentes grupos, al observarse un retraso en las divisiones celulares de los
embriones de conejo y ratdn que eran sometidos a exposiciones de luz durante los
procedimientos realizados en el laboratorio de FIV (Ottosen et al. 2007). Consciente de
estos y otros efectos adversos, el embridlogo del laboratorio de FIV intenta reducir la
frecuencia de las observaciones bajo el microscopio convencional. En el caso de los
TMS esto no representa un problema ya que no es necesario abrir el incubador para
observar los embriones. Sin embargo, en los TMS, los embriones se ven expuestos
periédicamente a la luz cada vez que se adquiere una imagen lo cual ha generado cierta
preocupacion dentro de la comunidad cientifica. Sorprendentemente se observa que el
tiempo total de exposicién a la luz en los TMS durante 3 dias de cultivo (y con
adquisicion de 1,420 imagenes) dura unos 57 segundos, lo que se compara
favorablemente con respecto al microscopio convencional, para el cual la exposicién a
la luz dura unos 167 segundos durante un tratamiento de FIV estandar (Ottosen et al.

2007).

No se encontraron diferencias en las tasas de embarazo al comparar embriones
cultivados en un incubador convencional respecto de un TMS (Mio and Maeda 2008).

A pesar de que no se comparé morfologia ni calidad embrionaria, sus resultados
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demuestran que la exposicion periodica a la luz no perjudica los resultados clinicos. Por
ultimo, se obtuvieron resultados similares en un estudio prospectivo en el que se
compararon tasas de fecundacion, tasas de divisién y morfologia entre embriones
cultivados en un TMS vs. un incubador convencional (Nakahara et al. 2010). En este
estudio no se vieron diferencias significativas entre los grupos en ninguno de los
pardmetros analizados, concluyendo que no existe un efecto negativo por parte de los
TMS y confirmando su utilidad como herramienta de trabajo segura en el laboratorio de

FIV para la clinica diaria.

En este punto merece la pena resaltar el trabajo realizado por Cruz para valorar
la seguridad de los TMS (Cruz et al. 2011). En este estudio se reclutaron pacientes del
programa de ovodonacion para minimizar las posibles variaciones debidas a la calidad
ovocitaria de las pacientes infértiles. El objetivo de este estudio fue el de evaluar si el
Embryoscope® proporcionaba unas condiciones de cultivo mejores y més seguras que
un incubador convencional. A pesar de que no hay datos disponibles sobre los recién
nacidos vivos, si se pudo observar que no hay diferencias con respecto a las tasas de
llegada a blastocisto, porcentajes de embriones vitrificados, porcentajes de embriones
transferidos y porcentajes de embriones no viables (Figura 3). Tampoco se observaron
diferencias significativas en cuanto a tasas de embarazo. Es importante destacar que en
ese estudio la seleccion embrionaria se basé exclusivamente en  morfologia
independientemente del sistema en el que estuvieran cultivados. Es decir, no se tuvo en
cuenta la informacion extra proporcionada por el TMS en el momento de seleccionar

los embriones para la transferencia.
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Figura 3. Tasa de blastocisto alcanzada, proporcién de embriones transferidos, congelados y no
viables en funcién del tipo de incubador. No se observan diferencias significativas entre los 2 tipos
de incubadores en ningunos de los parametros analizados (Cruz et al. 2011)

Con esto se confirma que el Embryoscope® proporciona unas condiciones de
cultivo estables y controladas, ademas de ofrecer informacién mas detallada y precisa

del desarrollo embrionario desde un punto de vista dinamico.

2.3. Marcadores cinéticos de viabilidad embrionaria

Como hemos mencionado en la introduccion, los marcadores morfocinéticos
forman parte de un grupo de nuevos marcadores de viabilidad embrionaria que ayudan
al embridlogo a realizar una mejor seleccién basandose en informacion cuantificable y
objetiva. En la ultima década, numerosos estudios se han centrado en la busqueda de
estos marcadores morfocinéticos (Azzarello et al. 2012, Campbell et al. 2013,
Chamayou et al. 2013, Dal Canto et al. 2012, Meseguer et al. 2011, Wong et al. 2010)

dando lugar a distintos modelos y algoritmos. A su vez estos algoritmos han sido el
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punto de partida para el analisis del impacto de distintos factores intrinsecos y
extrinsecos sobre las variables morfocinéticas incluidas en ellos (Bellver et al. 2013,

Ciray et al. 2012, Freour et al. 2013, Munoz et al. 2012, Basile et al. 2013).

Nos centraremos particularmente en el algoritmo publicado por Meseguer
(Meseguer et al. 2011). En este estudio, se identificaron los tiempos exactos de
numerosos pardmetros morfocinéticos, definiéndose el tiempo de divisién como el
tiempo exacto en el que las nuevas blastomeras se ven separadas completamente por

membranas claramente definidas.

Figura 4. Iméagenes de desarrollo embrionario correspondiente a los
tiempos exactos definidos como t0, t2, t3, t4, t5, cc2 (t3-12) y s2 (t4-t3)
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De este modo se define la primera division embrionaria que da lugar a dos

células hijas como t2, la segunda division a 3 células como t3, la tercera division a 4

células como t4 y la cuarta division a 5 células como t5. Ademaés, se evaluaron

pardmetros relacionados con la duracion de los ciclos celulares, definiendo el segundo

ciclo celular (cc2) como el tiempo que el embridén permanece en 2 células (t3-t2) y la

segunda sincronia (s2) como el tiempo que transcurre de 3 a 4 células (t4-t3), (Figura

4).
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Figura 5a. Rangos 6ptimos para las variables PF (Pronuclear fading), t2, t3 y t5.

Se observan diferencias significativas en las tasas de implantacion entre embriones

fuera y dentro del rango 6ptimo
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Una vez definidas las variables se analizan los tiempos medios de cada una de
ellas teniendo en cuenta solamente embriones con implantacién conocida (100% donde
el nimero de sacos embrionarios coincide con el nimero de embriones transferidos y
0% donde no se ve presencia de saco embrionario). Luego, para correlacionar la cinética
embrionaria con la implantacién, se transforman los tiempos medios division para cada
variable (variable continua) en cuartiles de tiempo (variable categorica). Esto permite
tener, para cada variable, 4 rangos de tiempo representados por el mismo nimero de
embriones. Posteriormente se correlaciond las tasas de implantacién con los respectivos
cuartiles y se definieron los “rangos optimos” teniendo en cuenta los dos cuartiles con

mayor probabilidad de implantacion (Figuras 5ay 5b).
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Figura 5b. Rangos optimos para las variables cc2 (t3-t2) y s2 (t4-t3). Se observan diferencias
significativas en las tasas de implantacion entre embriones dentro y fuera del rango 6ptimo
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Teniendo en cuenta estas diferencias se realiz6 un andlisis de regresion logistica
para seleccionar y ordenar aquellas variables (expresadas como variables binarias dentro
y fuera del rango 6ptimo) con mayor relevancia respecto a la tasa de implantacion. El
modelo identificd las variables t5 (OR = 3,31; IC 95% 1,65-6,66) seguido de s2 (OR =
2,04; IC 95% 1,07-4,07) y cc2 (OR = 1,84; IC 95% 0,95-3,58) como las variables méas
relevantes para describir embriones que implantan. Un analisis de curva ROC para
determinar las propiedades predictivas de este modelo con respecto a las probabilidades

de implantacion dio un valor de area debajo de la curva de 0,720 (IC 95% 0,645-0,795).

En este mismo estudio se identificaron ademas tres fendmenos relacionados con

un menor potencial de implantacion del embrién:

a) El primero, y que solamente se puede detectar gracias a la tecnologia
time-lapse, es la division abrupta de 1 a 3 células. Normalmente los embriones se
dividen de 1 a 2 y luego de 2 a 3 células. Sin embargo existe un comportamiento
anormal en el cual el embrion pasa abruptamente de 1 a 3 células en menos de 5 horas.
En este estudio se observé que aquellos embriones que presentaban este fenémeno
raramente implantaban.

b) El segundo se refiere al tamafio de las blastdbmeras tras la primera
division celular. Los resultados mostraron que los embriones de dos células con
blastomeras asimétricas (refiriéndose como tal a una diferencia de tamafio mayor del
25% entre ambas) también tenian baja capacidad de implantacion.

C) El tercer fenomeno hace referencia a la multinucleacion en el estadio de
4 células. La presencia de una sola blastdmera multinucleada tiene efectos importantes

en cuanto a las tasas de implantacion del embrion analizado.

Estos tres eventos son considerados hoy en dia como criterios de “exclusion” en
la seleccion de embriones a transferir.
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A partir de estos resultados se plantea el disefio de un modelo multivariable para
predecir la implantacion basada en una combinacion de: morfologia estandar, criterios
de exclusion y criterios de inclusion. La clasificacion jerarquica comienza con un
examen morfologico de todos los embriones para descartar a aquéllos que claramente no
son viables; estos embriones no se tendran en cuenta en el momento de la transferencia
embrionaria y se descartardn (categoria F). En el siguiente paso, se excluyen los
embriones que cumplan con alguno de los criterios de exclusion mencionados
anteriormente: division directa de 1 a 3 células; embriones asimétricos en el estadio de
2 células, y multinucleacion en 4 células (categoria E). Finalmente, se clasifica los
embriones restantes siguiendo una estricta jerarquia basada en las variables binarias de

tiempo t5, s2 y cc2.

Proceso de Seleccion:
Evaluacion 1. Evaluacion morfoldgica
morfoldgica
L 2. Criterios de exclusién
Criterios de e Division directa de 1 a 3 células (< 5 horas)
Exclusién e  Blastémeras asimétricas en 2% ciclo celular
' e  Multinucleacion en 3% ciclo celular
Criterios de o ) )
Inclusién 3. Criterios de inclusién
“ e  Tiempo a5 células (t5)

e Sincronia en division de 3 - 4 células (s2=t4-t3)
o Duracion del 2 ciclo celular (cc2=t3-t2)

Figura 6. Modelo de seleccion embrionaria. El proceso de seleccion sigue 3 pasos:
1.- evaluacion morfolégica; 2.- criterios de exclusion; 3.- criterios de inclusion
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En primer lugar, si los valores de t5 estan incluidos dentro del rango 6ptimo
(48,8-56,6 horas), el embridn se clasifica como A o B; si el valor de t5 se localiza fuera
del rango Optimo, el embrion se define como C o D. Para el caso de s2, si el tiempo de
division esté dentro del rango optimo (< 0,76 horas), el embrién se clasifica como Ao C
dependiendo del valor de t5; y si el valor de s2 esta fuera del rango 6ptimo, el embrion
se clasifica como B o D segun t5. Finalmente, se puede categorizar a los embriones con
un valor adicional positivo (+) si cc2 <11,9 horas (A+/B+/C+/D+) o negativo (-) si cc2

>11,9 horas (A-/B-/C-/D-) (Figuras 6y 7).
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Figura 7. Algoritmo de seleccion embrionaria (Meseguer et al. 2011). cc2 (t3-t2) y s2 (t4-t3)

Basado en este algoritmo se lleva a cabo uno de los mayores estudios
retrospectivos, comparando tasas de embarazo entre un incubador convencional y un
TMS (Embryoscope®). Los resultados obtenidos, tras aplicar los factores de confusion
que fueron relevantes, mostraron una mejora relativa del 20% en las tasas de embarazo
en el TMS frente al incubador convencional. La tasa de embarazo por ciclo iniciado era

de un 44,9%, por lo que una mejora relativa de un 20% implica que si esos ciclos
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hubiesen sido cultivados en el TMS la tasa seria de un 53,9%, es decir, una mejora
absoluta de un 9%. Estos resultados han sido confirmados a través de un estudio

prospectivo aleatorio publicado este afio (Rubio et al. 2014)

2.3.1. Marcadores en estadios tempranos que permiten predecir la

capacidad de formacion de blastocistos

El cultivo prolongado de los embriones hasta estadio de blastocisto surge como
una posible estrategia para favorecer la seleccién de embriones con mayor potencial de
implantacion. Esto resulta particularmente atractivo en aquellos casos donde se realiza
transferencia selectiva de un solo embridn por eleccion (eSET). Sin embargo, debemos
tener en cuenta los posibles inconvenientes de hacer un cultivo prolongado; cabe
mencionar: un mayor coste econdémico, el riesgo de cancelaciones de ciclos y los
posibles problemas epigenéticos asociados a una prolongada exposicién a condiciones

in vitro.

Recientemente, se ha observado que el desarrollo embrionario a blastocisto esta
ligado a tiempos concretos en los estadios tempranos de desarrollo y se propone un
algoritmo con el objetivo de diagnosticar tempranamente el potencial de un embrién
(Wong et al. 2010) . Las variables incluidas en el algoritmo son: duracién de la primera
division (0-33min), intervalo entre primera y segunda mitosis (7,8-14,3h) e intervalo
entre la segunda y la tercera mitosis (0-5,8h). Aquellos embriones con potencial de
llegar a blastocisto presentan tiempos dentro de estos rangos mientras que los que no
llegan presentan citocinesis aberrantes, comportamientos inusuales y mayores tiempos
en completar los procesos de citocinesis. De esta forma se propone que la informacién
extra proporcionada por los TMS sea utilizada en un futuro para evitar el cultivo

prolongado con el fin de seleccionar embriones con mayor potencial de implantacion
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mas tempranamente. Los embriones analizados en este estudio no fueron transferidos,
por lo que el analisis se baso exclusivamente en la calidad de los blastocistos y no en su

implantacion.

Por otro lado, se realizd un estudio retrospectivo evaluando 834 embriones
provenientes del Embryoscope® (Cruz et al. 2012). El fin del estudio fue correlacionar
pardmetros cinéticos en estadios tempranos con la llegada a blastocisto. Como se puede
observar en la Figura 8 existen diferencias significativas en la mayoria de las variables
tempranas entre aquellos embriones que llegan a formar blastocisto y aquellos que no.
Asimismo se correlacionaron los tiempos exactos de las divisiones celulares con la
calidad de los blastocistos obtenidos (6ptimos vs. no Optimos). Para esto se tuvo en
cuenta los criterios normalmente utilizados para clasificar a los blastocistos: se define
como blastocisto “optimo” a aquel blastocisto caracterizado por un trofoectodermo
cohesivo de células finas y alargadas y una masa celular interna claramente compacta.
Al igual que en el caso anterior se observaron diferencias significativas en las variables
de desarrollo temprano entre los dos tipos de blastocistos (Figura 9). Con los
resultados obtenidos se concluyé que la evaluacion del desarrollo embrionario a través
de la tecnologia de time-lapse es una herramienta prometedora en la prediccién de la

formacion y calidad morfolégica de los blastocistos.

En un estudio reciente, también se ha observado que las divisiones celulares
tempranas podian relacionarse con la capacidad del embrion de evolucionar a
blastocisto e incluso de implantar (Dal Canto et al. 2012). En este caso, se observaron
patrones de division similares hasta el estadio de 6 células en embriones capaces de
evolucionar hasta blastocisto, y destacaron la importancia de los tiempos en los cuales

los embriones alcanzaban los estadios de 7 y 8 celulas.
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Figura 8. Cinética embrionaria y tasa de desarrollo a blastocisto (Cruz et al. 2012)
cc2 (t3-12) y s2 (t4-t3)
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Figura 9. Cinética embrionaria y tasa de blastocisto 6ptimo/no éptimo (Cruz et al. 2012)
cc2 (t3-12) y s2 (t4-t3)

Al analizar el potencial de implantacion, vieron que aquellos embriones que
implantaban alcanzaban las 8 células antes que aquellos que no implantaban. Con estos
resultados, concluyeron que las divisiones de 2 a 8 células ocurren antes en embriones

con capacidad de desarrollarse a blastocisto y de implantar correctamente.
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Con esta revision, hemos comprobado que los algoritmos elaborados para la
seleccion embrionaria varian entre los distintos grupos de trabajo. Probablemente sea
debido a que los pardmetros usados en cada caso no son exactamente los mismos. Sin
embargo, podemos destacar algunos puntos en comun. Si analizamos los tres
pardmetros que aparecen como predictivos en cuanto a tasas de implantacion en el
estudio de Wong (Wong et al. 2010), veremos que éstos se confirman en otros estudios.
Los tiempos entre la primera y segunda mitosis asi como la sincronia entre la segunda y
tercera mitosis, que fueron pardmetros definidos como relevantes en el algoritmo de
Meseguer (Meseguer et al. 2011), son casi idénticos a los presentados por Wong (Wong
et al. 2010). Asimismo en otro trabajo publicado se observo que los blastocistos de
mejor calidad morfoldgica precisaban menores tiempos para completar la segunda y
tercera division celular, confirmando los resultados de Wong (Hashimoto et al. 2012).
De este modo, podemos ver que a pesar de que los objetivos o resultados parecen variar
entre estudios, si que existe un consenso en cuanto a los parametros definidos como
marcadores relevantes de seleccién embrionaria. La figura 10 resume marcadores

propuestos por diferentes grupos de estudio.

También podemos ver otras correlaciones entre los diferentes estudios. Tal y
como hemos comentado anteriormente, el trabajo de Dal Canto (Dal Canto et al. 2012)
encuentra mayor relevancia en las divisiones mas tardias (7 y 8 células) que en las
tempranas. Sin embargo, el grupo de Meseguer (Meseguer et al. 2011) observa que t5
es el parametro més relevante sin tener en cuenta tiempos de divisiones celulares
posteriores. A pesar de que estas dos afirmaciones pueden parecer contradictorias,
ambas divisiones corresponden al mismo ciclo celular por lo que realmente no son tan
discrepantes. Conforme el embrion va evolucionando y el ndmero de células va

aumentando, la dificultad de evaluar los tiempos exactos de las divisiones celulares es

37



cada vez mayor. Por ello, los tiempos de las divisiones a partir de 5 6 6 células pueden

resultar menos precisos, sobre todo si el embridn presenta algo de fragmentacion.
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Figura 10. Esquema del desarrollo embrionario pre-implantatorio con sus correspondientes

marcadores morfocinéticos. (Kaser and Racowsky 2014)

Los estudios comentados a lo largo del capitulo incluyen solamente
procedimientos de ICSI. Una posible explicacién al respecto es que los tiempos se
expresan como horas post microinyeccion (hpi). En procedimientos de FIV, el punto o
tiempo de partida es mas dificil de definir. Si se hicieran comparaciones en cuanto a
parametros cinéticos teniendo en cuenta embriones originados a partir de ambos
procedimientos (FIV-ICSI), los puntos de partida deberian definirse de diferente
manera. Ademas, en el caso de los procedimientos de FIV convencional, la
decumulacion ovocitaria se lleva a cabo una vez que la fecundacion ha tenido lugar. Por
tanto, el andlisis con time-lapse no podria realizarse hasta ese momento, no pudiendo

beneficiarse de la disminucidn en la manipulacién embrionaria.
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Finalmente, es incuestionable que la tecnologia time-lapse se esta convirtiendo
en una herramienta de gran utilidad para el embridlogo. Avances en este campo tendrén
gran relevancia en el momento de implementar politicas de eSET en las clinicas ya que
nos permitira tomar decisiones basadas no solo en el estado actual del embrion sino en
una vision mas completa y dinamica del desarrollo embrionario. Ademas es atractivo
saber que esta tecnologia nos brindaré las herramientas necesarias para movernos desde

la subjetividad hacia la objetividad en los laboratorios de FIV.

En los siguientes capitulos analizaremos si los marcadores morfocinéticos se
ven afectados por el medio de cultivo utilizado en el laboratorio (factor extrinseco) o

por la dotacion cromosomica del embridn (factor intrinseco).
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and new markers for embryo
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Current methods of embryo evaluation rely mainly on static observations of the embryo’s
morphology. These observations are inevitably restricted to specific times and, considering that
the development of the embryo is a dynamic process, several critical stages in between
observations may go unnoticed. These methods are also very subjective, and variations between
embryologists may affect critical decisions that will, in turn, affect the overall success of the
IVF clinics. On the other hand, an increased number of multiple pregnancies calls for a reduction
in the number of embryos transferred, making the selection procedure even more challenging
for the embryologist. Therefore, new markers that may aid the selection of embryos with higher
implantation probabilities are needed. This review details what is known about time-lapse
imaging, its application in embryology and the possible use of this technology as a novel
selection tool.
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Since the introduction of assisted reproduction
technologies, over a million babies have been
born worldwide using these technologies. From
a clinical point of view, two major achievements
are worth mentioning:

* Physicians have learned to handle the stimu-
lation drugs, and new recombinant versions
are pure and potent, as well as safer for the
patient;

* An increased knowledge of the pathophysiol-
ogy of ovarian hyperstimulation syndrome has
made the frequency of this syndrome almost
anecdotic.

Nonetheless, there are still two prominent
shortcomings:

* A low success rate due, in part, to an inability
to objectively determine which embryo has the
highest potential of implantation;

* An epidemic of multiple pregnancies due to
the high number of embryos that are normally
transferred into the uterus.

Multiple pregnancies not only bring medical
complications to the mother (e.g., gestational

diabetes, hypertension and anemia) and the
baby (extreme prematurity, low birthweight
and neurological damage, among others), but
they also induce many social and financial
problems that cannot be ignored. A reduc-
tion in the number of embryos transferred is
urgently needed, but concerns have been raised
that reducing the number of embryos trans-
ferred may jeopardize the success rates of IVF
clinics. In some countries, legislation has been
very restrictive and only allows the transfer of
a single embryo in cases of good prognosis. In
other countries, the law establishes an upper
limit, leaving the decision regarding the number
of embryos to transfer up to the physician’s dis-
cretion. Thus advances in assisted reproduction
laboratories need to develop more accurate
methods to choose the one embryo with the
highest implantation potential. Improvements
in the media and culture conditions (e.g., clean
air, heated surfaces and triple gas incubators)
are reflected in the good quality of the embryos
grown in the laboratory, but much more remains
to be accomplished with respect to the selection
procedure.
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Basile & Meseguer

Table 1. Blastocyst rate, proportion of transferred and frozen embryos incubated in the time-lapse

incubator versus the standard incubator.

TLI (n = 238) 54.8 (n = 130) 47.5-62.1 7.6 (n=18) 2.8-12.4 21.0 (n = 50) 15.9-26.9
Sl (n = 240) 50.6 (n = 121) 44.3-56.9 10.9 (n = 26) 7.0-14.8 24.1 (n = 58) 18.7-29.5
p-value NS NS NS

NS: Not significant; SI: Standard incubator; TLI: Time-lapse incubator.
Adapted with permission from Springer [38].

Kinetics of development

The study of cellular activity during the early stages of embryonic
development has been the focus of many studies. For instance,
the time between fertilization and the first cleavage is an objective
parameter that can easily be determined with certain predictive
values of embryo viability [1,2], and many authors have stressed
its importance as a selection tool. Several explanations have
been proposed to describe the mechanisms underlying the link
between the first division and the future embryo development:

* The transition from one fertilized egg to a two-cell embryo
depends on a highly regulated sequence of cellular processes
that start with transient increases in intracellular calcium
concentrations induced by the sperm’s entry [3];

40 —

* Fidelity in DNA replication: the duration of the first S phase
of the cell cycle appears to influence the formation of the blas-
tocyst. A long S phase combined with a short G1 phase in the
case of bovine embryos [4], or a short G2 phase in mouse
embryos [s], improves the rate of blastocyst development. It is
reasonable to suppose that zygotes with a shortened S phase are
predisposed to an incomplete replication and/or aberrant DNA,
which is not compatible with normal development to the blas-
tocyst stage, and may impose a delay on G2 and M phases by
activating a control point of the cell cycle at the level of DNA
replication;

* Oocyte maturation: one related aspect is the capacity acquired
by the oocyte to respond to calcium stimuli after sperm entrance.

. Time-lapse incubator

Standard incubator

%

Top quality

Good quality*

Do not recommend
for transfer*

Impaired embryo quality

Figure 1. Embryo quality in standard incubator and time-lapse incubator.

"Not for elective single-embryo transfer.
*Includes all multinucleated embryos.
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FSH: Follicle-stimulating hormone; LH: Leutenizing hormone; Sl: Standard incubator; TLI: Time-lapse incubator.

Data taken from [MESEGUER M, UNPUBLISHED DATA].

Transient increases in calcium are essential for cortical granule
release, completion of meiosis and pronuclear formation [6], thus
oocyte maturation is considered an important factor in deter-
mining the time of first cleavage [7];

* Inherent characteristics of gametes: the presence of the mouse
Ped gene (8], as well as HLA-F (9] and HLA-G genes [10] in
humans.

Current knowledge relating to the first cell cycle in human
zygotes is based on observations made both in IVF and intra-
cytoplasmic sperm injection (ICSI) cycles. Following the sperm’s
entry, oocyte metabolism intensifies, the second meiotic division
is completed and the second polar body is extruded, which marks
the beginning of the G1 phase of the first cell cycle [11). Despite
the observed variation in the duration and characteristics of the
first cell cycle, we can draw the following general conclusions from
studies based on static as well as time-lapse observations [12-14]:

* G1 phase begins with the appearance of the second polar body
and the completion of the second meiotic division. Pronuclei
appear, which are visible under light microscopy 7-8 h post-
insemination/injection (hpi). Most of the zygotes enter the
G1 phase approximately 3 hpi, and complete the G1 phase
approximately 14 hpi, especially in the zygotes derived
from ICSI;

* DNA synthesis (S phase) is initiated at 8—14 hpi and completed
at 14-24 hpi;

¢ Early zygotes enter the G2 phase approximately 12 hpi and late
zygotes approximately 30-31 hpi. The G2 phase takes
approximately 5—6 h;

¢ The duration of the M phase is relatively constant (3 h), and
takes place between the disappearance of the pronuclei and the
first division of the zygote. Most of the zygotes enter the
M phase between 24 and 30 hpi and complete their first cell
cycle between 27 and 33 hpi.

The phenomenon of early cleavage and its impact on pregnancy
rates was first studied by Edwards ez a/. (15]; from this point on,
numerous studies have been published, in which the common
idea is that the transfer of embryos with early cleavage improves
pregnancy and implantation rates. Shoukir ez a/. were the first
to demonstrate that the transfer of embryos that had completed
their first division by 25 hpi after conventional IVF significantly
improved pregnancy and implantation rates, compared with
the transfer of those embryos that had not yet divided [1]. These
results were also observed when compared with cycles that were
of very good quality, but with ‘no early cleavage’, embryos were
transferred. Later, Sakkas et /. obtained the same results but
with embryos derived from ICSI cycles, where fertilization times
are more defined [2]. A noteworthy aspect is that in the study
by Shoukir ez al., the percentage of eatly cleavage embryos was
lower than in the study by Sakkas ez 4/. Still, both studies dem-
onstrate the utility of ‘early cleavage’ as an indicator of embryo
viability, and thus as a predictor of pregnancy. The fact that early
embryos have a higher percentage of viability, regardless of the
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Table 3. Results for intracytoplasmic sperm injection cycles between

time-lapse incubator and standard incubator.

BPR
CPR

0.51
0.44

165 out of 279 (59)
138 out of 279 (49)

49 out of 77 (64)
42 out of 77 (55)

BPR: Biochemical pregnancy rate; CPR: Clinical pregnancy rate; SI: Standard incubator; TLI: Time-lapse

incubator.
Data taken from [MESEGUER M, UNPUBLISHED DATA].

insemination method utilized, rules out the effect of the time
of fertilization but supports the possible involvement of intrin-
sic factors from the oocyte/embryo in the manifestation of this
phenomenon.

Most early-cleavage studies compare data from cycles where at
least one early-cleavage embryo was transferred with data from
cycles where no early-cleavage embryos were transferred [1.2,16,17],
which makes it rather difficult to know which embryo has
implanted. To solve this issue, some research groups have focused
on homogeneous transfers, where all the embryos transferred fall
into a single category [18-23]; these studies clearly demonstrate an
increase in pregnancy and implantation rates for early-cleavage
embryos. It is worth mentioning the studies by Van Montfoort
et al. 20) and Salumets et al. [22], where single embryo transfers
were performed, thus providing a good opportunity to examine

the effect of early cleavage on embryo via-
bility and implantation potential.

Based on the association between early
cleavage and pregnancy and implanta-
Fisher tion rates, a correlation between early
Fisher cleavage and blastocyst developmental
potential has been studied. Fenwick ez al.
demonstrated that early-cleavage embryos
have better blastocyst formation rates, but
questions whether if this is really a func-
tion of the time of the first cleavage, or if it is a reflection of
an increased competence of the embryo cohort [24]. Therefore,
we can assume that the study of the kinetics of development
helps to discriminate between embryos of similar characteristics,
enhancing the differences between them. However, owing to
the characteristics of the current culture systems, monitoring
of the embryo development has to be intermittent and we can
end up losing accuracy in the results relating to embryo divi-
sions; embryo observation that is linked to arbitrary times can
be quite misleading when categorizing cell stage and timing
of development [25]. With the introduction of time-lapse and
digital-image analysis, we can not only get a full picture of the
embryo development but also determine with precision the time
of each cleavage and the time of any intracellular phenomena
surrounding fertilization.

Time-lapse imaging: applications in
embryology

B s B T

70

The study of cell movement has been con-
sidered a fundamental step in understand-

60

50

40

%

30

20

10

BPR

CPR

Figure 2. Biochemical pregnancy rates and clinical pregnancy rates obtained for

both incubators.

BPR: Biochemical pregnancy rate; CPR: Clinical pregnancy rate; SI: Standard incubator;

TLI: Time-lapse incubator.
Data taken from [MesecuEr M, UNPUBLISHED DATA].

ing the dynamic nature of cells. Over the
past 25 years, cell biology has benefited
from the achievements in image-analysis
technology. During the 1980s, the use of
analog videos greatly expanded the use
of the microscope as an analytical tool
(26,271 and, more recently, analog systems
have been replaced by digital ones [28.29].
Evaluations based on image-analysis sys-
tems add objectivity to the process of
embryo selection. However, the automatic
recognition of embryonic traits can be prob-
lematic owing to the quality of the image,
the morphological differences depending
on the developmental stage, the volume
of the analyzed data, and the position and
transparency of the embryo. Thanks to
the development of bioinformatics, new
programs have been created that allow the
automatic analysis of the images obtained
under the microscope. These programs also
allow the quantitative assessment of key
aspects of embryo development and mor-
phology, and the storage of the data relat-
ing to these determinations. These data can
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then be used to improve our knowledge on
early embryonic development and lead to
morphological classification systems that
are more objective and sophisticated.
Time-lapse technology has been used
for decades, especially in the research area
(30-32], and lately the level of automatiza-

. . . . PN appearance
tion achieved by some of the equipment in Pp
the market is making this technology more PN disappearance

suitable for clinical use. Three possible  First cleavage

setups are offered nowadays: Second cleavage

* To build an incubator around a commer-  Thirq cleavage
cially available microscope [33.34] (e.g.,
the Stage-top Incubator, Tokai-hit Ltd,

Japan);

PN: Pronucleate.

* To insert a microscope inside a commercially available incuba-
tor [35-37] (e.g., the Primo Vision, Cryo Innovations, Hungary;

EmbryoGuard, IMT Ltd, Israel);

¢ To have all the items integrated in a single piece of equipment
(38391, (e.g., Embryoscope™, Unisense Fertilitech, Denmark;
Live-Cell incubator, Sanyo, Japan; Bio-Station, Nikon, Japan).

Advantages

The new generation of systems that combine microscope and
incubator offer the possibility to describe morphological charac-
teristics without removing the embryos from the optimal condi-
tions of gas and temperature. In contrast to the daily evaluations
routinely performed in the IVF laboratory, the image-analysis
systems offer a series of benefits that include not only the precise
determination of cell divisions, but a closer monitoring of mor-
phological events, such as irregular divisions, the formation and
reabsorption of fragments [33,35.40], the initiation of compaction,
and the appearance of the blastocoele cavity, among others. They
also prevent incorrect interpretations of certain phenomena, such
as confusing a large fragment with a cell at any given time, missing
multinucleation that may appear during hours where we would
normally not be checking the embryos, and categorizing a zygote
as a two pronucleate (PN) when a third PN had been present at
some point in time. We will discuss some of these points briefly.

Early cleavage

The timing of the first cleavage has been proposed as a marker
for embryo selection, and several studies agree that transferring
early-cleaving embryos leads to higher implantation rates [2341].
However, the majority of these studies rely on single observa-
tions and several authors have addressed the need for more fre-
quent ones. More frequent observations can impair or even arrest
embryo development, due to the stress caused to the embryos
while transferring them from the incubators to the inverted
scopes. With time-lapse technology the advantage is clear: we can
determine the exact onset and duration of the first and subsequent
cell divisions automatically, without removing the embryos from
their optimal culture conditions, and we can register as many
observations as needed. With a conventional system, this would

Data adapted from [39].

Table 4. Exact time range and average, in hours after

intracytoplasmic sperm injection, for pronuclei appearance and
fading, first, second and third cleavage of human embryos.

5.8 29.4 9.9

17.7 37.5 23.7
19.9 40.5 26.7
23.2 64.7 37.8
25.34 63.87 39.3

require the laboratory personnel to be on duty at odd hours, and
it would be practically impossible to maintain a rigorous observa-
tion regimen.

Fragmentation

It is particularly useful in embryology to study the level of frag-
mentation, the appearance of which is common in eatly embry-
onic development. Estimation of the percentage and size of frag-
ments during the early stages of embryo development forms part
of almost all schemes of embryo classification. It is thought that
specific patterns of fragment distribution, in space and time, are
more closely related to the embryo competence than the frag-
mentation itself [42]. With a conventional system, it is difficult to
distinguish between acute or progressive fragmentation, consider-
ing that the embryos are assessed only once a day. This highlights
the importance of time-lapse technology, especially when taking
into consideration the results of different studies that provide new
insights about the morphodynamics of fragmentation, and show
that this phenomenon is not stationary [33.40.43].

Multinucleation

The assessment of multinucleation represents another param-
eter strongly established in the IVF laboratory. Multinucleated
embryos are frequently observed in the IVF laboratory, and the
presence of multinucleation has been correlated with the incidence
of chromosomal abnormalities, increased fragmentation, impaired
cleavage and lower implantation rates [44-46].

A particular problem with the routine assessment of multinucle-
ation is that the breakdown of the nuclear membrane normally
occurs prior to cytokinesis and it only reforms in each daughter
cell after the division is completed. It is, therefore, possible to
miss multinucleation when observing embryos at specific time
points only. By doing a continuous observation, multinucleation
may be revealed during certain cell stages often missed with the
standard methods of embryo evaluation. On the other hand, and
on a more practical level, it should be mentioned that these types
of incubation systems do not allow rotation of the embryos, and
therefore cell nuclei may sometimes remain undetected owing to
difficulties in their visualization (e.g., overlapping blastomeres,
granular cytoplasm, and presence of cytoplasmic fragments).
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a strong marker to predict blastocyst forma-
tion (48], as well as being associated with
higher implantation rates [39].
Nonetheless, the automatic analysis of
embryo images represents several chal-
lenges for the scientific community. First,
most morphological features analyzed are
not perceived correctly the first time, and
adjustments, usually related to the focus
of the microscope, are needed; we must
remember that the embryo is 3D and that
some structures that are clearly visible on
one plane can disappear in the next one.
Therefore, an image-analysis system should
include the possibility of taking images
from different planes of the embryo in

’ Positive
‘ Negative

order to be reliable.
Although published studies describe

some progress in the use of image-analysis

technology on embryo development [49-s1],

* 30
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Figure 3. Time distribution for pronucleate appearance in human embryos. The
vertical axis indicates the time (in h). Negative = 0% implantation (no embryo
implanted), and positive = 100% implantation (all embryos implanted).

Data taken from [Mesecuer M, UNPUBLISHED DATA].

Synchrony

Synchronic cell divisions as well as synchronic nuclei appearance
after the first cleavage have been associated with higher implanta-
tion rates in human embryos [43.47). However, it has been suggested
that embryos with uneven cell numbers derived from asynchronic
cell divisions invariably fail to implant [47]. In the current system
of embryo evaluation, asynchrony of cell division can only be
determined if the embryo presents an odd cell number at the exact
time of observation, whereas with a time-lapse system unattended
and accurate assessment of the degree of asynchrony is always pos-
sible. Recent studies based on this new technology suggest that the
synchrony between blastomeres in the second cell cycle represents

the overall quantity of available material
is scarce, even though there are increasing
data supporting the fact that a sequential
embryo assessment method, derived from
multiple independent evaluations, is the
best guide for assessing the potential of an
embryo [52]. The new generation of systems
that combine microscope and incubator
offer the possibility of describing morpho-
logical characteristics without removing
the embryos from the optimal conditions
of gas and temperature, and thus of reduc-
ing the environmental stress experienced
by the embryo.

Time-lapse studies

The first experiments in which time-lapse
technology was introduced to study the
kinetics of human embryonic development
were aimed at validating its clinical utilicy
as an incubation system [43,53-56]. Initial
studies by Cruz ¢z al. compared the blasto-
cyst formation rate and the percentage of
useful embryos (transferred and frozen) in a prospective study in
which oocytes from the same patient were randomly split between
a standard incubator (SI) and the time-lapse incubator (TLI)
after ICSI. No significant differences were observed for any of
the variables studied (TasLe 1) [38].

According to the guidelines of the Spanish Association of
Reproductive Biology [57], embryos are classified from A to D
depending on their quality. In the same study by Cruz ez al.,
embryo quality was also analyzed and no differences were
observed inside and outside of the TLI [38]. The following figure
describes the percentage of embryos in each category for each of
the two incubation systems (Ficure 1) [M. Cruz, Prs. Conmr]
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Continuing to validate time-lapse tech-
nology for clinical use, Meseguer et al.
[UNPUBLISHED DATA] compared biochemical
pregnancy rates (BPR) and clinical preg-
nancy rates (CPR) between cycles in a
SI and the TLI in a retrospective match
cohort study. Tasie2 presents the means, the
p-values and the statistical tests used for the
following variables: average age of patients,
number of oocytes retrieved, number of
embryos transferred, percentage of abor-
tions, hormonal treatment and percentage
of good-quality embryos cultured in the
TLI and SI.

No significant differences were observed
for any of the variables studied between the
two groups considered (p > 0.05). This
demonstrates the homogeneity of both
groups, and allows us to make a reliable
comparison of BPR and CPR obtained
with both types of incubators, as observed
1N TABLE 3.

40 —

Time (h)

35

30 —

’ Positive
‘ Negative

25 —

“w0e

20 —

Tasee 3 shows that the BPR for TLI was '
64% and for SI was 59%, with a p-value .
of 0.51. With respect to the CPR, a value
of 55% was obtained for TLI and 49% for
SI, with a p-value of 0.44. No significant
differences were observed for ICSI cycles
performed in both incubators. However, it
is observed in Ficure 2 that both the BPR and the CPR values were
slightly higher in the TLI than in the SI, although this difference
was not significant (Ficure 2).

Time-lapse monitoring of embryo development has also led to
the re-evaluation of the most relevant scoring criteria and strate-
gies used in human embryology. An example of this is pronuclear
scoring, analyzed by Montag et al. [s8]. In this study, the distribu-
tion of nucleolar precursor bodies was evaluated at 14-15, 1618
and 19-20 h after ICSI. During the first two intervals, 75% of the

Figure 4. Time distribution for pronucleate disappearance in human embryos.
The vertical axis indicates the time (in h). Negative = 0% implantation (no embryo
implanted), and positive = 100% implantation (all embryos implanted).

Data taken from [MeseGUER M, UNPUBLISHED DATA].

pronuclear stage oocytes presented similar pronuclear scores and
25% of the oocytes showed a change in the pattern that resulted
in a different score. The documented changes were mostly due
to a move away from an asymmetric distribution of the nucleolar
precursor bodies towards a more symmetric or perfectly aligned
distribution. Another example presented in this same study by
Montag et al. involved the classic assessment of embryo morphol-
ogy [58]. Embryos assessed within a time span of 4 h (38, 40 and
42 h) presented a different morphology or blastomere number

Figure 5. First embryonic division. A single-cell zygote divides into two daughter cells.

Data taken from [MESEGUER M, UNPUBLISHED DATA].
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in almost half of the embryos (49.1%), leading once again to a
different score. As expected, when the same evaluation involved a
shorter time span (40 and 42 h), it was demonstrated that a lower
percentage (32.6%) would have been scored differently.

Time-lapse imaging as a selection tool

Correlation between embryo implantation & variables
measured by time-lapse analysis

The analysis of videos generated from 159 human embryos incu-
bated with a time-lapse system allowed us to determine time
ranges for certain embryonic events, as presented in Tasie 4.

Out of the 159 embryos included in this experiment,
35 implanted and 124 did not implant. For both groups the tim-
ing of appearance and disappearance of the PN and the timing
of the first (two cells), second (three cells) and third (four cells)
embryo cleavages were studied. The following figures represent
the time distribution for each embryonic event according to
implantation (0% negative vs 100% positive):

* PN appearance (Ficure 3);

* Disappearance of pronuclei (Frcure 4).

The time distribution appears to be similar for PN appear-
ance in both groups (between 5 and 17 h after ICSI). However,
group 2 includes two embryos whose PN appeared too late
(more than 24 h). As observed in Ficure 3, the majority of the
implanted embryos had formed PN at 15 h after ICSI, although
in an isolated case, this time was extended to 20 h. These results
agree with those by Fancsovits ez al. who propose that early PN
disappearance (between 22 and 25 h) is a good indicator of

Table 5. Mean averages for each embryo event

according to implantation (100 vs 0%).

Implanted 9.38
Not implanted 9.99
Implanted 23.02
Not implanted 24.82
Implanted 259
Not implanted 26.6
Implanted 37.1
Not implanted 38.27
Implanted 37.5
Not implanted 39.8

PN: Pronucleate.
Data taken from [MESEGUER M, UNPUBLISHED DATA].

embryo viability. Ficure 4 shows that the PN of a large number of
implanted embryos had disappeared in this time range, and that
it could even be extended from 20 to 25 h post microinjection
[59]. Moreover, Ficure 4 shows (marked with circle) that if the PN
disappear too late (between 28 and 35 h after ICSI), embryos
do not implant.

* First embryonic division (Ficures 5 & 6).

Embryos that initiated the first cleavage too late (>32 h) failed
to implant, except for one embryo that divided for the first time
at 37 h but still presented normal kinetics on day 2 and day 3.

* Second and third embryonic division (Ficure 7).

Embryos that initiate the second cleavage too early or too late
(<27 h or >41 h) failed to implant. Similar results were observed
for the third cleavage (<29 h or >43 h). We should note that the
second embryo cleavage is a synchronous event that involves two
cells dividing at the same time. However, asynchrony is observed
on numerous occasions, allowing us to distinguish between a
three-cell and a four-cell embryo. This asynchrony may take from
a few minutes to hours, and later on in this article we will see that
calculating this time may serve as a marker to select embryos with
higher implantation rates.

In summary, these results allow us to present the following
profile for implanting embryos:

* For embryos in which the appearance of PN occurs early
(between 5 and 17 h post ICSI), the disappearance of PN will
also occur early (between 20 and 25 h post ICSI);

e The first cleavage (two cells) should occur before 32 h and the
second and third cleavage (three to four cells) should occur
before 43 h post microinjection.

Mean averages for each embryo event were analyzed. Tasie 4
presents the mean time for the onset and disappearance of the PN,
and for the first, second and third embryo cleavages (hours after
ICSI) according to implantation (0 vs 100%) (Taste 4).

Establishing kinetic markers

Based on the previous observations from time-lapse imaging in
human embryos, we continued analyzing kinetic variables in
order to establish new markers for embryo selection. When com-
paring the mean values for each event (Tase 5), significant differ-
ences (p < 0.05; t-student) were observed between implanted and
not implanted embryos. More specifically, the mean values for all
variables were lower for all the embryos implanted compared with
the embryos not implanted.

This would suggest that implanted embryos have a higher
division rate than nonimplanted ones or, in other words, non-
implanting embryos have a tendency to divide later. Considering
that the mean is not an informative indicator of implantation
(since the differences are very small), a better way to analyze dif-
ferences between implanting and nonimplanting embryos would
be to divide the initial samples into quartiles and establish opti-
mal ranges for each embryo event. In a recent study by Meseguer
et al., optimal ranges were proposed for certain variables based
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on the analysis of 247 embryos that were
cultured in a time-lapse system and trans-
ferred on day 3 of development (39]. The
following figure describes the optimal
ranges for PN appearance, time to two
cell (£2), time to three cell (t3) and time
to five cells (t5) (Ficure 8).

As the limits for the ranges were defined
as quartiles, each one of them represents
the same number of transferred embryos
with known implantation outcomes. For all
cleavage times there is a significant differ-
ence in implantation rate between embryos
within the optimal range as opposed to
those outside the range. However, it should
be noted that the difference in implanta-
tion rates increases with successive cell divi-
sions. For t2 the difference in implanta-
tion rate is 12%, for t3 it is 21%, and for
t5 it reaches 24%. The implantation rate
of embryos with a t5 within the optimal
range is 2.6-times the implantation rate
for embryos outside this range. Therefore,
selection based on the timing of cleavage to
the five-cell stage provides the best single
criteria to select embryos with improved
implantation potential.

Two other variables were considered in
the study by Meseguer et al. [39]. The first
one, defined as the second cell cycle (cc2),
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represents the time from the division to a '
two-blastomere embryo until the time to =l
the division to a three-blastomere embryo
(cc2 = t3-t2 represents the duration of the
period as a two-blastomere embryo). The
second variable, defined as s2, represents
the time from the division to a three-
blastomere embryo until the time to the
division to a four-blastomere embryo (s2 =
t4-t3 represents the duration of the period as a three-blastomere
embryo).

For both variables, that is the duration of the cc2 and the syn-
chrony from three-cell stage to four-cell stage (s2), we found that
embryos falling within optimal ranges had significantly higher
implantation rates that those outside of the range (Ficure 9).

Other studies have also analyzed the exact timing of certain
embryonic events. Montag ez /. observes a range from 22 to 36 h
with a mean of 26.7 + 3.2 h for the first cleavage in 59 embryos
that were cultured beyond the two PN stage in a TLI. In this
study, according to the definition of early cleavage, 57.6% (34
out of 59) of the embryos had cleaved by 25-26 h, and 42.3%
(25 out of 59) cleaved later [ss].

Another aspect worth mentioning is the possible correlation
between implantation rates and certain morphological events
that can only be determined through time-lapse analysis. Three

Figure 6. Time distribution for the first cleavage in human embryos. The vertical
axis indicates the time (in h). Negative = 0% implantation (no embryo implanted), and
positive = 100% implantation (all embryos implanted). The oblong circles highlight
embryos dividing too early or late for the first time that fail to implant.

Data taken from [Mesecuer M, UNPUBLISHED DATA].

different morphological events have been correlated with poor
implantation potential [39):

* Direct cleavage from zygote to three-blastomere embryo,
defined as: cc2 = t3-t2 <5 h;

* Uneven blastomere size at the two-cell stage during the
interphase where the nuclei are visible;

* Multinucleation at the four-cell stage during the interphase
where the nuclei are visible.

Given the low implantation rates (four out of 48 embryos stud-
ied [8%]) for embryos presenting any of these features, using the
above listed observations as exclusion criteria for embryo selection
has been suggested.

A different approach is presented by Wong et a/. In this study,
time-lapse imaging and gene-expression profiling was used to
predict progression to the blastocyst stage with >93% sensitivity
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Figure 7. Time distribution for the second (left) and third (right) cleavage in human embryos. The vertical axis indicates the
time (in h). Negative = 0% implantation (no embryo implanted), and positive = 100% implantation (all embryos implanted).

Data taken from [Mesecuer M, UNPUBLISHED DATA].

and specificity, by measuring three dynamic, noninvasive imag-
ing parameters by day 2 after fertilization, but before embryonic
genome activation [48]. In this study, cell imaging greatly benefits
from an automatic software system for cell tracking that is cou-
pled to the time-lapse system. The three parameters proposed
include: duration of the first cytokinesis; time interval between
the end of the first mitosis and the initiation of the second mitosis;
and the time interval between the second and third mitosis. The
third parameter represents the synchronicity in the formation of
the two sets of grandaughter cells (equivalent to s2 from the study
by Meseguer et al.). The mean values and standard deviations for
these three parameters for the embryos that had reached the blas-
tocyst stage were: 14.3 + 6.0 min; 11.1 + 2.2 h; and 1.0 + 1.6 h,
respectively. It should be noted that embryos included in this
study were derived from oocytes that were previously cryopre-
served at the pronuclear stage, and therefore we should be cautious
in extrapolating these results for fresh embryos. It should also
be noted that the parameters proposed probably differ from the
ones proposed by Meseguer ez al., because the end point for both
studies is different. The first one predicts blastocyst formation
whereas the second one predicts implantation.

In conclusion, we now have new markers based not only on
timings but also on abnormal morphological events that can
only be observed through time-lapse technology. An algorithm
for embryo selection based on a combination of these markers
plus the standard morphology has been described, as observed
in Ficure 10 [39]. Possible factors affecting these markers should be
considered. A recent study [BASILEN ET4L., UNPUBLISHED DATA] revealed
no differences between commercially available culture media for
any of the following variables: t5, cc2 and s2. Considering that
these variables are included in the above-mentioned algorithm,
it would be safe to use it despite of the media utilized. Other
external factors such as temperature, gas mixture and stimulation
protocols should also be studied.

Expert commentary

The increasing pressure to reduce the number of embryos trans-
ferred to the uterus has led to the development of new strategies
aimed at optimizing the predictive power of embryo viability.
Studies comparing pregnancy and implantation rates depending on
whether embryos are transferred at cleavage stage and/or blastocyst
stage are still confusing, considering that some studies promote the
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Data taken from [MeseGUER M, UNPUBLISHED DATA].
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(second cell cycle duration as two cells)

S2

(synchrony in cleavage from three to four cells)

‘ .

p=0.018

30 —

25 —

20 —

Implantation (%)

158 =

10 —

>12 h <12 h

35

p = 0.024

30 —

20 —

Implantation (%)

15 —

>0.67 <0.67

Figure 9. Optimal ranges for the interval limits second cell cycle and synchrony from two-cell stage to four-cell stage.
Significant difference in implantation rate between embryos falling within and out of the optimal range.
cc2: Second cell cycle; s2: Synchrony from three-cell stage to four-cell stage.

Data taken from [MeseGuEr M, UNPUBLISHED DATA].

transfer of embryos on day 5 of culture [60-62] while others find no
difference [63,64]. Alternative strategies suggest selecting embryos
based on pronuclear morphology (65.66], or early cleavage times
(12,67.68], and much of the past research has focused on exploring
the utility of these determinations as possible markers of embryo
competence. Alternatively, the combination of using a subjective
score of embryo quality along with the rate of development in
culture has proved effective in predicting possible pregnancies [69],

and other studies have stressed the importance of selecting critical
points for maximizing the differences between the embryos (1.

It is true that information obtained from microscopic observa-
tions has contributed significantly to the great success of IVF;
however, embryo selection based solely on static and subjective
evaluations needs to be improved.

Even though we see the limitations of morphological static
evaluations, the authors believe that embryo morphology still
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remains an important parameter and that
embryo selection should always begin with
a morphological assessment. Oocyte and
embryo morphological assessment has been
reviewed recently in a consensus paper

on embryo assessment by ALPHA and

Selection procedure

1. Morphological evaluation

ESHRE {70}, evidencing the importance of
this approach. In order to identify embryos

2. Exclusion criteria

with the highest potential of implantation,
a combination of morphology plus new
markers based on time-lapse analysis is

¢ Direct cleavage from one- to three-cell
embryo (duration <5 h)

proposed. An increased use of blastocyst
culture has probably slowed down the
development of strategies based on earlier

* Uneven blastomere size in 2nd cell cycle

* Multinucleation in 3rd cell cycle

stages of embryo development, whether
through static or time-lapse observations.
Future studies should demonstrate (or not)
the real advantage of time-lapse imaging
versus a growing-to-blastocyst selection
strategy.

Noninvasive analysis of embryo develop-
ment based on time-lapse imaging is useful,
not only to understand the morphological
events associated with fertilization, but also
to evaluate the physiological importance
of these events during the early stages of
embryonic development. Thus far, most of
the human embryo research on morpho-
kinetic development has been based on a
small number of samples generated under
diverse experimental conditions [11,43,48,54,56]. The majority of the
studies that involve imaging have been limited to measurements
of early development, such as pronuclear formation and fusion,
and time of the first cleavage [12.24,43.70]. Nonetheless, the recent
introduction of highly automatic time-lapse equipment has led
to the discovery of new and interesting data that can be applied
on a daily basis in a clinical setting. It may now be possible to
predict blastocyst formation as early on as day 2 (48], and it is
now known that the morphological scoring of the embryos can
change in a very short time span (s8] and that algorithms may
now be used for embryo selection based on kinetic markers [39].

Five-year view

The study of embryo kinetics through time-lapse technology
has given rise to new markers for embryo selection. It represents
a new, exciting and powerful tool for viewing cellular activ-
ity and embryogenesis in a coherent and uninterrupted man-
ner otherwise not available through the standard methods of
embryo evaluation. Over the next 5 years, more clinics will start
using this type of ‘all-in-one’ equipment, and hopefully more
studies based on human embryos will enable us to continue
learning about the dynamic process of embryo development;
embryology knowledge as it is established nowadays will be
partially rewritten. New markers have already been proposed,
and the authors believe that prospective randomized studies will

3. Selection criteria

* Time of cleavage to five-blastomere
embryo (t5)

» Synchrony in cleavage from three to four
blastomeres (S2 = t4 - t3)

* Duration of 2nd cell cycle (cc2 = t3 - 12)

Figure 10. Exclusion and selection criteria based on time-lapse markers.
Data taken from [Mesecuer M, UNPUBLISHED DATA].

validate these markers for embryo selection. Automatization is
a key aspect, and, in the next 5 years, we will most likely work
with more improved software programs that will facilitate us to
compare and select embryos automatically, based on predefined
algorithms. Time-lapse technology will save time for the embry-
ologist, while offering the availability of 24-h continuous obser-
vation. It will improve the effectiveness of IVF cycles, reducing
costs and increasing the ability to identify embryos with higher
viability. Progress in this scientific field will become especially
relevant when implementing a policy of single-embryo transfer,
considering that it offers the embryologist a system for deci-
sion-making that is much more powerful, and that it is based
not only on the real-time status of the embryo but on a more
authentic and dynamic view of the entire process of embryonic
development.
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Key issues

e Multiple pregnancies still remain a problem in in vitro fertilization clinics.
e Current methods of embryo evaluation need to be improved in order to reduce the number of embryos transferred without

jeopardizing the success rates.

Time-lapse technology represents a tool that provides novel information about developmental parameters that differ between

implanting and nonimplanting embryos.

New markers based on time-lapse technology have been associated with higher implantation rates.
Prospective studies are necessary in order to prove that selecting embryos through time-lapse parameters (morphokinetics) increases

the implantation rate.

Automatization has been crucial for the utility of this technology in a clinical setting.
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Desde la introduccion de la tecnologia time-lapse en los laboratorios de FIV
distintos marcadores cinéticos han sido identificados y asociados a una mejor calidad y
viabilidad embrionaria asi como a mayores tasas de implantacion (Azzarello et al. 2012,
Dal Canto et al. 2012, Meseguer et al. 2011, Wong et al. 2010). Por ello, hoy en dia
resulta necesaria una comprensién exhaustiva de la cinética embrionaria incluyendo un
conocimiento de los distintos factores intrinsecos o extrinsecos que pudieran afectarla
(Bellver et al. 2013, Freour et al. 2013, Munoz et al. 2012). Dentro de los factores
extrinsecos, uno que juega un papel fundamental es el medio de cultivo. En este estudio
nos planteamos estudiar los efectos del medio de cultivo sobre la cinética embrionaria

intentando responder la siguiente pregunta: ¢podemos utilizar los mismos marcadores
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asociados a una mayor tasa de implantacién independientemente del medio de cultivo

utilizado?

Para ello hemos elaborado un estudio utilizando pacientes incluidas en el
programa de ovodonacion de VI Madrid. Se eligié este grupo particular de pacientes
con el fin de minimizar las variaciones asociadas a una mala calidad ovocitaria en
pacientes infértiles. EI principal objetivo fue analizar los tiempos de division desde
estadio de 2 PN hasta el estadio de 5 células y el calculo del porcentaje de embriones
dentro de los rangos Optimos definidos para las 3 variables asociadas a una mayor tasa
de implantacion: s2, cc2 y t5. Dentro de los objetivos secundarios se incluyo:

evaluacion morfoldgica estandar y resultados clinicos.

3.1. Material y Métodos

Todas las donantes incluidas en el estudio tuvieron entre 18-30 afios de edad
(media: 26,9 DE = 4.7), ciclos menstruales normales (26-34 dias de duracion), IMC de
18-28 Kg/m? y (tero y ovarios normales segun ecografia. Como criterio de inclusion se
pauté un minimo de 10 ovocitos en puncion, de los cuales 8 debian ser maduros MII.
Dentro de los criterios de exclusion se consideraron: factor masculino severo
(concentracion espermatica < 5 x 10%/ml), receptoras con malformacién uterina, varones
con FISH de espermatozoides anormal y varones portadores de enfermedades genicas o
cromosomicas. Un total de 75 receptoras recibieron un total de 723 ovocitos Ml

(media: 9,2, rango = 8-13).
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3.1.1 Estimulacion y puncion ovarica

La estimulacion ovérica de las donantes se llevo a cabo siguiendo un protocolo
con antagonistas y FSHr y la maduracion final se realizé con agonistas de GnRH.
Durante la puncion ovarica, 36 horas después de la administracion del agonista de
GnRH, el ginect6logo procurd aspirar el mismo ndmero de foliculos por tubo enviado al
laboratorio. Es en este punto donde se realiza la separacion de los ovocitos entre los dos
medios de cultivo. Los medios de cultivo a comparar fueron: Sage® (Sage, CT, USA) y
Global® (Life-Global, CT, USA). Ambos medios de cultivo se encuentran disponibles
comercialmente. Todos los procedimientos del laboratorio a partir de este momento se
realizaron respetando y manteniendo por separado el nimero de ovocitos asignado a
cada medio de cultivo en el momento de la puncion. El esquema de trabajo esta

representado en la Figura 11.

Puncion ovarica

n = 354 7a M n =369 =
M — E
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Cultivo embrionario

Figura 11. Esquema de trabajo. Los ovocitos se separan en el momento de la puncién ovarica
y se mantienen en medios de cultivo diferentes durante la denudacién, ICSI y cultivo embrionario
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3.1.2 Denudacién, ICSl y cultivo embrionario

Tras la puncién ovérica, los ovocitos fueron incubados por 4 horas en una
incubadora convencional a 37°C y 6.2% CO2. La denudacion de los ovocitos se realizd
mecénicamente con enzima hialuronidasa y posteriormente se procedié a hacer el ICSI.
Una vez inyectados, los ovocitos fueron colocados en pocillos individuales dentro de la
placa de cultivo EmbryoSlide®. EI EmbryoSlide se compone de 12 pocillos individuales
y a los efectos del estudio 6 de ellos fueron llenados con medio Sage® y 6 con medio
Global®. Los cigotos obtenidos fueron cultivados dentro del Embryoscope® hasta dia 3

de desarrollo embrionario (Figura 12).

EmbryoSlide

/Txan;ferenv;ia en

D3

Embryoscope

Figura 12. Cultivo embrionario en sistema time-lapse Embryoscope
hasta dia 3 de desarrollo

3.1.3 Registro y analisis de imagenes

Las series de imagenes se registraron en tiempo real y se analizaron
retrospectivamente mediante el software EmbryoViewer®; gracias a esta herramienta
fue posible registrar no solo las caracteristicas morfoldgicas del embridn sino también
los tiempos exactos en los que transcurrieron las divisiones celulares desde el momento

de la fecundacion. La medicion de estos tiempos se llevo a cabo en horas post ICSI
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(hpi). Ademaés, este software nos presenta una gréafica que refleja la cantidad de
movimiento producido entre dos imagenes consecutivas de la filmacion; este pardmetro
se denomina actividad blastomérica, se genera de forma automaética e indica los puntos
en los que se produce movimiento durante el desarrollo. Normalmente este movimiento

coincide con las divisiones celulares. Se registraron las siguientes variables de tiempo:
Variables Individuales:
- t0 (h): tiempo de microinyeccion.
- pf (hpi): desaparicion de pronucleos.
- t2 (hpi): tiempo de la division hacia un embrion de 2-células.
- t3 (hpi): tiempo de la division hacia un embrién de 3-células.
- t4 (hpi): tiempo de la division hacia un embrién de 4-células.
- t5 (hpi): tiempo de la division hacia un embridn de 5-células.

Ademas de estas variables individuales también se midieron los intervalos entre
algunas divisiones consecutivas (ver representacion grafica en capitulo 2). Estos
intervalos resultan de particular interés porque representan la duracion de los ciclos
celulares asi como la sincronia en las divisiones. A continuacion se describen las

variables compuestas medidas:
Variables compuestas:

- cc2 (h) = (t3-t2): duracién del segundo ciclo celular; periodo de tiempo en el

que observamos un embrion de 2-células.

- cc3 (h) = (t5-t3): tiempo que tarda el embrion en la transicion de 3-células a 5-

células.
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- 52 (h) = (t4-t3): sincronia en la transicion desde un embrion de 3-células a un

embrién de 4-células.

3.1.4 Categorias morfocinéticas

La categorizacion de embriones se llevo a cabo siguiendo el algoritmo descrito
anteriormente (Meseguer et al. 2011) En este modelo los embriones son evaluados
inicialmente por morfologia convencional, luego se excluyen los que presentan algin
criterio de exclusion (division directa, blastomeras asimétricas o multinucleacion) y

finalmente se clasifican siguiendo la jerarquia basada en las variables t5, s2 y cc2.

3.1.5. Andlisis Estadistico

Los resultados se analizaron con una T-Student en la comparacion de medias
(horas) y con un test de Chi-cuadrado en la comparacién de proporciones. Se considero
la presencia de significacion estadistica cuando el valor de p<0.05. El analisis

estadistico se realizd mediante el programa SPSS.

3.2. Resultados

3.2.1. Tiempos de division y porcentajes dentro de los rangos 6ptimos
Un total de 723 ovocitos fueron divididos entre los dos medios de cultivo, 369
en Global® y 354 en Sage®. El porcentaje de ovocitos fecundados fue de 71,3% (IC

95% 66,7-75,9) en Global® y 76% (IC 95% 71,5-80,4) en Sage®. La Tabla 2 describe
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los tiempos exactos de division celular en funcion del medio de cultivo. Se puede

observar que no hay diferencias significativas para ninguna de las variables estudiadas.

Tabla 2. Media de tiempos para las distintas variables en funcion del medio de cultivo utilizado

Variable  Medio de cultivo N Media 19550 Minimo Méximo
L.inferior L.Superior
2PN Sage 269 8.35 8.04 8.65 4.72 30.14
Global 263 8.16 7.82 8.51 4.43 30.14
PNF Sage 269 23.41 22.77 24.04 6.16 54.02
Global 263 23.56 22.92 24.21 6.84 51.34
t2 (h) Sage 269 27.26 26.60 27.91 19.18 57.35
Global 263 26.71 26.12 27.30 18.52 53.19
t3 (h) Sage 269 38.08 37.32 38.83 22.40 64.12
Global 263 37.84  37.08 38.61 23.05 65.29
t4 (h) Sage 269 4015  39.39 41.91 24.44 68.07
Global 263 40.20  39.36 41.04 25.45 74.85
t5 (h) Sage 239 5127 5015 52.39 27.18 101.69
Global 242 51.14 50.15 52.13 32.71 77.53
cc2 (h) Sage 269 10.91 10.37 11.45 .00 26.88
Global 263 11.17 10.61 11.74 .00 37.19
s2 (h) Sage 269 2.19 1.73 2.64 .00 18.67
Global 263 2.70 2.13 3.27 .00 25.51

PNF: tiempo de “pronuclear fading”, t2 (tiempo a 2 células), t3 (tiempo a 3 células), t4 (tiempo a 4 células),

t5 (tiempo a 5 células), cc2 (t3-12), s2 (t4-t3)

Seguidamente, se analizd el porcentaje de embriones dentro de los rangos

optimos definidos en el algoritmo (Meseguer et al. 2011) para las variables relacionadas

con implantacion t5, s2 y cc2. Tampoco se observaron diferencias significativas en

funcién del medio de cultivo utilizado (Tabla 3).
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Tabla 3. Porcentaje de embriones dentro de los rangos 6ptimos definidos para las variables t5, s2 y

cc2
t5 s2 cc2
Medio N Fuera de 48,8-56,6 h N Fuerade | <0,75h | N Fuera de <12h
Cultivo rango (%) (%) rango (%) rango (%)
Global 242 62,0% 38,0% 263 | 49,0% 51,0% 269 | 46,8% 53,2%
150/242 92/242 129/263 134/263 126/269 143/269
Sage 239 59,8% 40,2% 269 | 49,4% 50,6% 274 | 47,8% 52,2%
143/239 96/239 133/269 136/269 131/274 143/274
P NS NS NS

t5 (tiempo a 5 células), cc2 (t3-t2), s2 (t4-t3)

3.2.2. Morfologia estandar y resultados clinicos

Como objetivo secundario se analizaron la calidad embrionaria y los resultados

clinicos. Para analizar la calidad embrionaria se tuvo en cuenta el nimero de células y la

fragmentacion en D2 y D3. También se analiz6 el porcentaje de embriones catalogados

como optimos en D2 (4 células, 0-15% fragmentacion, blastomeras simétricas y sin

multinucleacién) y en D3 (7-8 células, 0-15% fragmentacion, blastomeras simétricas y

sin multinucleacion). Los resultados respecto a la calidad embrionaria se ven descritos

en la Tabla 4.

Tabla4. Calidad embrionaria en funcién del medio de cultivo utilizado

Variable Medio cultivo N Media 1C95%
Limite inferior  Limite superior
Células D2 Sage 269 3,91 3,78 4,04
Global 263 3,96 3,83 4,10
Fragmentos D2  Sage 269 6,47% 5,54 7,40
Global 263 5,66% 4,50 6,82
Optimo D2 Sage 269 51,1% 452 56,8
Global 263 52,2% 46,3 58,1
Células D3 Sage 239 6,72 6,47 6,97
Global 242 7,16 6,88 7,45
Fragmentos D3 Sage 239 6,33% 5,34 7,32
Global 242 5,43% 4,63 6,23
Optimo D3 Sage 239 52,8% 47,0 58,6
Global 242 46,5% 40,6 52,4
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Se transfirieron un total de 139 embriones. De ellos, 49 implantaron (saco
gestacional con latido cardiaco positivo) lo cual resulto en una tasa de implantacién del
35,8%. De los embriones transferidos, 73 fueron cultivados en Global® (52,5% IC 95%
44,9-61,6) y 66 en Sage® (47,5% IC 95% 38,4-55,1). Hubo un total de 73 transferencias
embrionarias: 25 transferencias puras con embriones solo de medio Global (n=45); 17
transferencias puras con embriones solo de medio Sage® (n=32) y 31 transferencias
mixtas (n=62) con embriones provenientes de ambos medios. Las tasas de embarazo
clinico e implantacion fueron similares para los tres tipos de transferencias: 48,0% (IC
95% 28,4-67,6) y 42,0% (IC 95% 22,5-61,4) con Global®; 58,8% (IC 95% 35,4-82,2) y
38,2% (IC 95% 15,0-61,4) con Sage® y 58,1 (IC 95% 40,7-75,4) y 37,1% (IC 95%

22,1-52,1) en las transferencias mixtas.

3.3. Discusion

Este estudio revela que la cinética embrionaria no varia entre los dos medios de
cultivo analizados. Dicha similitud se refleja a su vez en los resultados clinicos
representados por las tasas de embarazo clinico e implantacion. Ademas, representa un
modelo nuevo de comparacion entre dos medios de cultivo diferentes ya que utiliza una
monitorizacion continua del desarrollo embrionario y no la microscopia estatica

convencional.

Se debe tener en cuenta la gran cantidad de factores de confusion que se pueden
presentar cuando evaluamos desarrollo embrionario. Es por ello que este estudio
intento, en cierta medida, minimizar dichos factores a través de un disefio en el que i) se
utilizaron ovocitos de donantes para evitar variabilidad proveniente de pacientes

infértiles, ii) se utilizaron ovocitos de la misma cohorte, reduciendo asi las variaciones
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entre las donantes vy iii) todas las condiciones de cultivo, excepto el medio de cultivo,
fueron idénticas: tipo de incubadora, temperatura, concentracion de CO2, humedad y

material fungible en contacto con los embriones.

Es interesante también tener en cuenta los tipos de medio de cultivo elegidos
para este trabajo. Si bien existen numerosos tipos y marcas en el mercado, todos ellos
basan su composicién en uno de estos dos principios: i) ofrecer al embridn los
nutrientes de forma secuencial en funcion del estadio de desarrollo: “mediOS
secuenciales” o  ii) ofrecer al embrion todos los nutrientes desde el inicio
independientemente del estadio de desarrollo: “medios simples”. Ambos tipos de medio
poseen diferencias sutiles respecto a su composicion de sustratos energéticos, fosfatos y
otros micronutrientes, sin embargo, la gran diferencia reside en el tipo de aminoacidos
que contienen. En este caso, Global® se trata de un medio simple y Sage® de uno
secuencial. Resulta interesante observar que la morfocinética no varia entre dos medios
de cultivo tan diferentes, permitiéndonos asi utilizar marcadores morfocinéticos de
seleccion embrionaria independientemente del medio de cultivo utilizado. Se debe
reconocer sin embargo que no podemos extender esta conclusion a todos los medios de
cultivo disponibles en el mercado pero si para los dos medios utilizados actualmente en

VI Madrid.

Por otro lado, la decision de utilizar ovocitos de donantes si bien tiene sus
ventajas, nos limita el hecho de poder generalizar estos resultados a otros grupos de
pacientes. Por ende, se necesitan mas estudios para confirmar estos resultados en
distintos grupos de pacientes infértiles. Finalmente, debemos recordar que el medio de
cultivo es solo una parte dentro del sistema de cultivo y que representa solo uno de los

muchos factores que pueden afectar al desarrollo embrionario.
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STUDY QUESTION: Are the morphokinetics of growing embryos affected by the type of culture media utilized?

SUMMARY ANSWER: Morphokinetic parameters used for embryo selection are not affected between the two different concept culture
media analyzed.

WHAT IS KNOWN ALREADY: Studies on the effect of culture media on human embryos have focused on evaluating different in-house
and commercially available media as well as comparing outcomes among different commercial media. Nonetheless, the evaluation of embryo
development in these studies was based on static observations and very little is known from a dynamic point of view.

STUDY DESIGN, SIZE, DURATION: Prospective cohort study, October 2010 and April 201 |.
PARTICIPANTS/MATERIALS, SETTING, METHODS: University-affiliated infertility center. Patients undergoing egg donation
(n="75) in which embryos were cultured with two different types of media in a time-lapse system. Embryo development was analyzed
with time-lapse imaging for single step media (Global®) and sequential media (Sage® Cleavage). Variables studied included the timing to
two cells (t2), three cells (t3), four cells (t4) and five cells (t5) as well as the length of the second cell cycle (cc2 = t3 — t2) and the synchrony
in the division from two to four cells (s2 = t4 — t3). Implantation and clinical pregnancy rates were also analyzed.

MAIN RESULTS AND THE ROLE OF CHANCE: No statistically significant differences were observed between the two media for all
the variables analyzed. When analyzing the percentage of embryos falling within the optimal ranges proposed for s2, cc2 and t5, we did not
find significant differences between the two media. Pregnancy and implantation rates were similar for the three types of transfers: 48.0% (Cl
95% 28.4—67.6) and 42.0% (Cl 95% 22.5—-61.4) with Global media; 58.8% (Cl 95% 35.4—82.2) and 38.2% (Cl 95% 15.0—61.4) with Cleav-
age media; and 58.1% (Cl 95% 40.7—75.4) and 37.1% (Cl 95% 22.1-52.1) with mixed transferred, respectively. Multiple implantations
(twins) were also similar among the three groups, with 24.0% (Cl 95% 9.3—45.1) for transfers with embryos cultured in Global media,
17.6% (Cl 95% 3.7—43.3) for transfers with embryos cultured in Cleavage media and 22.5% (Cl 95% 9.5—41.0) with mixed transfers.
LIMITATIONS, REASONS FOR CAUTION: The study was not powered to test differences in pregnancy rates between the two
culture media, as this was not the hypothesis tested. Results are based on observations with embryos from oocyte donors and need to
be repeated with embryos from infertile patients of different ages.

WIDER IMPLICATIONS OF THE FINDINGS: The absence of differences in morphokinetics between two different media concepts
validates the algorithm for embryo selection in diverse culture conditions.

STUDY FUNDING/COMPETING INTEREST(S): No specific funding was obtained for this study; it was solely funded by IVI. None
of the authors have any economic affiliation with Unisense Fertilitech A/S but IVl is a minor shareholder in Unisense Fertilitech A/S.
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Introduction

Time-lapse image technology is a new tool for in vitro fertilization (IVF)
laboratories that provides several advantages for embryo assessment
(Lemmen et al., 2008; Pribenszky et al., 2010; Wong et al., 2010;
Cruz et al., 2011; Meseguer et al., 2011; Montag et al., 2011).
These advantages improve embryo selection that ultimately results
in improved clinical and implantation rates (Meseguer et al., 2011,
2012). With the advent of this new technology a thorough under-
standing of embryo kinetics and how they might be affected by exter-
nal as well as intrinsic factors is necessary. One example of an external
factor that may affect timing of embryo development is the type of
media used for embryo culture.

It is well known that optimal culture conditions and culture media
composition are critical for the development of embryos in vitro
(Pool, 2002, 2005; Behr and Wang, 2004). Studies on the effect of
culture media on human embryos have focused on evaluating different
in-house and commercially available media (Quinn et al., 1985;
Gardner and Lane, 1997; Quinn, 2004; Balaban and Urman, 2005;
Lane and Gardner, 2007) as well as comparing outcomes among dif-
ferent commercial media (Van Langendonckt et al., 2001; Aoki et dl.,
2005; Balaban and Urman, 2005; Xella et al., 2010). Although differ-
ences in clinical outcomes and embryo development were observed
in some of these studies, the evaluation of embryos was based on
static observations of embryo morphology. Static observations are in-
evitably linked to specific time-points and considering that the devel-
opment of the embryo is a dynamic process, several critical stages
can go unnoticed. Finally, since grading of embryo morphology is sub-
jective, it is prone to substantial inter-observer and moderate
intra-observer variations (Baxter Bendus et al., 2006).

Time-lapse imaging of cell division kinetics provides an objective
measure of embryo development. Using this quantitative and objective
assessment of embryo development, the purpose of this study was to
evaluate the effect of two types of culture media on early markers of
embryo development in sibling oocytes.

Materials and Methods

A prospective cohort study was designed and approved by the Institutional
Review Board of the Instituto Valenciano de Infertilidad (IVI) (IRB refer-
ence: 0711-C-034-MM, 10/2008), which regulates and approves clinical
use of IVF procedures for research at IVI. In addition, the project complies
with the Spanish law governing Assisted Reproductive Technologies (14/
2006). The study involved a total of 75 recipients from our oocyte dona-
tion program who received a total of 723 metaphase Il (MIl) oocytes
(mean: 9.2, range = 8—13).

Oocyte donation cycles were used for this study to minimize variations
associated with oocyte quality due to female infertility. All donors were
between 18 and 30 years old (mean: 26.9 SD = 4.7) with normal men-
strual cycles (26—34 days of duration), a body mass index of 18—28 kg/
m? and normal ovaries and uterus as observed by transvaginal ultrasound.
Donors were also screened for normal karyotype and had no family
history or hereditary chromosomal diseases (Garrido et al., 2002). Inclu-
sion criteria included a minimum of |0 oocytes at retrieval, of which
eight had to be mature Mll. Oocytes for each donor were allocated ran-
domly to two types of media at the moment of retrieval and kept separate
throughout every procedure in the IVF laboratory as explained in the fol-
lowing sections. Exclusion criteria included severe male factor (sperm

concentration <5 x 10%/ml), recipients with uterine malformations,
male carriers of chromosomal or genetic diseases and males with abnor-
mal sperm fluorescence in situ hybridization analysis.

Primary end-points included exact timings of embryo cleavage from
2PN to five-cell stage and percentage of embryos falling within optimal
ranges for the morphokinetic variables: S2, CC2 and T5. Secondary end-
points included standard morphological assessment and clinical outcomes.

Ovarian stimulation

Ovarian stimulation was carried out as described previously (Garcia-
Velasco et al., 2011). In brief, donors started ovarian contraceptive pills
(OCPs; Microgynon30, Organon) on Day | -2 of the menses of the pre-
vious cycle and continued for |2—16 days. Five days after stopping OCPs
they received a starting dose of recombinant FSH (Puregon®, Organon,
Madrid-Spain; Gonal F®, Serono, Madrid-Spain) ranging from 150 to
225U (maximum). GnRH antagonist (0.25 mg ganirelix, Orgalutran®,
Organon) was administered daily starting on Day 5 or 6 after FSH admin-
istration. GnRH agonist triggering with 2 amps of triptorelin 0.1 ml (Dec-
apeptyl, IpsenPharma, Barcelona, Spain) was performed as soon as two
leading follicles reached a mean diameter > 17 mm.

Oocyte retrieval, denudation, ICSI
and embryo culture

Oocyte retrieval was performed 36 h after hCG under ultrasound guid-
ance. During the retrieval the physician was required to aspirate a
similar quantity/size of follicles per tube handed to the laboratory. After
follicle aspiration was finished the oocytes were randomly selected and
evenly distributed by two independent biologists according to a random-
ization table. The two groups included: media |a: Global® For Fertilization
(Life-Global®, CT, USA) (n=369) and media 2a: Quinn’s Advantage®
Fertilization medium (Sage®, CT, USA) (n=354). After retrieval,
oocytes were kept in culture for 4 h at 37.3°C and 6.2% CO, before
oocyte denudation. Oocyte denudation was performed separately for
the two different groups of oocytes by mechanically pipeting in 40 U/
ml of hyaluronidase (LifeGlobal). Subsequently, ICSI was performed on
all oocytes. Once injected, the oocytes were placed in individual wells
of a pre-equilibrated EmbryoSlide (EmbryoSlide ®, Unisense FertiliTech,
Aarhus, Denmark). The EmbryoSlide® is constructed with a central de-
pression containing 12 individual wells. For the purpose of this study half
of the wells were filled with 20 wl of media Ib: Global® medium (Life-
Global®) and the other half with 20 i of medium 2b: Quinn’s Advantage®™
Cleavage medium (Sage™). Protein supplementation was performed with
10% of human serum albumin from Global and Sage, respectively. The
depression containing the wells was covered with an overlay of .4 ml
mineral oil (LifeGuard® Oil, LifeGlobal®) to prevent evaporation. The
slides were prepared at least 4 h in advance and left in an incubator to pre-
equilibrate at 37.2°C in a 6.2% CO, atmosphere. The time-lapse system
(TMS) utilized, EmbryoScopeTM (ES; Unisense FertiliTech), consists of
an incubator with a built-in microscope to automatically acquire images
of up to 72 individual embryos from six different patients and in up to
seven focal planes. Images were acquired with low intensity red light
with exposure times varying from |5 to 30 ms. The total light exposure
with the TMS was lower than the exposure to which embryos are normally
exposed during routine microscopy in the IVF laboratory (Ottosen et al.,
2007).

Time lapse analysis and recording of kinetic
parameters

The exact timing for each embryo division was calculated in hours after
microinjection. Images of each embryo were retrospectively analyzed
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with EmbryoViewer external image analysis software (EV; Unisense Ferti-
liTech, Aarhus, Denmark). Images were acquired every 20 min in seven
different focal planes during 72 h of culture. With the EV, embryonic de-
velopmental events were annotated with the corresponding timing in
hours after microinjection. We defined time of cleavage as the first time
point where a complete separation between newly formed blastomeres
was observed. Markers of development included: 2PN, when two pro-
nuclei were visible; pronuclear fading (PNF) at the time when both PN
were no longer visible; the first cell division leading to two cells (t2),
and subsequently the second (3 cells, t3), third (4 cells, t4) and fourth
(5 cells, t5) cell divisions. We also calculated the intervals between two
consecutive cleavages and defined cc2 (duration of the second cell
cycle) as the time from the division to a two-blastomere embryo until
the time to the division to a three-blastomere embryo (cc2 =13 — t2)
and s2 (second synchrony) as the time from the division to a three-
blastomere embryo until the time to the division to a four-blastomere
embryo (s2 =t4 — t3). In other words, cc2 represents the duration an
embryo consists of two cells and s2 represents the duration an embryo
consists of exactly three cells.

In a previous study (Meseguer et al., 201 1), optimal ranges for specific
markers for embryo selection were determined and used to develop a se-
lection algorithm. These markers, known as t5, s2 and cc2, have optimal
ranges of 48.8-56.6, <0.75 and <I2h, respectively. Correlations
between morphokinetic parameters characterizing early embryo develop-
ment and embryo implantation formed the basis for a proposed hierarch-
ical classification procedure for the selection of viable embryos for
transfer. The first step of the procedure including t5 and s2, allocates all
evaluated embryos into five categories with decreasing implantation po-
tential from grade A to grade E. The further inclusion of cc2 allocates all
evaluated embryos into |0 subcategories from A+ to E.

The present study focused on the variables included in this algorithm
and not others because there is now strong evidence that this algorithm
can improve clinical pregnancy rates presumably from stable culture con-
ditions as well as morphokinetic selection (Meseguer et al., 2012). More-
over, a multi-centered study has revealed that some of the embryo
features described in such algorithm are strongly correlated with implant-
ation justifying the use of this algorithm in different clinical settings (Rubio
et al., 2012).

In the present study, the two first levels of this grading procedure were
evaluated with t5 as the primary timing variable and s2 as the secondary
timing variable; if the value of t5 fell inside the optimal range, the
embryo was graded as A or B; if the value of t5 fell outside the optimal
range, the embryo was graded as C or D. If both s2 and t5 were within
the optimal range, the embryo was graded as A; if t5 was within the

Table I Hierarchical classification based on
morphokinetic parameters.

Embryo Optimal t5 Optimal s2
morphokinetic grade (48.8-56.6 h) (<0.75 h)
A Yes Yes

B Yes No

C No Yes

D No No

?Embryos with one or more of the following: uneven blastomere size at two-cell
stage, direct division from one to three or more cells, multinucleation at the four-cell
stage.

optimal range but s2 was outside the optimal range, the embryo was
graded as B. If s2 was within the optimal range but t5 was outside the
optimal range, the embryo was graded as C. If both s2 and t5 were
outside the optimal range, the embryo was graded as D. Embryos that ful-
filled any of the three following criteria: (i) uneven blastomere size at the
two-cell stage, (ii) abrupt division from one to three or more cells or (iii)
multinucleation at the four-cell stage were designated as grade E (Table I).

Previous results demonstrate that implantation rates are highest for
grade A and lowest for grade E embryos with intermediate rates for
grades B, C and D.

Embryo transfer

Embryo transfer was performed on Day 3 of development under abdom-
inal ultrasound guidance. Normally, two embryos were transferred, al-
though in some cases only one embryo was transferred due to patient
wishes or clinical recommendation. Surplus embryos were frozen using
our standard vitrification protocol (Cobo et al., 2010).

Statistical analysis

The results were analyzed using a student’s t-test for comparison of
timings (h) and x*-test for comparison of proportions. A P value <0.05
was considered to be statistically significant. Statistical analysis was per-
formed using the Statistical Package for the Social Sciences 19.0 (SPSS
Inc., Chicago, IL, USA). The timings followed normal distribution and, as
a consequence, a parametric test was employed. Our calculations of
sample size have been based on the number of embryos randomized.
Considering an equivalent hypothesis and using a 1.5 h difference for S2,
we determined sample size required to be 488 embryos total using o
risk = 0.05 and power 80% (N2EM!, SPSS).

Results

Timing of embryo development events
and percentages within optimal ranges

A total of 723 oocytes were allocated to the two types of culture
media. Of the 723 oocytes, 369 were cultured in Global and 354
were treated in Cleavage. On Day |, 263 (71.3%, Cl 95%
66.7—75.9) oocytes were correctly fertilized in the Global group
and 269 (76.0%, Cl 95% 71.5—80.4) oocytes were correctly fertilized
in the Cleavage group. Table Il shows the averages of all the timings of
embryo cleavage (from 2PN to t5) together with the variables that
define intervals for each type of media used. No statistically significant
differences were observed between the two media for all the variables
analyzed. When analyzing the percentage of embryos falling within the
optimal ranges proposed for s2, cc2 and t5, we did not find significant
differences between the two media (Table lll). When we compared
the percentages of non-symmetric two-cell embryo and direct cleav-
age embryos (cleavage from two to three <5h; DC |-3) we
found similar results but a significantly larger fraction of multinucleated
embryos at the four-cell stage were observed in Global media (Fig. I).
Distribution of embryos according to the morphokinetic algorithm was
similar between culture media (Table IV).

Standard morphology assessment
and clinical outcome

Table V describes the mean average for number of cells and fragmen-
tation on Day 2 and Day 3 of development and the percentage of
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Table Il Mean for the different variables according to the media utilized.
Variable Culture media N Mean Cl 95% Minimum Maximum
Lower limit Upper limit

2PN Sage 269 8.35 8.04 8.65 4.72 30.14
Global 263 8.16 7.82 8.51 4.43 30.14

PNF Sage 269 23.41 22.77 24.04 6.16 54.02
Global 263 23.56 22.92 24.21 6.84 51.34

t2 (h) Sage 269 27.26 26.60 27.91 19.18 57.35
Global 263 26.71 26.12 27.30 18.52 53.19

t3 (h) Sage 269 38.08 37.32 38.83 22.40 64.12
Global 263 37.84 37.08 38.61 23.05 65.29

t4 (h) Sage 269 40.15 39.39 4191 24.44 68.07
Global 263 40.20 39.36 41.04 25.45 74.85

t5 (h) Sage 239 51.27 50.15 52.39 27.18 101.69
Global 242 51.14 50.15 52.13 32.71 77.53

cc2 (h) Sage 269 10.91 10.37 I'1.45 .00 26.88
Global 263 1117 10.61 I'1.74 .00 37.19

s2 (h) Sage 269 2.19 1.73 2.64 .00 18.67
Global 263 2.70 2.13 3.27 .00 25.51

2PN time of pronuclear appearance, PNF time of pronuclear fading, t2 (time to 2 cells), t3 (time to 3 cells), t4 (time to 4 cells), t5 (time to 5 cells), cc2 (t3 — t2), s2 (t4 — t3).

Table 11l Percentage of embryos falling within optimal ranges for t5, s2 and cc2 according to the media utilized.

t5 s2 cc2

Culture N Out of range 48.8-56.6 h N Out of range <0.75 h N Out of range <I2h

media (%) (%) (%) (%)

Global 242 62.0 (150/242) 38.0 (92/242) 263 49.0 (129/263) 51.0 (1347 269 46.8 (126/269) 53.2 (143/
263) 269)

Sage 239 59.8 (143/239) 40.2 (96/239) 269 49.4 (133/269) 50.6 (1367 274 478 (131/274) 52.2 (1437
269) 274)

P NS NS NS

t5 (time to 2 cells), cc2 (t3 — t2), s2 (t4 — t3).

optimal Day 2 embryos (4 cells, 0— | 5% fragmentation, symmetric cells
and no multinucleation) and Day 3 embryos (7—8 cells, 0—15% frag-
mentation, symmetric cells and no multinucleation). No statistically
significant differences were observed for any of these variables accord-
ing to the media utilized.

A total of 49 embryos implanted successfully (gestational sac with
fetal heartbeat) out of the 139 transferred, for an implantation rate
of 35.8% (ClI 95% 27.7—43.8). Of the embryos transferred, 73 were
cultured with Global media (52.5% Cl 95% 44.9-61.6) and 66 with
Cleavage media (47.5% ClI 95% 38.4—55.1).

There were 73 transfers: 25 cycles where the transferred embryos
(n = 45) were cultured with Global media; 17 cycles where the trans-
ferred embryos (n = 32) were cultured in Cleavage media; and 31
mixed-transfer cycles where the transferred embryos (n = 62) were
from both Global and Cleavage media. Pregnancy and implantation
rates were similar for the three types of transfers: 48.0% (Cl 95%
28.4-67.6) and 42.0% (Cl 95% 22.5-61.4) with Global media;
58.8% (Cl 95% 35.4-82.2) and 38.2% (Cl 95% 15.0-61.4) with

Cleavage media; and 58.1% (Cl 95% 40.7—75.4) and 37.1% (Cl 95%
22.1-52.1) with mixed transferred.

Discussion

Time-lapse imaging provides a new and potentially powerful tool for
the embryology laboratory. As with any new technology, a thorough
analysis of factors that may affect accuracy is necessary to assure
that results are consistent across clinical laboratory platforms. In this
study, we used time-lapse imaging to demonstrate that kinetics of
embryo growth are similar for two distinct types of culture media.
The comparable morphokinetics translated into similar clinical out-
comes, measured as clinical pregnancy and implantation rates. This
study presents a novel approach to comparison of culture media
since the analysis is based on continuous monitoring of embryo devel-
opment as opposed to conventional static evaluations.

The large number of confounding factors inherent in clinical embry-
ology must be taken into consideration when analyzing embryo
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development patterns. To minimize such factors, we designed a study
where (i) the oocyte source was anonymous donors, thus reducing
variation in oocyte quality due to female infertility, (ii) sibling
oocytes were compared with reduced variation between donors
and (iii) culture conditions were identical between sibling oocytes
and embryos, thus reducing the effect of variations in temperature,
gas concentration, humidity, incubation system and contact supplies.

Although there are several different types of culture media on the
market, we chose to compare media based on two fundamentally dif-
ferent approaches to embryo culture. The media are from two differ-
ent manufacturers: Cleavage is based on a sequential culture system
whereas Global represents a single media culture system. Since the
introduction of IVF, a large variety of media formulations ranging
from simple salt solutions to highly complex media have been used;
this evolution can be attributed to an increased knowledge in the bio-
chemistry, metabolic requirements, genetics and epigenetics of mam-
malian embryos. Although the exact formulations of the two media
compared are not made public, there are likely subtle differences in
energy substrates, phosphate and other micronutrients. In contrast,
the most significant difference between media designed for cleavage-
stage embryos versus media designed for both pre- and post-
compaction development is the type of amino acid supplementation.
Whereas Global media contains both essential and non-essential
amino acids, Sage Cleavage contains only non-essential amino acids.
Although there is significant debate over the merits of these two
culture approaches (Lane and Gardner 2007; Biggers and Summers,

n=188

H Global
Ll Sage

% Uneven %DC1-3 Mn 4C

Figure | Percentage of embryos presenting exclusion criteria.
(@) Uneven blastomere size at the two-cell stage (%Uneven), (b)
DC: direct cleavage from | to 3 cells (<5 h) (%DC [-3) and (c)
Mn: multinucleation at the four-cell stage (Mn 4C).

2008), most evidence indicates that these markedly different ap-
proaches to metabolic support during pre-implantation development
result in comparable clinical outcomes. Indeed, while it should be
noted that the objective of this study was not to evaluate which
culture system provides better clinical outcomes, pregnancy and
implantation rates were similar between the two culture media. In
addition, the outcomes were similar for mixed transfers, where trans-
ferred embryos were selected from each treatment. Although there is
some evidence that metabolic requirements of individual embryos
vary and using more than one culture media could improve outcomes
(Wirleitner et al., 2010), our results do not support this hypothesis.

The present finding that culture media with significant differences in
composition result in very similar embryo growth kinetics provides
promising evidence that morphokinetic benchmarks can be developed
and used irrespective of a laboratory’s choice of culture media. It
remains to be seen whether this holds true for all media formulations.
Although previous comparisons of embryo culture media suggest that
embryo growth rates are affected by media composition, careful inter-
pretation is necessary due to differences in methodology (e.g. static
observations at unspecified or poorly controlled time points, patient
versus sibling oocyte comparison and heterogeneous patient popula-
tions) as well as the types of culture media compared (e.g. comparison
of older versus newer generation culture media). Many studies that
show differences in embryo grade do not provide specific cell
number data (Parinaud et al., 1998; Mauri et al., 2001; Macklon
et al., 2002; Aoki et al., 2005; Xella et al., 2010; Hambiliki et al.,
2011), but rather incorporate cell number in the overall embryo
grade. In contrast, in studies where average cell numbers on Day 2
or Day 3 were reported, significant differences were noted, both in
studies that used earlier generation culture media (Staessen et al.,
1998; Karamalegos and Bolton, 1999; Van Langendonckt et dl.,
2001) as well as in more recent reports with media that has subse-
quently been improved or discontinued (Zollner et al, 2004;
Balaban and Urman, 2005; Dumoulin et al., 2010). Only one study
has compared single step to sequential media (Sepulveda et dl.,
2009), comparing Global to Irvine’s Embryo Cleavage Media in a
donor oocyte program but with treatment randomized between
patients rather than within patients (sibling oocytes). While there
was a small increase in the percentage of embryos at the four-cell
stage on Day 2 or >6 cells on Day 3 in Global media, the study
design and single observation (without an indication of exact timing
post-insemination) limits comparisons to the current study. These
reports nonetheless provide evidence that further studies are war-
ranted to validate morphokinetic benchmarks for various culture
media.

As clinical laboratories embrace time-lapse technology, additional
studies are essential for providing validation and improvement of

Table IV Embryo morphokinetic categories according to the media utilized.

Embryo morphokinetic categories A B
Global 13.3% (33)
Sage 19.2% (48)

14.5% (36)
15.6% (39)

30.1% (75)
23.6% (59)

15.7% (39)
17.6% (44)

26.5% (66) 249
24.0% (60) 250

Number of embryos and the corresponding percentage of embryo morphokinetic categories according to the media used. P = 0.249.
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Table V Mean for the different morphological variables according to the media utilized.
Variable Culture media N Mean/% Cl 95%
Lower limit Upper limit

Cells D2 Sage 269 391 3.78 4.04

Global 263 3.96 3.83 4.10
Fragm D2 Sage 269 6.47% 5.54 7.40

Global 263 5.66% 4.50 6.82
Optimal D2 Sage 269 51.1% 452 56.8

Global 263 52.2% 46.3 58.1
Cells D3 Sage 239 6.72 6.47 6.97

Global 242 7.16 6.88 7.45
Fragm D3 Sage 239 6.33% 5.34 7.32

Global 242 5.43% 4.63 6.23
Optimal D3 Sage 239 52.8% 47.0 58.6

Global 242 46.5% 40.6 52.4

Number of blastomeres (Cells D2), % of fragmentation (FragD2) and % of good morphology embryos (Optimal D2) at Day 2, 48 post-ICSI. Number of blastomeres (Cells D3),
% of fragmentation (FragD3) and good morphology embryos (Optimal D3) at Day 3, 72 post-ICSI.

proposed selection algorithms (Meseguer et al., 2011). The effects of
both intrinsic and extrinsic factors should be assessed. For example,
intrinsic factors that affect the timing of embryo development
include ooplasm maturity (Lechniak et al., 2008) and paternal effects
which may affect the duration of synthesis phase (S-phase). It has
also been suggested that chromosomal abnormalities may delay
DNA replication (Escrich et al., 2010), thus altering the length of
cell cycles and divisions. Examples of other external factors that may
impact embryo kinetics include protein supplementation, oxygen con-
centration and insemination method.

Although our study was designed to minimize variations by using
sibling oocytes from presumed fertile oocyte donors, a limitation of
this approach is that these findings may not apply broadly to infertile
patients with differing etiology. Thus, further studies are needed to
confirm these findings with other patient groups. Another potential
limitation is that embryo transfers were performed on Day 3 and
thus no information is available on later stages of development or
the relationship between early events and blastocyst formation.
However, since many infertile patients are not eligible for blastocyst
transfers due to limited number of embryos, the relationship
between early timing events and implantation potential will continue
to play a role in embryo selection and thus it is important to know
if these events are affected by culture media.

In the present study, we applied a morphokinetic algorithm to a
comparison of two culture media. We based our analysis on specific
markers, which included eight discriminative morphokinetic para-
meters identified as 2PN, PNF, t2, t3, t4, t5, cc2 and s2 (Meseguer
et al, 2011). An optimal range was identified for each parameter,
which was correlated with a significantly higher probability of implant-
ation. Moreover, a logistic regression analysis was used to identify the
most promising variables characterizing implanting embryos and finally
an algorithm for embryo selection was proposed, which included t5,
cc2 and s2. Embryo development in the selected culture media was

remarkably similar, suggesting that cell kinetics may not be culture
media dependent. While small differences were observed in the pro-
portion of multinucleated embryos at the four-cell stage, the impact of
these observations is not known nor was it the focus of this study. The
significance of multinucleation, in terms of the types and stages of de-
velopment, is currently under further investigation given the new infor-
mation available with time-lapse imaging. However, it remains to be
seen whether these results apply to other media, thus limiting our
ability to state that these markers are universally applicable. Finally,
it is important to recognize that culture media is only part of the
culture system and that it represents one of the many factors that
may affect embryo kinetics. Future studies should consider the effect
of other parameters such as infertility diagnosis, stimulation protocols
and other extrinsic culture conditions.
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CAPITULO IV.

ANALISIS DEL EFECTO DEL CONTENIDO
CROMOSOMICO EN LA CINETICA
EMBRIONARIA
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La morfocinética embrionaria como herramienta para aumentar
las probabilidades de seleccionar embriones cromosomicamente

normales a través de un método no invasivo
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Marissa Riqueiros, Lorena Rodrigo, Juan Garcia-Velasco, Marcos Meseguer
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El diagnostico genético pre-implantacional (DGP) es una herramienta
ampliamente utilizada en los laboratorios de FIV. Nos permite detectar anomalias
cromosOmicas y génicas presentes en un alto nivel de los embriones humanos generados
in vitro y que representan una de las principales causas de aborto en el primer trimestre
de embarazo (Gianaroli et al. 2002, Kuliev et al. 2005, Marquez et al. 2000, Munne et
al. 2004, Munne et al. 2007). Sin embargo, el DGP, es una técnica costosa e invasiva
qgue no siempre puede ser utilizada por las pacientes ya sea por cuestiones legales,
econdmicas y/o sociales. Es en estos casos donde una técnica alternativa podria jugar un
papel importante especialmente si ayudase a seleccionar embriones con mayor

probabilidad de ser cromosémicamente normales. El objetivo de este estudio fue el de
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analizar el comportamiento morfocinético de los embriones cromosémicamente
normales y anormales y asi desarrollar una herramienta de seleccion no invasiva que
aumente las probabilidades de seleccionar embriones cromosémicamente normales.
Para ello hemos elaborado un estudio con pacientes incluidas en el programa de DGP de

IVI Madrid e VI Barcelona por fallo de implantacion (FI) o aborto de repeticion (AR).

4.1. Material y Métodos

El desarrollo embrionario de 125 pacientes con FI o AR fue analizado
retrospectivamente utilizando el Embryoscope®. De estas 125 pacientes, 77 recibieron
transferencia embrionaria entre Marzo del 2011 y Agosto del 2012. La biopsia
embrionaria se realiz6 en D3 de cultivo y el screening genético a través de array CGH.
El nimero total de embriones analizados fue de 504. Se define FI como la incapacidad
de concebir después de 3 ciclos de FIV. Se define AR como dos o0 mas abortos antes de

la semana 20 de embarazo.

4.1.1. Estimulacién ovarica, puncidn, cultivo y biopsia embrionaria

La estimulacién ovarica se llevO a cabo segun un protocolo descrito
previamente (Garcia-Velasco et al. 2011). La puncién ovérica tuvo lugar 36 horas
después de la administracion de hCG. Una vez obtenidos, los ovocitos fueron
mantenidos en cultivo por 4 horas en una incubadora convencional a 37°C y 5.8% CO2.
La denudacion de los ovocitos se realizd mecanicamente con enzima hialuronidasa y

posteriormente se procedio a hacer el ICSI.

80



Una vez inyectados, los ovocitos fueron colocados en pocillos individuales
dentro de la placa de cultivo EmbryoSlide®. EI EmbryoSlide® se compone de 12
pocillos individuales y a los efectos de este estudio todos los pocillos fueron llenados
con el mismo medio de cultivo: Vitrolife®. Los cigotos obtenidos fueron cultivados
dentro del Embryoscope® hasta dia 3 de desarrollo embrionario. Seguidamente se
realizo la biopsia de una Unica blastomera en todos los embriones que tuvieran 6 0 mas
blastomeras y menos de 25% de fragmentos (Mir et al. 2013). La transferencia
embrionaria se realiz6 en dia 5 de cultivo (aproximadamente 120 horas) en todos
aquellos pacientes con embriones diagnosticados como normales. La Figura 13

describe el esquema de trabajo.

==

EmbryoSlide
eg - \c @ E Transferencia en
) % 3 P D5
Cultivo a D3 Biopsia embrionaria + =
array CGH

....... Cultivo a D5

. . . . . ®
Figura 13. Esquema de trabajo: Los embriones son cultivados hasta dia 3 en el EmbryoScope .
Luego se realiza la biopsia embrionaria y en dia 5 se transfieren aquellos pacientes con embriones
cromosémicamente normales

4.1.2 Anélisis Cromosomico

Para el analisis cromosomico el ADN de la blastomera fue amplificado
utilizando el sistema de amplificacion Sureplex DNA (BlueGnome). Posteriormente, el
ADN amplificado y el ADN control fueron marcados con los fluorocromos Cy3 y Cy5.
Seguidamente las muestras fueron hibridadas por 6-12 horas a través del 34sure array

(BlueGnome). Los resultados finales fueron obtenidos en dia 5 mediante scanner de
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laser. El analisis final de los datos se llevd a cabo a través del software BlueFuse. El

protocolo se complet6 en 24 horas.

4.1.3. Registro y analisis de imégenes

El registro y andlisis de las series de imégenes se llevaron a cabo segun lo
descrito en el capitulo anterior. Las variables medidas fueron las mismas con el
agregado de la variable t5-t2. Se define t5-t2 como el intervalo de tiempo (en horas)

entre 2 y 5 células que combina los conceptos de ciclo celular y sincronia.

4.1.4. Andlisis Estadistico

Para describir la distribucion de probabilidades de embriones
cromosomicamente normales, los resultados cineticos fueron transformados de variables
continuas a variables categoricas. Para ello se recurre al uso de “cuartiles” que dividen
la serie estadistica en cuatro grupos con igual cantidad de términos. Mediante este
procedimiento, se evitaron los sesgos introducidos por los valores extremos, es decir, un
solo valor aberrante puede inflar su valor y aportar una impresién confusa de la
variacion que existe en el grueso de los datos. Una vez que se establecieron los
cuartiles, se calcul6 el porcentaje de embriones cromosémicamente normales en cada
uno de los cuartiles con el objetivo de determinar la distribucion de normalidad
cromosOmica en cada una de las categorias. Las variables continuas se analizaron con
una T-Student cuando se compararon dos grupos y con ANOVA cuando se compararon
mas grupos. Para variables categéricas se utilizd Chi-cuadrado. Se considerd la
presencia de significacion estadistica cuando el valor de p <0.05. Para cada variable se

definié un “rango Optimo” resultado de la combinaciéon de los cuartiles con mayor
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porcentaje de embriones normales. Posteriormente se llevo a cabo un analisis de
regresion logistica para identificar aquellas variables mas relevantes en relacion a la
normalidad cromosémica y asi generar un modelo de seleccion. Una curva ROC se
utilizé para analizar el valor predictivo de dicho modelo. Todo el analisis estadistico se

realiz6 mediante el programa SPSS.

4.2. Resultados

La edad media de las pacientes incluidas en el estudio fue de 36,1 afios (IC 95%
35,3-36,9). La indicacion para DGP fue AR en un 51,9% de las pacientes y FI en un
48,1%. Un total de 52 embriones, de los 114 transferidos, implant6 (saco gestacional
con latido cardiaco positivo) resultando en una tasa de implantacion del 46,5% (IC 95%
37,3-55,6). La tasa de embarazo evolutivo por transferencia fue del 54,5% (n= 42; IC

95% 43,4-65,6)

Tabla 5. Tiempos medios para todas las variables en embriones normales y anormales

Dotacion 95% IC

Variable  cromosémica N Media L. inferior L. superior  Minimo Méximo P

2PN Normal 130 8,8 8,5 9,1 5,9 14,1 ,353
Anormal 317 9,0 8,7 9,3 3.8 233

PNF Normal 142 24,0 23,2 24,8 8,7 63,5 ,368
Anormal 356 24,5 24,0 251 17,0 70,6

t2 (h) Normal 143 26,4 25,9 26,8 20,4 41,7 ,118
Anormal 361 26,8 26,5 27,2 19,3 41,6

t3 (h) Normal 143 37,9 37,3 38,6 26,8 47,5 ,139
Anormal 360 37,2 36,7 37,7 23,0 49,5

t4 (h) Normal 142 39,9 39,2 40,6 27,1 54,7 567
Anormal 357 39,6 39,1 40,1 23,0 59,1

t5 (h) Normal 130 51,8 50,8 52,8 27,1 70,6 ,001
Anormal 328 49,4 48,6 50,2 26,0 72,7

cc2 (h) Normal 143 11,5 11,1 12,0 0,0 17,3 ,004
Anormal 360 10,4 9,9 10,8 0,0 184

cc3 (h) Normal 130 14,0 13,2 14,8 0,0 359 ,002
Anormal 329 12,2 11,5 12,8 0,0 33,8

t5-t2(h) Normal 130 25,5 24,6 26,4 1,0 47,9 ,000
Anormal 328 22,6 21,8 23,3 0,0 45,4

PN: prontcleos, PNF: tiempo de “pronuclear fading”, t2 (tiempo a 2 células), t3 (tiempo a 3
células), t4 (tiempo a 4 células), t5 (tiempo a 5 células), cc2 (t3-12), cc3 (t5-t3), s2 (t4-t3)
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Un total de 986 ovocitos inyectados fueron cultivados en el Embryoscope®; 717
fecundaron (72,5%; IC 95% 69,7-75,3) y 504 (70,3%; IC 95% 66,3-74,3) fueron
analizados por arrayCGH. De los embriones analizados, 143 (28%; 1C 95% 24,4-32,2)

resultaron cromosémicamente normales.

Con respecto a la cinética embrionaria, se observé que los tiempos medios para
todas las variables individuales y compuestas eran menores en los embriones
diagnosticados como anormales que en los normales, lo que sugiere que los embriones
anormales se dividen méas tempranamente que los normales. Estas diferencias resultaron
significativas para algunas de las variables como ser: t5, cc2, cc3 y t5-t2 (Tabla 5).
Asimismo, una vez definidos los rangos 6ptimos para cada una de las variables, se
observé que para algunas de ellas la proporcion de embriones dentro y fuera del rango

Optimo era significativamente diferente como podemos observar en la Figura 14.

Dentro Fuera de
del rango rango
40 -
35% 33% 34%
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€ g
o i P < 0,001
S
2 £ 0 -
E 5
w
x
0 -
0 -

T5 CcCc3 T5-T2

Figura 14. Porcentaje de embriones normales dentro y fuera de los rangos éptimos definidos
para las variables t5 (47,2-58,2h), cc3 (11,7-18,2h) y t5-t2 (> 20,5h).
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La Tabla 6, a su vez, describe este fendmeno en mayor detalle: los embriones
dentro del rango 6ptimo para t5 (47,2-58,2 h), cc3 (11,7-18,2h) y t5-t2 (> 20,5 h) tienen
una proporcion significativamente mayor de embriones normales que aquellos fuera del

rango Optimo (34,7%, 33,4% y 34,4% vs. 20,9%, 16,3% y 10,4% respectivamente).

Tabla 6. Porcentaje de embriones normales y anormales dentro y fuera de los rangos dptimos
definidos para t5, cc3 y t5-t2

N Anormal Normal
5
Fuera rango 230 79,1% (IC 95% 70,9-84,4) 182/230 20,9% (IC 95% 15,7-26,1) 48/230
47,2-58,2 h 274 65,3% (IC 95% 57,8-69,2) 179/274 34,7% (IC 95% 29,1-40,3) 95/274
p < 0,001
cc3
Fuera rango 148 83,7% (IC 95% 77,8-89,7) 113/135 16,3% (IC 95% 10,3-22,3) 24/148
11,7-18,2h 356 66,6% (IC 95% 61,7-71,5) 215/323 33,4% (IC 95% 28,5-38,3) 119/356
p < 0,001
t5-12
Fuera rango 126 89,6% (IC 95% 84,3-94,9) 113/126 10,4% (IC 95% 5,1-15,7) 13/126
>20,5h 378 65,6% (IC 95% 60,8-70,4) 248/378 34,4% (IC 95% 29,6-39,2) 130/378
p < 0,001

t5 (tiempo a 5 células), cc3 (t5-t3)

Teniendo en cuenta estas diferencias se realizé un analisis de regresion logistica
para seleccionar y ordenar aquellas variables (expresadas como variables binarias dentro
y fuera del rango 6ptimo) con mayor relevancia en relacién a normalidad cromosomica.
El modelo identifico las variables t5-t2 (OR = 2,853; IC 95% 1,763-4,616) y cc3 (OR =
2,095; IC 95% 1,356-3,238) como las mas relevantes. Un analisis de curva ROC para
determinar las propiedades predictivas de este modelo dio un valor de area debajo de la

curva de 0,634 (1C 95% 0,581-0,687).

Utilizando los datos de la regresion logistica se cred un algoritmo que clasifica a

los embriones en 4 categorias desde la A hasta la D (Figura 15). El proceso se llevo a
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cabo de la siguiente manera: en primer lugar, si los valores de t5-t2 estaban incluidos
dentro del intervalo éptimo (47,2-58,2 horas), el embrion se clasificd como A o B; si el

valor de t5-t2 se localizaba fuera del rango éptimo, el embridn se definié como C o D.

Biopsiados
4 >205h |
t5-t2
si /11-18h lno 11-18h
cc3 cc3
s1 no si no

.ﬁ@d@zAm ’GmdﬁB H Grade C ’ Grade D ‘

Figura 15. Algoritmo de seleccidn embrionaria. Los embriones son clasificados en categorias A-D
en funcion de las variables t5-t2 y cc3 (t5-t3)

Para el caso de cc3, si el tiempo de division estaba dentro del valor adecuado
(11,7-18,2 horas), el embrion era A o C dependiendo del valor de t5-t2; de forma
parecida, si el valor de cc3 estaba fuera del rango Optimo, el embrion se clasifico como
B o D segun t5-t2. La Figura 16 describe el porcentaje de embriones normales para

cada una de las diferentes categorias: A 35,9%; B 26,4%; C 12,10% y D 9,8%).
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4.3. Discusion

Este estudio combind la tecnologia time-lapse y el DGP para analizar y
comparar el comportamiento morfocinético de los embriones normales y anormales. Las
observaciones en un nimero elevado de embriones (n=504) dieron lugar a la creacion
de un algoritmo que podria aumentar la probabilidad de selecionar embriones

cromosOmicamente normales a través de un método no invasivo.

40% - 15.90% P<0.001

Figura 16. Porcentaje de embriones normales en funcion de las categorias.
La N representa el niimero de embriones en cada categoria

El impacto del contenido cromosémico en la morfologia y el desarrollo
embrionario ha sido estudiado con anterioridad desde un punto de vista estatico
(Alfarawati et al. 2011, Magli et al. 2007, Munne et al. 1995). En este estudio
introducimos un nuevo método para dicho analisis, resultando interesante destacar que
las variables incluidas en el algoritmo (t5-t2 y cc3) pueden ser detectadas tan
tempranamente como en dia 2 de desarrollo. Esto representa una gran ventaja con
respecto a otros modelos (Campbell et al. 2013) ya que el algoritmo puede ser aplicado
no solo en pacientes que se transfieran en estadio de blastocisto sino también en

pacientes con transferencia en dia 3.
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Existen una gran cantidad de embriones que son cromosdémicamente anormales
(Gianaroli et al. 2002, Marquez et al. 2000) y esto constituye una de las principales
causas de fracaso en Reproduccion Asistida. Esto justifica ampliamente el uso del PGS
o0 del time-lapse siempre que el PGS no fuera posible o indicado. Debemos resaltar que
la seleccién de embriones a través de este algoritmo no debe considerarse como un
reemplazo al PGS, sin embargo, representa una excelente alternativa para pacientes de
buen prondstico que no estén indicadas para PGS. Asismismo aquellas pacientes que si
estén indicadas para PGS, ya sea por fallo de implantacion o aborto de repeticion, y que
por motivos econémicos, sociales y/o legales no pudieran acceder al PGS, entonces esta
nueva herramienta podria aumentar sus probabilidades de éxito en reproduccion

asistida.
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Increasing the probability of
selecting chromosomally normal
embryos by time-lapse
morphokinetics analysis

Natalia Basile, Ph.D.,® Maria del Carmen Nogales, Ph.D.,® Fernando Bronet, Ph.D.,® Mireia Florensa, Ph.D.,°
Marissa Riqueiros, Ph.D.,° Lorena Rodrigo, Ph.D., Juan Garcia-Velasco, M.D.,® and Marcos Meseguer, Ph.D.4

2|Vl Madrid, Madrid; ® IVI Barcelona, Barcelona; < IVIOMICS, Valencia; and ¢ Instituto Valenciano de Infertilidad, Universidad
de Valencia, Valencia, Spain

Objective: To study the differences in the cleavage time between chromosomally normal and abnormal embryos and to elaborate an
algorithm to increase the probability of noninvasively selecting chromosomally normal embryos.

Design: Retrospective cohort study.

Setting: University-affiliated infertility center.

Patient(s): Preimplantation genetic screening patients (n = 125; n = 77 with ET), including cases of repeated implantation failure or
recurrent miscarriage. A total of 504 embryos were analyzed.

Intervention(s): Embryo culture within a time-lapse system.

Main Outcome Measure(s): Kinetic variables included the time to 2 (t2), 3 (t3), 4 (t4), and 5 (t5) cells as well as the length of the second
(cc2 =13 — t2) and third (ce3 = t5 — t3) cell cycle, the synchrony in the division from 2 to 4 cells (s2 = t4 — t3), and the interval t5 — t2.
Implantation and clinical pregnancy rates were also analyzed.

Result(s): A logistic regression analysis identified t5 — t2 (odds ratio [OR] = 2.853; 95% confidence interval [CI], 1.763-4.616), fol-
lowed by cc3 (OR = 2.095; 95% CI, 1.356-3.238) as the most relevant variables related to normal chromosomal content. On the basis
of these results, an algorithm for embryo selection is proposed to classify embryos from A to D. Each category exhibited significant
differences in the percentage of normal embryos (A, 35.9%; B, 26.4%; C, 12.1%; D, 9.8%).

Conclusion(s): Chromosomally normal and abnormal embryos have different kinetic behavior.

On the basis of these differences, the proposed algorithm serves as a tool to classify embryos and =
to increase the probability of noninvasively selecting normal embryos. (Fertil Steril® 2014;101: FLo
699-704. ©2014 by American Society for Reproductive Medicine.)

Key Words: Embryo kinetics, chromosome, arrayCGH, time lapse
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such as intracytoplasmic sperm injec- drugs that, along with increasing

remendous advances have
T occurred in the field of assisted
reproduction technology (ART)
over the past 30 years as the result of a
combination of different factors in the

IVF laboratory, including the introduc-
tion of groundbreaking techniques,

tion (ICSI) (1, 2), great improvements in
culture media, and the introduction of
preimplantation  genetic  diagnosis
(PGD) (3). From a clinical point of view,
physicians have learned to handle more
pure and more powerful stimulation
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knowledge about the pathophysiology
of ovarian hyperstimulation syndrome,
have made the frequency of this
syndrome almost anecdotic and the
process of preparing a patient for IVF a
controlled situation.

However, IVF success rates remain
relatively low, with clinical pregnancy
rates (PRs) of ~300 per transfer as
reported by the Society for Assisted
Reproductive Technology and by the
European registers of the European
Society of Human Reproduction and
Embryology (https://www.sartcorson
line.com, 4). In addition, the number
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of multiple births still remains a concern, and the pressing
need to reduce the number of transferred embryos demands
better selection methods. Thus, a big question remains: how
can we move on to single ET (SET) programs while maintain-
ing, or even improving, our clinical outcomes?

One approach could be based on the method used to
evaluate and select embryos in the laboratory. Before the
introduction of time-lapse technology, embryo grading and,
most importantly, embryo selection were based only on static
observations. These observations are inevitably linked to
specific time points during the day and do not describe a
dynamic process, such as embryo development, well enough.
This subjective procedure has large flaws, such as inter- and
intraobserver variation (5, 6), and controversial benefits for
almost every scoring system.

The problem with applying a static scoring system to a
dynamic process was solved in our laboratories by the introduc-
tion of time-lapse technology. Since that step, new kinetic
markers associated with higher implantation potential have
been proposed (7), the safety of these systems validated (8-11),
and the effects of different intrinsic and extrinsic factors on
the morphokinetic behavior of the human embryo analyzed
(12-15). A morphokinetic era has evidently started in IVF.

Another approach could be based on the genetic
screening of embryos. Several studies have demonstrated
that chromosomal abnormalities are one of the most common
causes of abnormal embryos in IVF (16-20), which translates
into poor clinical outcomes. A recent publication highlighted
the inherent imprecision of SET when conventional
morphology is used alone, observing a 44.9% aneuploidy
rate for blastocysts from patients with good prognosis (21).

Thus, embryo selection using morphokinetic markers
combined with preimplantation genetic screening (PGS)
could be the solution. Even though time-lapse technology is
increasingly used in IVF laboratories, PGS is not always
possible owing to legal or social reasons or simply because
the clinic cannot perform the technique. The objective of
the present study was to analyze the morphokinetic behavior
of chromosomally normal and abnormal embryos to develop
a new selection tool that increases the probability of noninva-
sively selecting chromosomally normal embryos. We retro-
spectively analyzed embryos using array-comparative
genome hybridization (arrayCGH).

MATERIALS AND METHODS

Embryo development was retrospectively analyzed using a
time-lapse imaging system (Embryoscope, Unisense Fertilitech)
in a total of 125 consecutive patients undergoing PGS (n = 504
embryos); of those, 77 received an ET between March 2011 and
August 2012. All procedures and protocols were approved by
the Institutional Review Board, which regulates and approves
database analysis and clinical IVF procedures for research atIVI.

Embryo biopsy was done on day 3 and comprehensive
chromosome screening performed through arrayCGH. This
study included patients undergoing PGS for recurrent miscar-
riage (RM) and repeated implantation failure (RIF) only. RM
was defined as two or more miscarriages before 20 weeks of
pregnancy, and RIF was defined as the failure of a couple to

conceive after 10 or more good-quality embryos transferred
or after three IVF cycles (22).

Ovarian Stimulation

Ovarian stimulation was carried out as described elsewhere
(23). Briefly, patients received a starting dose of recombinant
FSH (Puregon, MSD; Gonal F, Merck-Serono) ranging from
150 to a maximum of 225 IU. GnRH antagonist (0.25 mg
Ganirelix, Orgalutran) was administered daily starting on
day 5 or 6 after FSH administration. Recombinant hCG (Ovi-
trelle, Merck-Serono) was administered as soon as two
leading follicles reached a mean diameter > 17 mm.

Oocyte Retrieval, Embryo Culture, and Embryo
Biopsy

Oocyte retrieval was performed 36 hours after hCG under
ultrasound guidance. After retrieval, the oocytes were kept
in culture for 4 hours at 37.3°C and 5.8% CO, until oocyte
denudation. Oocyte denudation was performed by mechani-
cally pipetting with 40 IU/mL of hyaluronidase (Vitrolife).
ICSI was subsequently performed on all metaphase II oocytes.
Fertilized oocytes were cultured individually in microdroplets
of culture media (Vitrolife) until the day of blastomere biopsy.
Biopsy was performed on day 3 for all embryos that were
made up of 6 or more cells with less than 25% fragmentation
as described elsewhere (24). Briefly, embryos were placed
individually on a droplet containing Ca™*/Mg"*-free medium
(G-PGD, Vitrolife), and the zona pellucida was perforated
using laser technology (OCTAX). Patients with normal
embryos were scheduled for blastocyst transfer on day 5
(approximately 120 hours) of development. Treatment cycles
were selected at random for investigation by time-lapse
image acquisition and subsequent retrospective analysis of
the morphokinetic parameters of embryo development.

ArrayCGH

ArrayCGH was performed as described elsewhere (24). Briefly, a
single cell from embryos was amplified using the Sureplex DNA
amplification system (BlueGnome). Amplification quality was
ensured by gel electrophoresis (Lonza). Cy3 and Cy5 fluoro-
phores were used to label the sample and control DNA, respec-
tively. Labeling mixes were combined and hybridized on a
24sure array (BlueGnome) for 6-12 hours. Final results were
obtained on day 5 using a laser scanner (710 Innoscan,
Innopsys; and Powerscanner, TECAN). BlueFuse software
was used to analyze the data (BlueGnome). The entire protocol
for arrayCGH analysis was completed in 24 hours.

Time Lapse Analysis and Recording of Kinetic
Parameters

The exact times for each embryo division and developmental
parameters were calculated in hours postmicroinjection (hpi).
Time-lapse images of each embryo were retrospectively
analyzed using an EmbryoViewer software workstation (Uni-
sense FertiliTech). Images were acquired every 15 minutes in
five different focal planes over 120 hours of -culture.
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Development markers included the visibility of two pronuclei
(2PN); pronuclear fading (PNF) when both pronuclei were no
longer visible; the first cell division leading to two cells (t2);
and subsequently the second (3 cells, t3), third (4 cells, t4), and
fourth (5 cells, t5) cell divisions. We also calculated the intervals
between two consecutive cleavages and defined the duration of
the second cell cycle (cc2) as the time from division into a two-
blastomere embryo to division into a three-blastomere embryo
(cc2 = t3 — t2) and second synchrony (s2) as the time from divi-
sion into a three-blastomere embryo to division into a four-
blastomere embryo (s2 = t4 — t3). The duration of the third
cell cycle was defined as cc3 (cc3 = t5 — t3), and the interval be-
tween 2 and 5 cells as the variable t5 — t2, which combines the
concepts of cell cycle and synchrony.

Statistical Analysis

Analysis of variance (ANOVA) was used to test whether the
mean times for embryonic events were significantly different
between chromosomally normal and abnormal embryos. To
describe the distribution of the probability of chromosomally
normal embryos, times were converted from continuous vari-
ables into categorical variables by dividing them into groups
based on their quartiles. Using this procedure, we avoided
bias caused by differences in the total number of embryos in
each category. Next, we calculated the percentage of chromoso-
mally normal embryos for each time quartile to assess the
distribution of normality in the different categories. Continuous
data were analyzed using Student’s f-test when comparing two
groups or ANOVA followed by Bonferroni’s and Scheffe’s post
hoc analysis when multiple groups were considered. x2-tests
were used to compare categorical data. For each time variable,
the optimal range was defined as the combined range spanned
by the two quartiles or as the range spanned by the one quartile
with the highest proportion of normal embryo rates. A binary
variable was defined by the value inside if the value of the
time variable was inside, and vice versa for outside, the optimal
range. The odds ratio (OR) of the effect of all binary variables
generated for embryonic chromosomal normality was ex-
pressed in terms of the 95% confidence interval (95% CI) and
significance. The effect of optimal ranges and other binary vari-
ables on chromosomal normality were quantified by logistic
regression analysis. Receiver operating characteristic (ROC)
curves were used to test the predictive value of all variables
included in the model with respect to chromosomal normality.
ROC curve analysis provides area under the curve (AUC) values
between 0.5 and 1 and can be interpreted as a measurement of
the global classification ability of the model.

RESULTS

The mean age of our female population was 36.1 years (95%
(I, 35.3-36.9). The primary etiology of female factor infertility
as an indication for PGS was RM in 40 women (51.9%) and RIF
in 37 women (48.1%). Average E, levels before hCG injection
were 1,706 pg/mL (95% CI, 1494-1917). A total of 52 of the
114 transferred embryos were successfully implanted (gesta-
tional sac), resulting in a 46.48% (95% CI, 37.3-55.66)
implantation rate. The biochemical PR per transfer was

Fertility and Sterility®

63.3% (n = 49; 95% CI, 52.5-74.1), and the ongoing PR per
transfer was 54.5% (n = 42; 95% CI, 43.4-65.6).

A total of 986 microinjected oocytes were cultured inside
the time-lapse system; 717 were fertilized (72.5%; 95% CI,
69.7-75.3), and 504 (70.3%; 95% CI, 66.3-74.3) were analyzed
by arrayCGH. Among the analyzed embryos, 143 (28.3%; 95%
(I, 24.4-32.2) had normal chromosome content. Supplemental
Table 1 shows the mean times for each cell division and for the
intervals between consecutive divisions. Significant differ-
ences were observed between normal and abnormal embryos
for t5, cc2, cc3, and t5 — t2. Figure 1 clearly shows a higher
proportion of normal embryos within the optimal ranges
defined for t5 — t2 and cc3. Table 1 describes the distribution
in more detail: embryos falling within optimal ranges for t5
(47.2-58.2 hours), cc3 (11.7-18.2 hours), and t5 — t2 (>20.5
hours) exhibited a significantly greater proportion of normal
embryos than those falling outside these ranges (34.7%,
33.4%, and 34.4% vs. 20.9%, 16.3%, and 10.4%, respectively).

Logistic regression analysis was used to select and orga-
nize the relevance of observed events (expressed as binary
variables inside or outside the optimal range) to the selection
of embryos with a higher probability of being chromosomally
normal. The model identified t5 — t2 (OR = 2.853; 95% CI,
1.763-4.616) and cc3 (OR = 2.095; 95% CI, 1.356-3.238) as
the most relevant variables related to normal chromosomal
content. A ROC analysis to determine the predictive properties
of this model with respect to chromosomal normality gave an
AUC value of 0.634 (95% CI, 0.581-0.687).

Using the data provided by logistic regression, we created a
hierarchical model using the corresponding decision tree proce-
dure, which subdivided embryos into four categories (A-D) as
shown in Figure 2. The classification procedure based on the
binary variables t5 — t2 and cc3 was as follows. First, if the

FIGURE 1
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Distribution of chromosomally normal (green circles) and abnormal
(blue circles) embryos in relation to the variables t5 — t2 and cc3. A
greater proportion of green circles is observed within the optimal
ranges proposed for t5 — t2 (>20.5 hours) and cc3 (11.7-18.2 hours).

Basile. Embryo kinetics and chromosomal content. Fertil Steril 2014.

VOL. 101 NO. 3/MARCH 2014

701



ORIGINAL ARTICLE: ASSISTED REPRODUCTION

TABLE 1

Percentage of normal and abnormal embryos in and out of defined optimal ranges.

N Abnormal Normal

t5
Out 230 79.1% (95% Cl, 70.9-84.4) 182/230 20.9% (95% Cl, 15.7-26.1) 48/230
47.2-58.2 hours 274 65.3% (95% Cl, 57.8-69.2) 179/274 34.7% (95% Cl, 29.1-40.3) 95/274
P value <.001

cc3
Out 148 83.7% (95% Cl, 77.8-89.7) 124/148 16.3% (95% Cl, 10.3-22.3) 24/148
11.7-18.2 hours 356 66.6% (95% Cl, 61.7-71.5) 237/356 33.4% (95% Cl, 28.5-38.3) 119/356
P value <.001

t5 —t2
<20.5 hours 126 89.6% (95% Cl, 84.3-94.9) 113/126 10.4% (95% Cl, 5.1-15.7) 13/126
>20.5 hours 378 65.6% (95% Cl, 60.8-70.4) 248/378 34.4% (95% Cl, 29.6-39.2) 130/378
P value <.001

Note: t2: time to 2 cell stage; t3: time to 3 cell stage; t5: time to 5 cell stage; cc3= t5 — t3; t5 — t2: interval between 2 and 5 cells.

Basile. Embryo kinetics and chromosomal content. Fertil Steril 2014.

value of t5 — t2 fell inside the optimal range, the embryo was
categorized as A or B; if the value of t5 — t2 fell outside the
optimal range, the embryo was categorized as C or D. If the value
of cc3 fell inside the optimal range, the embryo was categorized
as A or C depending on t5 — t2; similarly, if the value of cc3 fell
outside the optimal range, the embryo was categorized as B or D
depending on t5 — t2. Figure 3 describes a significant decrease
in the percentage of normal embryos between the different cat-
egories (A, 35.9%; B, 26.4%; C, 12.10%; and D, 9.8%).
Regarding blastocyst formation, from 504 embryos analyzed,
54.2% (n = 273) reached blastocyst stage on day 5 of develop-
ment. Regarding those embryos with normal chromosome con-
tent, 79.0% reached blastocyst stage (n = 113). The percentages
of blastocysts between the different categories were as follows:
A, 66.5% (n=212); B, 48.5% (n = 28); C, 25.0% (n = 9); and D,
26.6% (n = 24; P<.0001).

DISCUSSION

This study combined time-lapse technology and PGS to
analyze and compare the morphokinetic behavior of chromo-

somally normal and abnormal embryos. Observations in a
large number of embryos (n = 504) resulted in an algorithm
that can increase the probability of selecting chromosomally
normal embryos in the absence of PGS.

The impact of chromosomal content on embryo
morphology and development has been described extensively
from a static point of view (20, 25-28). More recently, and as
a consequence of the increasing use of time-lapse technology
in IVF laboratories, the same approach has been carried out
in a more dynamic manner. Davies et al. (29) reported delayed
first and second cleavage and prolonged transitions between 2
and 4 cells among embryos with complex aneuploidies (n = 62
cleavage-stage embryos). The same study reported that irreg-
ular divisions (transition from 1 to 3 and 2 to 5 cells) and the
disappearance of asynchronous pronuclei predominate in em-
bryos with multiple aneuploidies. Chavez et al. (30) observed
that chromosomally normal embryos display strict and tightly
clustered cell cycle parameters up to the 4-cell stage, but only
30% of aneuploid embryos exhibit values within normal time
ranges (n = 68 cleavage-stage embryos). On the other hand,
Campbell et al. (31) reported no difference between euploid
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Hierarchical classification of embryos based on the embryos available for biopsy, interval t5 — t2, and the duration of the third cell cycle (cc3). The
algorithm classified embryos into four categories based on the expected percentage of chromosomally normal embryos.
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FIGURE 3
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and aneuploid embryos during early stages of development.
However, in the periblastulation phase, aneuploid embryos
had a significant delay in development compared with euploid
embryos (n = 98 blastocysts). This study gave rise to an aneu-
ploidy risk model based on the time from insemination to the
start of blastulation (tSB) and the time from insemination to
the formation of a full blastocyst (tB). More specifically, em-
bryos with tB <122.9 hpi and tSB <96.2 hpi are classified as
having low risk; embryos having tB <122.9 hpi and tSB
>96.2 hpi are classified as having medium risk; and embryos
having tB >122.9 hpi are classified as having high risk. An
elegant study by the same group applied the aneuploidy risk
model to evaluate its effectiveness and potential clinical impact
for unselected IVF patients without undergoing PGS after
analyzing embryos with known implantation data (KID em-
bryos). The study revealed significant differences in fetal heart
rate (n = 88 KID embryos) and live-birth rate (n = 44 KID em-
bryos) between risk classes (low, medium, high) (32). In agree-
ment with the Davies et al. study but in opposition to Campbell
et al.’s, our group found differences in the morphokinetic
behavior of chromosomally normal and abnormal embryos
during early stages of development, but with a much larger
data set (n = 504 embryos), which is 5 times higher than the
data sets from previous publications, giving our results statis-
tical power and reducing the chances of random findings.
Interestingly, the variables included in our algorithm
(t5 — t2 and cc3 = t5 — t3) can be detected as early as
day 2 of development, avoiding the need to culture to the
blastocyst stage to make a combined decision (morphology
+ kinetic markers associated with normal chromosomal
content). Additionally, the algorithm here proposed is
related to blastocyst formation and strengthens the relation
of our findings to those reported by Campbell et al. but with
a larger sample size. This aspect is a great advantage over
Campbell et al.’s model because it can be applied not only
to patients undergoing blastocyst transfer but also to those
undergoing transfers on day 3 of development, a common
situation in many IVF clinics. In addition, and considering

Fertility and Sterility®

again that the variables can be detected as early as day 2
(before embryo biopsy on day 3), our assumption would
be that this algorithm could be applied regardless of the
day of biopsy (day 3 vs. day 5), although we do not have
data to support it. Another difference is that in Campbell
et al.’s study, embryo biopsy was performed on day 5. In
our study, we performed embryo biopsy of a single blasto-
mere on day 3 with the existing probability of mosaicism
that may bias the results of the study. However, in our pro-
gram, confirmation rates on embryos biopsied on day 3,
diagnosed as abnormal and rebiopsied on day 5, are similar
to those biopsied directly on day 5, diagnosed as abnormal
and rebiopsied on day 5, with results close to 97% (23).

High levels of in vitro-generated human embryos are
chromosomally abnormal (33, 34), which constitutes one of
the most common causes of IVF failure. This problem
justifies the use of PGS and, if PGS is not possible, the use
of time-lapse imaging to increase the probability of selecting
chromosomally normal embryos. Moreover, embryo selection
through time-lapse imaging is a noninvasive approach that
can be applied not only to patients at risk of having chromo-
somally abnormal embryos but also to young patients,
especially considering the high percentage of aneuploid
oocytes and embryos reported in young donors (27) and
good-prognosis patients (21). The observed discordance
between ploidy status and morphology stresses the point
that, without the extra information gained from PGS, we
allow the transfer of morphologically normal, but still repro-
ductively incompetent, embryos.

The selection of embryos through time-lapse technology
should not be considered as a replacement for PGS. Howev-
er, it does represent an excellent selection tool for good-
prognosis patients who are not indicated for PGS or for
patients who are indicated for PGS (history of implantation
failure or early pregnancy loss) but who for any legal, social,
or economic reasons do not wish or cannot have PGS
performed. In these situations, a clear benefit is gained
with morphokinetic screening and selection using the algo-
rithm. In regards to cost, we must acknowledge that time-
lapse technology currently involves expensive equipment
and, in the short term, the cost differences between PGS
and time-lapse are minimal. In the near future, we expect
a reduced cost for PGS owing to the introduction of quanti-
tative polymerase chain reaction, as well as less expensive
time-lapse equipment owing to the existing competition be-
tween different brands.

Finally, careful assessment should be performed before
generalizing the use of time-dependent variables and algo-
rithms for selecting embryos in different clinical settings.
Embryo development is a dynamic process that can be
affected by several extrinsic and intrinsic factors (12-15).
At this point, several algorithms are available for the
clinical selection of embryos for transfer (7, 30, 35). Here
we provide a new alternative that needs to be compared
clinically in prospective studies in which all the alternatives
are validated and their utility proven. This work is underway.
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SUPPLEMENTAL TABLE 1

Fertility and Sterility®

Mean times for the different variables according to chromosomal normality.

95% CI

Variable Chromosomal status n Mean Lower limit Upper limit Minimum Maximum P value

2PN Normal 143 8.8 8.5 9.1 5.9 14.1 353
Abnormal 361 9.0 8.7 9.3 3.8 233

PNF Normal 143 24.0 23.2 24.8 16.7 63.5 .368
Abnormal 361 24.5 24.0 25.1 17.0 70.6

2 (hours) Normal 143 26.4 25.9 26.8 20.4 41.7 118
Abnormal 361 26.8 26.5 27.2 19.3 41.6

t3 (hours) Normal 143 37.9 37.3 38.6 26.8 47.5 139
Abnormal 361 37.2 36.7 37.7 23.0 49.5

t4 (hours) Normal 143 39.9 39.2 40.6 27.1 54.7 .567
Abnormal 361 39.6 39.1 40.1 23.0 59.1

t5 (hours) Normal 143 51.8 50.8 52.8 271 70.6 .001
Abnormal 361 49.4 48.6 50.2 26.0 72.7

cc2 (hours) Normal 143 11.5 11.1 12.0 0.0 17.3 .004
Abnormal 361 10.4 9.8 10.8 0.0 18.4

cc3 (hours) Normal 143 14.0 13.2 14.8 0.0 35.9 .002
Abnormal 361 12.2 11.5 12.8 0.0 33.8

t5 — 12 (hours) Normal 143 255 24.6 26.4 1.0 47.9 .000
Abnormal 361 22.6 21.8 23.3 0.0 454

Note: 2PN = time of pronuclear appearance; PNF = time of pnf; t2 = time to 2 cells; t3 = time to 3 cells; t4 = time to 4 cells; t5 = time to 5 cells; cc2 = t3 — t2; cc3 =5 — t3.

Basile. Embryo kinetics and chromosomal content. Fertil Steril 2014.

VOL. 101 NO. 3/MARCH 2014 704.el
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CAPITULO V.

CONCLUSIONES
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La presente tesis que estudia el efecto de los diferentes factores intrinsecos y
extrinsecos en la morfocinética embrionaria nos ha permitido llegar a las siguientes

conclusiones:

o La utilizacion de medios de cultivo cultivos secuenciales o de Unico uso
en nuestro laboratorio no afecta a la cinética embrionaria ni a su dinamica morfologica.
Esto nos permite utilizar los marcadores morfocinéticos desarrollados por nuestro grupo
independientemente del medio de cultivo que hayamos utilizado.

. Este estudio mediante morfocinética representa un nuevo modelo de
control de calidad para la implementacion de nuevos medios de cultivo ya que utiliza
una monitorizacion continua del desarrollo embrionario y no la microscopia estatica
convencional.

. El contenido cromosémico de los embriones afecta al comportamiento
morfocinético de los mismos.

o Debido a estas diferencias hemos desarrollado un algoritmo de
clasificacion embrionaria basado en un arbol de decision que permite clasificar los
embriones en 4 categorias en funcion de su probabilidad de ser cromosémicamente
normal.

o El algoritmo morfocinético de aneuploidias constituye una nueva
herramienta diagnostica para aquellas pacientes sin indicacion de DGP por alto riesgo
de aneuploidias o para aquellas pacientes que si estan indicadas para DGP pero que por

motivos sociales, econdmicos y/o legales no pueden acceder a ello.
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