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RESUMEN

Antecedentes cientificos y objetivos de estudio

El uso de implantes dentales como alternativa para la rehabilitacién oral ha demostrado su eficacia
y mostrando altas tasas de supervivencia. Un aspecto clave de la osteointegracion del implante
dental esta relacionado con la obtencion de una estabilidad primaria adecuada, asegurada por el
enclavamiento mecanico entre el tejido 6seo y la interfaz del implante, la cual depende en parte de
la geometria del implante, la rugosidad de la superficie y la técnica quirirgica para la preparacion
del lecho implantario. Varios factores estan involucrados en la interaccion entre la superficie del
implante y el hueso nativo circundante durante la osteointegracion. Uno de ellos es el macro-disefio
del implante, que puede proporcionar diferentes esfuerzos de corte dependiendo de la densidad Gsea
del sitio de insercion. De acuerdo con sus caracteristicas, el macro-disefio del implante podria
afectar en mayor o menor medida el estrés producido en el hueso, provocando una respuesta del
huésped que induce eventos vasculares y celulares, que causan una remodelacion Osea interfacial
mediada por células. Esta consiste en la reabsorcion del "hueso cortical” mineralizado, y por
consiguiente, en una "disminucion de la estabilidad primaria”, que concurre de forma simultanea
con una nueva aposicion 6sea hacia la superficie del implante o aumento de la "estabilidad
secundaria” o bioldgica. Se han propuesto diferentes disefios de rosca de implantes y pasos de
rosca para mejorar la osteointegracion. En este sentido, la geometria del implante puede afectar los
valores de contacto hueso a implante (BIC). La macro-geometria modificada y las diferentes
microgeometrias del implante han demostrado tener un efecto estimulante sobre la osteointegracion,
lo que sugiere que sus caracteristicas deben estar relacionadas con el microentorno biologico y
mecanico. Ademas, otras caracteristicas, como el disefio de la cdmara de curacion y las
configuraciones de la zona apical, han demostrado mejorar la osteointegracion.

El macro-disefio de los implantes dentales a menudo se complementa con la modificacion de la
superficie de titanio para mejorar su bioactividad y la capacidad de retencion de coagulos durante la
osteointegracion. Estas modificaciones aumentan de forma tridimensional el area de superficie y
confieren diferentes caracteristicas topograficas para facilitar la atraccion de células. La rugosidad
de la superficie se cuantifica y se informa como Ra o Sa, dependiendo de si el pardmetro se clasifica
como bidimensional o tridimensional respectivamente. Esta rugosidad proporciona una activacion
mejorada de las plaquetas, la adhesion celular y la adsorcion de proteinas hacia la superficie del
implante, con efectos en el proceso de osteointegracion en términos de BIC y estabilidad del

implante durante las etapas tempranas de curacion a través de un aumento de la actividad
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osteogénica y la osteoconductividad del titanio. Se han propuesto varios métodos para el
tratamiento de la superficie del titanio (por ejemplo superficies grabadas, superficies pulidas con
chorro de arena y grabadas con acido, superficies recubiertas con hidroxiapatita, superficies pulidas
con chorro de arena y ablacion con laser, superficies con tratamiento de fluoruro). Entre ellos, la
superficie del medio chorreado reabsorbible (RBM) se obtiene a través del arenado de alta
velocidad con particulas de fosfato de calcio bioceramico (CaP), en la que el tamafio de particula
determina tanto el grado de rugosidad, como una superficie de titanio libre de particulas. Las
superficies RBM han mostrado valores BIC comparables a otras superficies, como el dioxido de
titanio (TiO2) u oxido de aluminio (Al203), obteniendo mediciones de resistencia biomecénica y
torque de extraccion similares a los obtenidos en implantes mejorados con calcio y magnesio.

Evidencia cientifica reciente refuerza el concepto de que la geometria del implante y la densidad
del hueso son factores clave involucrados en el grado de estabilidad primaria. Sin embargo, la
osteointegracion esta fuertemente influenciada por la superficie del implante, que desempefia un
papel importante durante la fase temprana de la curacion del tejido a través de eventos de resorcion
y aposicion 0sea. A este respecto, los diferentes sitios topograficos confieren diferentes patrones de
curacion, como los que ocurren en los compartimentos cortical y medular tanto en los huesos planos
(mandibula de perro) como en los huesos largos (tibia de oveja). Este comportamiento también se
observa en tibias de conejo, y a pesar de las diferencias inherentes en los modelos experimentales,
se han probado los efectos de geometrias de implantes iguales, pero con diferentes modificaciones
en la superficie, y se evidencia el efecto del tratamiento de la superficie en los valores BIC
reportados. Por lo tanto, es presumible que tanto los compartimentos corticales como los de la
médula dsea tengan caracteristicas bioldgicas y fisicas distintas en el remodelado interfacial hueso-
implante y la aposicion Osea directa sobre la superficie de titanio. Su naturaleza delimita la
transicion de la estabilidad primaria a la estabilidad secundaria o biolégica, que concurre de forma
simultanea a la caida de la estabilidad primaria del implante durante el proceso de osteointegracion.
Sin embargo, hay una escasez de datos basados en implantes con diferentes macro-disefios e igual
rugosidad de la superficie instalados de forma bicortical, asi como también una falta de estudios
respecto al patrén de curacién dsea sobre la superficie del implante en diferentes compartimentos y
entornos 6seos. Sobre la base de los aspectos antes mencionados, y la brecha de informacion a este
respecto, el objetivo general de esta tesis es mejorar el entendimiento de los valores de
osteointegraciéon (hueso nuevo, hueso viejo, médula 6sea y BIC [hueso nuevo + hueso viejo]) de
dos macro-disefios de implantes diferentes, con similar tratamiento de superficie RBM en diferentes

sitios topograficos en tibias de conejo (diéfisis o metéfisis). Por lo tanto, los siguientes objetivos se



The effect of implant macro-design on the osseointegration of titanium dental implants 21

desagregaron de este objetivo principal, para explotar con mas detalle la muestra de estudio, como
se muestra a continuacion:
I.  Documentar la curacion secuencial durante la osteointegracién de implantes con tratamiento
de superficie RBM a las 2, 4 y 8 semanas en conejos.
Il. Evaluar el efecto de dos macro-disefios de implantes diferentes en los valores de la
osteointegracion secuencial a las 2, 4 y 8 semanas.
I1l.  Evaluar el efecto de diferentes sitios topograficos en la osteointegracion en tibias de conejo.
IV. Evaluar el efecto del macro-disefio de implantes respecto al sitio topografico en la
osteointegracion en tibias de conejo.
V.  Evaluar el patron de curacion 6sea en los compartimentos cortical y medular en la diafisis y

la metéfisis en tibias de conejo.

Material y métodos

El protocolo de estudio fue aprobado por el Comité de Etica de la Universidad de Valencia,
Valencia, Espafia (Protocolo ref .: A1432625410189), que siguié las pautas establecidas por la
Directiva del Consejo de la Union Europea (53/2013; 1 de febrero de 2013) para el cuidado de
animales y experimentacion de acuerdo con las condiciones éticas y legales establecidas por el Real
Decreto 223, 14 de marzo y 13 de octubre de 1988.

-Disefio del estudio

El presente estudio experimental preclinico incluy6 veintisiete conejos machos albinos de Nueva
Zelanda, con 24 semanas de edad media y un peso de 3 a 4 kg. Los animales se asignaron en tres
grupos compuestos de 9 animales cada uno, y que fueron sacrificaron a las 2, 4 y 8 semanas,
respectivamente. Antes de la cirugia, los animales fueron asignados de forma aleatorizada a uno de
los tres grupos en funcion del periodo de curacion. Los implantes se colocaron siguiendo una
asignacion aleatoria, lo que resultd en la colocacién de cuatro implantes dentales en cada conejo;
dos en cada tibia, uno en la diafisis y la otro en la metéafisis, cada uno con un macro-disefio
diferente. La asignacion aleatoria fue realizada electrénicamente (www.randomization.com) por un
autor independiente que no participd en la seleccion de los animales ni en los procedimientos
quirargicos (Danielle Botticelli). Los dos distintos macro-disefios utilizados fueron implantes
Ticare® (Mozo-Grau, Valladolid, Espafia) hechos de titanio comercialmente puro de grado 1V,
tratados con un medio arenado reabsorbible (RBM) (la superficie del implante es chorreada con
particulas bioceramicas de fosfato de calcio, lo que resulta en una superficie de rugosidad moderada

[Ra = 1.53 £ 0.24]). Los implantes disponen una dimension de 3,75 mm de didmetro y 8 mm de
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longitud, una conexion cénica con un cuello pulido de 45 ° y una capacidad de corte autorroscante
en la proximidad del apice.

Ticare Inhex® : el cuerpo del implante tiene poca conicidad y una gran area de micro espiras en la
porcion coronal, posee un mayor nimero de hilos de rosca triangular por unidad de longitud con
poca profundidad de hilo respecto al modelo Quattro® . EI implante muestra un doble corte
autorroscante en la porcion apical.

Ticare Inhex Quattro® : el cuerpo del implante tiene una marcada conicidad. Presenta menor
cantidad de micro espiras en la porcion coronal y un menor nimero de macro espiras por unidad de
longitud en comparacion con los implantes Ticare Inhex® . Las espiras son forma cuadrada en la
parte media del implante, y se tornan triangulares y profundas hacia la parte apical. El implante
muestra un corte autorroscante mas agresivo.

-Procedimientos clinicos.

Los conejos se anestesiaron con una inyeccion intramuscular de ketamina (22 mg/kg) y xilazina
(2,5 mg/kg) al 50%, y se les administré6 una inyeccion endovenosa de propofol (1,5 mg/kg), la
anestesia se mantuvo con isofluorano al 2%. Antes de la cirugia, la piel de la tibia proximal se
afeitd y se desinfectd con Betadine. Se administré un antibidtico pre operatorio por via subcutanea
Enrofloxacino 5 mg/Kg (ALSIR® 2,5%, Esteve Veterinaria, Barcelona, Espafia), asi como 3 ml de
articaina al 2% con 0,01 mg/ml de epinefrina infiltrados por via intramuscular en la zona quirdrgica
de cada pierna. Se realiza una incision a espesor total en la region proximal de cada tibia (Fig. 1c).
Se procede a identificar los dos sitios experimentales en cada tibia (Fig. 1d). Lo sitios de
implantacion se prepararon empleando fresas de diametro incremental e irrigando con solucion
salina estéril acorde a la recomendacién del fabricante. Se mantuvo una distancia aproximada de 8-
10 mm entre las dos osteotomias. Se instalaron aleatoriamente dos implantes con un macro-disefio
diferente en cada tibia, y se sumergieron hasta que el hombro del implante se nivel6 con la
superficie del hueso. La porcién apical de los implantes se coloca en contacto directo o dentro del
hueso cortical opuesto al compartimiento cortical coronal, con el objetivo de obtener un anclaje
bicortical. Los tapones de cierre se atornillaron a los implantes y el colgajo se sutura
posteriormente por planos, se emplean suturas reabsorbibles para permitir una curacién sumergida
(Vicryl 5/0, Ethicon, Sommerville, NJ, EE. UU.) y Nylon 3/0 (Ethilon 3/0). , Ethicon, Sommerville,
NJ, EE. UU.).

-Cuidado pre y postoperatorio, vivienda y cria

Todos los animales se mantuvieron en jaulas individuales durante su periodo de aclimatacion antes

de la intervencion (2 semanas) y durante el cuidado postoperatorio en la Unidad de Servicio de
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Almacenamiento de Animales de la Universidad de Valencia, Espafia, en habitaciones
especialmente acondicionadas y aclimatadas a 21°C con 12 h de oscuridad/iluminacién. Los
animales fueron alimentados con una dieta estandar y tuvieron acceso libre a fuentes de agua. El
patrén analgésico consistio en 2,5 mg/kg de morfina intraoperatoria, 0,02 mg/kg de buprenodale,
buprex, 0,2 mg/kg de meloxicam (cada 12 horas durante 3 dias) y tratamiento antibidtico con
enrofloxacina 2,5 mg/kg (ALSIR® 2,5%, Esteve Veterinaria, Barcelona, Espafia) (cada 24 horas
durante 7 dias) después de la operacion.

-Eutanasia

Nueve conejos de cada unos de los tres grupos fueron sacrificados después de 2, 4 y 8 semanas,
respectivamente. Se aplicaron los mismos protocolos de sedacién y anestesia empleados para la
cirugia, la induccion de la eutanasia se realizdé con 50 mg/kg de pentobarbital sédico intravenoso. Se
uso una pequeria sierra eléctrica para obtener las secciones de la tibia que contienen cada implante.

- Preparacion histologica.

Las muestras de implantes se deshidrataron mediante intercambio secuencial de solventes y se
incluyeron en metacrilato que contiene poli-(metil metacrilato). Después de agregar perdxido de
benzoilo (19/100 ml), las muestras se polimerizaron, luego se cortaron con un disco de diamante en
una maquina de corte de precision de mesa Accutom-5 (Struers, Copenhague, Dinamarca), estas se
lijaron y pulieron con el sistema de pulido LaboPol-21 (Struers, Copenhague, Dinamarca) y ldminas
de SiC (SiC foils). Se obtuvieron laminas delgadas de aproximadamente 80 pum de espesor. Las
muestras se tifieron a 55°C con azul de toluidina durante 30 minutos, se lavaron con agua durante 2
minutos y se dejaron secar.

-Evaluacion histoldgica

Las imagenes digitales calibradas superpuestas de los tejidos que rodean toda la superficie del
implante (aproximadamente 20 imagenes/implante) se registraron con un microscopio de luz Leica
DM4000 B (Leica Microsystems GmbH, Weétzlar, Alemania) y una camara digital DFC420
utilizando un objetivo 5x y el programa Leica Applications Suite version 4.4.0. Las imagenes
individuales se fusionaron para componer cada lado del implante utilizando el programa Photoshop
CS 6 (Adobe Photoshop CC 2015.0.0, Adobe Systems Incorporated, San José, CA, EE.UU.,

http://www.adobe.com/Photoshop). EI programa de procesamiento de imagenes ImageJ 1.48

(National Institutes of Health, Bethesda, MD, EE. UU., http://imagej.nih.gov/ij) se utilizd para
realizar las mediciones histoldgicas. Las lineas se dibujaron a mano en imagenes calibradas que se
muestran en la pantalla de la computadora con un aumento de 400x, y fue realizado por un asesor

independiente y calibrado que no participa en el estudio. EI BIC se evaludé como la suma de hueso


http://www.adobe.com/Photoshop
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nuevo Yy viejo, y se calcularon los porcentajes en relacion con la longitud de la superficie del
implante examinada. La porcion apical del implante que se extruyé mas alla de hueso cortical se
excluy6 del analisis.

-Anélisis de los datos

Las diferencias entre los disefios de implantes a lo largo de los periodos de cicatrizacion se
analizaron con la prueba U de Mann-Whitney para las variables independientes. Las diferencias
entre los implantes colocados en la diafisis y la metéfisis también se realizaron utilizando una
prueba de suma de rangos de Wilcoxon. Se realizdé un analisis multivariado de modelo lineal
general para explorar la interaccion entre las dos variables independientes (disefio/posicidn) sobre
los valores BIC en diferentes etapas de curacion. Cada factor tiene dos categorias: disefio (Ticare
Inhex®/Ticare Quattro® ) y posicion (diafisis/metafisis). Se eligié este enfoque porque los informes
anteriores observaron que las posiciones de los implantes se pueden usar como réplicas
independientes con respecto a la variable de resultado, ya que la calidad 6sea varia entre los sitios
de implantacién (sitios topograficos) en el mismo grado que entre las unidades experimentales. El

nivel de significancia se establecio en a = 0.05.

Resultados

El presente estudio experimental preclinico se realiz6 siguiendo las directrices de la guia para la
conduccion de investigacion en animales de experimentacion (ARRIVE), por lo que la seleccion y
el uso de animales se han considerado cuidadosamente. Para aislar el posible efecto de la macro-
geometria del implante en la formacion 6sea, ambos implantes tuvieron el mismo tratamiento de
superficie. Para apreciar el comportamiento de los dos macro-disefios de implantes en dos
ambientes 0seos diferentes, se colocaron en dos zonas topograficas dentro de la misma tibia, uno
con una capa cortical y un contenido medular (diafisis) similar a un hueso tipo Il y la otra con un
hueso mas trabecular similar a un hueso tipo 111 (metéfisis).

El propoésito del estudio fue evaluar el efecto de dos macro-disefios de implantes diferentes, pero
con igual rugosidad de la superficie en la osteointegracion secuencial de implantes instalados de
forma bicortical en la tibia de conejo. Se analizaron los datos de 27 animales experimentales con
cuatro implantes cada uno. Las areas entre las espiras se rellenaron con hueso tejido (woven bone) a
las dos semanas. Se observaron procesos de remodelacion después de 4 y 8 semanas de
cicatrizacion, evidenciado por la tincion més clara del hueso lamelar en comparacién con la tincién

mas oscura del hueso tejido.
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A las 2 semanas de cicatrizacion, se observé un grado similar de nueva osteointegracién en ambos
macro-disefios, siendo 16.0+£7.5% para Ticare Inhex® , y 16.3£7.2% para los implantes Quattro® .
Los porcentajes de hueso viejo observados fueron de alrededor de 7.4% y 7.6% para los implantes
Ticare Inhex® y Quattro®, respectivamente. Con respecto a la posicion del implante (diafisis o
metafisis), no hubo diferencias significativas entre los pardmetros evaluados en esta etapa. Se
observaron similares valores de BIC entre los macro-disefios de implantes 23.5£14.4% vy
23.9£13.3% para los disefios de implantes Ticare Inhex® y Quattro® , y la ubicacion topografica
del sitio de implante con valores BIC de 21.5+7.5 y 25.5+14.6 para diéfisis y metéfisis
respectivamente. Ninguna de las diferencias tanto para los macro-disefios como sitios topograficos
fueron estadisticamente significativas (p>0.05).

A las 4 semanas, los valores de hueso nuevo fueron 19.4+7.3% y 18.9+ 4.7% para los disefios
Ticare Inhex® y Quattro®, respectivamente. Los porcentajes de hueso viejo en esta etapa fueron
2.3+2.2% y 2.4+1.6%, respectivamente. Al agrupar los datos segun la posicion del implante en la
diéfisis y la metéfisis, no hubo diferencias significativas para los valores de hueso nuevo (p=0.10).
Sin embargo, en esta etapa se encontrd una diferencia significativa para los valores de hueso viejo y
tejido conectivo (p<0.05). Se observaron valores de BIC similares entre los macro-disefios de
implantes, pero en relacion con la ubicacion del sitio topografico, mejores valores de BIC se
observaron en la diéfisis 24,5+6,2% respecto a la metafisis 18,4+7,7%. Esta diferencia fue
estadisticamente significativa (p=0.05).

A las 8 semanas, el hueso nuevo aumentd, alcanzando porcentajes de 33.2+7.6% y 33.4+7.7% en
los implantes Ticare Inhex® y Quattro®, respectivamente. No se encontraron diferencias
estadisticamente significativas entre los dos grupos (p>0.05). El hueso viejo todavia estaba
presente, sin embargo, en porcentajes muy bajos de 1.2+1.1% y 3.3£1.1% para los disefios de
Ticare Inhex® y Quattro®, respectivamente (p=0.001). Los porcentajes de hueso nuevo en la
diafisis fueron de 36,4+10,5%, mientras que en la metafisis de 29.3+6.2%. No se encontraron
diferencias estadisticamente significativas (p>0.05). Los valores de BIC observados entre los dos
macro-disefios de implantes no mostraron una diferencia significativa, a pesar de que se
encontraron valores de BIC ligeramente mejores de 36.7+7.7% a favor de Ticare Quattro® en
comparacion con el disefio de Inhex® con 34.4+7.8. Sin embargo, con respecto a la colocacion del
sitio topografico, se observé un mejor valor de BIC en la diafisis (39.5+11.1%) comparado a la
metéfisis (30.6+6.2%), diferencia que fue estadisticamente significativa (p=0.05).

En el analisis multivariado se observd que la posicion del implante mostré una significancia

estadistica con respecto a los valores de BIC a las 4 y 8 semanas (p <0.05).
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Sin embargo, el analisis no detecta una significancia estadistica respecto a la interaccién del sitio
topografico y los macro-disefios de implantes (disefio * posicidn) respecto a los valores BIC durante
las etapas de curacion. Se observa que el implante Ticare Quattro®  mostré valores BIC
ligeramente mejores los sitios de diafisis a traves de las etapas de curacion (p> 0.05).

Otro objetivo fue evaluar el patron de cicatrizacion 6sea en los compartimentos cortical y medular.
Se observo patrones de osificacion de tipo intramembranoso y aposicional. Este ultimo se pudo
observar cuando se produjo un contacto intimo entre la superficie del implante y el hueso recién
formado en el lecho implantario. En promedio, se identificaron mejores valores de osteointegracion
en los compartimentos corticales, y valores ligeramente mas altos pero no estadisticamente
significativos en la diafisis. Respecto al compartimento medular, se observaron mejores tasas de
aposicién de hueso nuevo a las dos y cuatro semanas en la diafisis.

A las 2 semanas de cicatrizacion, no hubo diferencias significativas entre los pardmetros evaluados
entre los compartimentos cortical y medular en los sitios de diéfisis y de metafisis. Los valores de
BIC fueron de alrededor de 30.0+9.9% versus 23.7+6.4% en la diafisis y metafisis, respectivamente
en el compartimento cortical (p=0.09), y 21.1+12.3 versus 13.9+8.0 en el compartimento medular
(p=0.07).

A las 4 semanas, se observaron diferencias significativas en los valores de hueso viejo en el
compartimiento cortical, y para los valores de hueso nuevo y tejido conectivo en los
compartimentos de la médula entre los sitios de diafisis y metafisis. No se detectaron diferencias
para los valores de BIC en el compartimento cortical, que reportan ser de 25.4+7.8% y 21.4+8.0%
en los sitios de diafisis y metéafisis, respectivamente (p=0.26). Sin embargo, se encontrd una
diferencia significativa en el compartimento medular, que muestra valores BIC de 22.1+6.9 y
13.6+£8.5 en la diafisis y metéfisis, respectivamente. Diferencia estadisticamente significativa
(p=0.01).

A las 8 semanas, se observaron mejores valores de hueso nuevo y viejo en el compartimiento
cortical; se detectd una diferencia significativa entre los compartimentos cortical y medular para
estos pardmetros en la metéfisis. El contacto mineralizado de hueso a implante en esta etapa no
mostro diferencias significativas dentro del compartimento cortical entre los sitios de implantacion
en la diafisis y en la metéfisis, con valores de BIC% de 41.1+6.8% y 39.9+9.8%, respectivamente
(p = 0,61). Se observo una tendencia similar dentro del compartimento medular en los sitios de

diafisis y metafisis.
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Discusion

Objetivo del estudio

El objetivo principal de la presente tesis doctoral fue evaluar el impacto de dos macros disefios de
implantes distintos instalados de forma bicortical en dos entornos 6seos (diafisis o metafisis) en
tibias de conejo. Ademas, se analizaron los patrones de curacion 6sea en los compartimentos
cortical y medular en los sitios de diafisis y metéafisis.

Resumen de los principales hallazgos

Para aislar el posible efecto de la macro-geometria del implante en la formacion ésea, ambos
implantes tuvieron el mismo tratamiento de superficie. Para apreciar el comportamiento de los dos
macro-disefios de implantes en dos ambientes Oseos diferentes, se colocaron en dos zonas
topograficas dentro de la misma tibia, una con una capa cortical y un contenido medular (diafisis)
similar a un hueso tipo Il y la otra més trabecular similar a un hueso tipo Il (metéfisis). En el
presente estudio, se encontré que el hueso nuevo después de 2, 4 y ocho semanas de cicatrizacion
fue ligeramente mas alto, en los implantes colocados en la diafisis en comparacion con aquellos
implantados en la metéafisis, pero sin alcanzar diferencias estadisticamente significativas (p>0.05).
Los valores de BIC observados entre los macros disefios de implantes no mostraron una diferencia
significativa, aunque se encontraron valores BIC ligeramente mejores en los implantes Ticare
Quattro® en comparacion con el disefio de Inhex® . Sin embargo, con respecto a la colocacion
del sitio topografico, se observd mejores valores de BIC en aquellos implantes colocados en la
diafisis a las 4 y 8 semanas de cicatrizacion (p=0.05). Se realiz6 un analisis multivariado de modelo
lineal general para explorar la interaccion entre las dos variables independientes (disefio/posicidn)
sobre los valores BIC en diferentes etapas de curacion. Se observd que la posicion del implante
mostro una significancia estadistica con respecto a los valores de BIC a las 4 y 8 semanas, a favor
de aquellos implantados en la diafisis (p<0.05). Sin embargo, el analisis no detecta diferencias
significativas para la interaccion entre el macro-disefio y el sitio topogréfico (disefio*posicion)
sobre los valores BIC en todas las etapas de curacion. Se observa que el disefio Ticare Quattro®
mostro valores ligeramente mejores de BIC en los sitios de diéfisis a través en los distintos periodos
de seguimiento (p> 0.05).

Por otro lado, se analiz6 el patron de curacién 6sea en los compartimentos corticales y medulares en
en los implantes colocados en la diafisis y en la metéfisis. La nueva formacion dsea en el
compartimento de la médula mostré valores incrementales levemente mejores del 13.8%, 20.4 y
24.6% a las dos, cuatro y ocho semanas en los sitios de diafisis, en comparacion con el 10,3%, 13%

y 25,1% en los sitios de metafisis. La misma tendencia se observo en el compartimiento cortical con
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valores de alrededor de 17.8%, 21.4% y 37% en los sitios de diafisis, respecto a los 15.1%, 19.7%
y 35.5% en los sitios de metafisis. EI hueso viejo se reabsorbi6 pero todavia estaba presente (<2%)
después de 1 mes en ambas zonas topograficas. Los valores de hueso viejo observados fueron
ligeramente maés altos en la diafisis a las cuatro y ocho semanas en comparacion con la metafisis en
la presente muestra de estudio. Los valores de BIC no mostraron diferencias significativas, excepto
en el compartimento medular a las cuatro semanas de cicatrizacion, mostrando valores de BIC de
22.146,9 y 13.6+8,5 (p=0,01) en la diafisis y metéafisis, respectivamente.

Discusion con literatura previa

El andlisis histomorfométrico a las 2, 4 y 8 semanas fue similar para ambos macro-disefios de
implantes (p>0.05). Ademaés, al comparar los porcentajes de hueso nuevo en relacion con la
ubicacion topografica del implante, se encontré que la osteointegracion era ligeramente mas alta,
pero estadisticamente no significativa en los implantes colocados en la diéfisis en comparacién con
la metéfisis a las 4 y 8 semanas de cicatrizacion. Estos hallazgos son contrarios a los reportados en
un experimento previo en conejos reportado por Caneva y cols. en 2017. Observaciones que
podrian atribuirse a varios factores, como el disefio de espira del implante, el tratamiento de
superficie utilizados y los protocolos de osteotomia del implante, que difieren entre los estudios. Se
sabe que estos factores pueden regular la tension aplicada al tejido duro en la proximidad del
implante. El hueso viejo se reabsorbio, pero todavia estaba presente después de 1 mes de
cicatrizacion (<4%), con mejores valores estadisticamente significativos en el grupo de Ticare
Quattro®. Este patrén de curacién es comprable con otros estudios realizados en animales y
humanos. Cabe mencionar que la morfologia 6sea en la diafisis esta ocupada predominantemente
por un contenido medular en comparacion con la metéafisis que presenta un hueso mas trabecular.
Estos hallazgos estan de acuerdo con el supuesto de que la osteointegracion es mas rapida en zonas
donde la aposicion Gsea no esta precedida por la reabsorcion ésea como se observo anteriormente
en un estudio preclinico en perros reportado por Abrahamsson y cols., en 2003, y confirmado en
cerdos miniatura por Buser y cols. en 2004.

Parece probable que la formacién de hueso comenzé a partir de los compartimentos corticales (en
contacto con hueso nativo mineralizado) y que posteriormente prolifera hacia los compartimentos
de la médula. Se sabe que los procesos de resorcion se producen antes de una nueva aposicion ésea
en zonas donde el hueso mineralizado estd presente, lo que conlleva un periodo de curacion
ligeramente mas largo para alcanzar la osteointegracion completa.

Los implantes en el presente estudio estuvieron en contacto cercano con el hueso pristino debido a

su estabilizacion bicortical, una condicion que favorece la osteointegracion en la superficie del
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implante. Un patron de curacion previamente documentado para la osteointegracion en diferentes
modelos pre-clinicos. El hueso viejo “nativo” del lecho implantario es responsable del
enclavamiento mecanico, y es relevante durante la pérdida de la estabilidad primaria del implante,
donde tiene lugar una remodelacion 6sea interfacial mediada por células. Por lo general, se describe
que esto ocurre en el area de contacto entre la pared 6sea pristina y la superficie del implante, donde
la remodelacion surge en la proximidad de las micro-fisuras seguidas por una aposicion dsea en los
espacios vacios, y que resulta una estabilidad secundaria o bioldgica.

Los resultados del presente estudio estan de acuerdo con otros reportes como el de Leonard y cols.,
en 2009; que demuestra que el macro-disefio no afecta de forma significativa las tasas de BIC en
ausencia de carga. Sin embargo, la literatura cientifica no diferencia las discrepancias con respecto
a la posicién del implante distintas topografias dseas, especificamente en tibias de conejo, un factor
que probablemente puede contribuir a los resultados debido a las discrepancias en la densidad 6sea.
En este sentido, un informe anterior sugiere que las caracteristicas del macro-disefio del implante,
tales como como el patrén de la espira y el paso de rosca, pueden ser responsables de las diferencias
en la cantidad de hueso y el grado de aposicion dsea en la superficie del implante. Por lo tanto, la
consideracién de un macro-disefio de implante especifico debe ser en relacion con el micro entorno
biolégico y mecéanico, como lo sugiere Vivan-Cardoso y cols., en el 2015.

De acuerdo con las observaciones antes mencionadas, el patron de curacion en los compartimentos
corticales y medulares fue analizado en profundidad en dos entornos 0seos diferentes (diafisis y
metéfisis) en tibias de conejo. A este respecto, en el presente estudio, la nueva formacion de hueso
en el compartimento medular mostré valores ligeramente mejores en los sitios de implantacion en la
diafisis, mostrando valores del 13,8%, 20,4 y 24,6% a las dos, cuatro y ocho semanas, en
comparacion con los 10.3%, 13% y 25.1% obtenidos en la metéfisis. La misma tendencia se
observd en el compartimiento cortical con valores de alrededor de 17.8%, 21.4% y 37% en la
diafisis, comparados a los 15.1%, 19.7% y 35.5% en la metafisis. Se observa que los valores de
hueso viejo observados fueron ligeramente mas altos en la diafisis a las cuatro y ocho semanas en
comparacion a la metéfisis en la presente muestra de estudio.

En el contexto de los sitios topograficos de implantacion, nuestros resultados fueron contradictorios
con los informados en un estudio previo de Caneva et al. en 2017, donde la nueva formacion 6sea
se desarroll6 a una velocidad mucho mayor en los implantes colocados en la metafisis respecto a la
diéfisis. Sin embargo, estas diferencias podrian atribuirse a varios factores, como se menciono
anteriormente. Los autores atribuyeron los hallazgos al patrdn mas denso del hueso trabecular en la

metéfisis en comparacion con la diéfisis en tibias de conejo.
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Por otro lado, la formacidn 6sea que se supone debe ser reforzada por la médula 6sea no ocurre, ya
que esto apenas contribuyo en la seccion media (medular) de los implantes colocados en la diafisis
en comparacién con lo que se encontrd en las regiones corticales en coronal y apical. Las
diferencias metodoldgicas podrian ser mencionadas para este aspecto. En el estudio de Caneva y
cols., en 2017, se demarcaron tres secciones (coronal, media y apical) para probar las diferencias
entre los compartimentos en las tibias de conejo. En el presente estudio, las tres secciones se
demarcaron de la misma manera, pero el compartimiento cortical se considera como la suma de las
regiones corticales y apicales en su conjunto, independientemente del compartimiento medular
(centro). Aungue, en ambos estudios, las regiones extremas de los implantes estuvieron en contacto
cercano con el hueso pristino debido a su estabilizacion bicortical.

Por otro lado, es posible concluir que la osteointegracion parece favorecerse por la existencia de un
coagulo sanguineo, y perjudicada por la presencia de la médula 6sea de grasa amarilla en el modelo
de hueso largo, como la tibia de oveja. En este sentido, Morelli y cols., en 2014 realizan dos
osteotomias para la instalacion de implantes en cada tibia. En los sitios de control, no se realizaron
tratamientos adicionales mientras que, en los sitios de prueba, se extrajo la médula 6sea del sitio de
la osteotomia con una cureta que excedia las dimensiones del implante. Como resultado, la porcion
apical de los implantes en los sitios de control estaban en contacto con la médula ésea mientras que,
en los sitios de prueba, estaba en contacto con el codgulo de sangre. En promedio, la nueva
aposicion ésea fue mejor en el compartimiento cortical, como se observa en el presente estudio.
Ademas, se observé que la nueva aposicion 6sea fue mas rapida en el grupo con médula 6sea grasa
en comparacion con los grupos con coagulos de sangre en el compartimento medular a las 4
semanas pero sin alcanzar significancia estadistica. Sin embargo, los autores concluyen de que los
codgulos sanguineos parecen favorecer la osteointegracion, ya que a las 12 semanas de
cicatrizacion, el grupo de prueba mostr6 mejores valores de hueso nuevo, y que fueron
estadisticamente significativos en el compartimento medular, aunque en este estudio los implantes
no se colocaron de forma bicortical.

Sin embargo, a pesar de las diferencias inter-especies que impiden las comparaciones directas, no
existe certeza hasta qué punto el modelo de tibia de conejo, en su diafisis, proporciona cantidades
de médula 6sea grasa que pueden afectar la osteointegracion después de las ocho semanas de
cicatrizacion.

Ventajas, limitaciones y recomendaciones para estudios futuros

Este estudio se realiz6 de acuerdo con las directrices de ARRIVE que fomentan las buenas practicas

y la calidad de los informes en experimentacion animal. La novedad del presente trabajo radica en
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el hecho de que no hay otro estudio que tenga como objetivo evaluar el impacto de distintos macro-
disefios de implantes con similar tratamiento de superficie (RBM de rugosidad moderada) en dos
ambientes dseos diferentes sobre los valores de osteointegracion y los patrones de curacién en los
compartimientos corticales y medulares en tibias de conejo. Esto nos permite aislar los efectos del
macro-disefio en la osteointegracién, lo que nos ayuda a evaluar por separado la dindmica del
patrén de curacion en distintas densidades 6Oseas. Sin embargo, debido a la ausencia de carga
funcional, estos parametros reflejan la conexion estructural entre el implante y el hueso, y no las
propiedades funcionales del hueso a la interfaz del implante.

Existe poca evidencia preclinica con respecto a la curacion secuencial de los implantes instalados
de forma bicortical con dos macro-disefios y tratamiento de superficie igual, intentando evaluar su
interaccién en dos sitios topograficos. A pesar de que se evalud la interaccion de los factores, solo
el sitio topografico parece contribuir a los valores de osteointegracion a las 4 y 8 semanas.
Lamentablemente, es dificil determinar en qué medida cada macro-disefio de implante contribuye a
estos hallazgos observados en los sitios de diafisis 0 metéfisis. La muestra escasa no permite una
adecuada comparacion estadistica. Cabe mencionar, que los resultados de la interaccién son
meramente exploratorios y deben interpretarse con cautela. Es de suma importancia tener en cuenta
que los resultados actuales solo podrian extrapolarse a implantes con la misma rugosidad de la
superficie, su aplicabilidad estd fuera del alcance para otros modelos animales debido a las
diferencias que se mostraron en los patrones de curacion entre las especies (por ejemplo, perros,
ovejas, conejos, rata). Se justifican estudios adicionales que comparen el tratamiento de superficies
iguales pero con diferentes enfoques de fabricacion (p.ej. superficies SLA, anodizadas, etc.), para
dilucidar si reproduce los patrones observados en el presente trabajo. Ademas, no hay datos
concretos sobre hasta quée punto el modelo de tibia de conejo, en su diafisis, proporciona cantidades
de médula 6sea grasa que pueden afectar la osteointegracion después de las ocho semanas de
cicatrizacion. Por lo tanto, seria interesante aislar su efecto en un estudio posterior para confirmar
esta hipotesis en el modelo de tibia de conejo. Se requieren estudios adicionales con un tamafio de
muestra mayor para responder a estos aspectos, pero este es un desafio dificil, teniendo en cuenta
los aspectos éticos y econdmicos que pueden estar involucrados en la consideracion de los criterios

de reemplazo, refinamiento o reduccién (3R) para el uso animales en investigacion.
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Conclusiones

En resumen esta tesis concluye que:

El patron de osteointegracion secuencial de las superficies RBM en el modelo de conejo
fue satisfactorio.

Los macros-disefios de implantes no afectan significativamente el proceso de
osteointegracion en ausencia de carga en las etapas de cicatrizacion.

La morfometria y la densidad 6sea pueden afectar la aposicidén Gsea sobre la superficie
del implante. Las tasas de aposicién fueron ligeramente mejores en la diafisis en
comparacion a los sitios topograficos de metéfisis. Los valores de BIC fueron
significativamente més altos a las 4 y 8 semanas en la diéfisis.

No hay interaccion entre el macro-disefio del implante y el sitio topografico, como lo
muestra el analisis multivariado. Sin embargo, se observd que el macro-disefio de
implante Ticare Quattro® mostro valores BIC ligeramente mejores en los sitios de
diéfisis a través de las etapas de curacion.

La nueva aposicion ésea fue mejor en el compartimento cortical comparado al
compartimento medular. Las tasas de aposicion fueron ligeramente mejores tanto en los

compartimentos corticales y medulares en la diafisis comparado a la metafisis.



The effect of implant macro-design on the osseointegration of titanium dental implants 33

1. INTRODUCTION



The effect of implant macro-design on the osseointegration of titanium dental implants




The effect of implant macro-design on the osseointegration of titanium dental implants 35

INTRODUCTION

Osseointegration and the direct bone-to-implant contact (BIC) (Schroeder et al. 1976) are
concepts that transformed the maxillofacial reconstruction approaches. Among factors that may
exert an effect on bone to implant interfacial remodeling and new bone apposition, the implant
material, the surgical technique, the host bed, the implant design and surface, the time and loading
conditions showed to affect osseointegration (Albrektsson et al. 1993; Botticelli and Lang 2017).

To achieve implant integration, the primary stability is a key goal required to avoid fibrous
encapsulation (Lioubavina-Hack et al. 2006a). The mechanical interlocking that occurs between the
surface of the implant and the parent bone in part depends on the implant macro-design, the
roughness of the surface, and the surgical preparation of the implant bed (Marco et al. 2005).
Further, this primary stability decrease when a remodeling of the surrounding parent bone takes
place. It is responsible of implant stability dip, that simultaneously concurs with a secondary or
biologic stability gain “osteoconduction” that depends in great extent of the implant surface
roughness, and its capacity on fibrin clot retention during healing (Davies 2003; Abrahamsson et al.
2004; Raghavendra et al. 2005).

It is suggested that bone remodeling occurs depending on the degree of mechanical stress
(Halldin et al. 2011); So it of utmost importance that the thread design provides a certain level of
static strain to the surrounding bone (Chowdhary et al. 2014). Threads are also used to maximize
initial contact, improving initial stability and enlarging implant surface area (Ivanoff et al. 1999),
that favors dissipation of interfacial stress (Brunski 1988). Different implant thread designs and
thread pitches were proposed, aimed to enhance and optimize the osseointegration process, as well
in loading conditions (Abuhussein et al. 2010). Implant geometry was reported to affect the BIC
ratio and mechanical test values (Steigenga et al. 2004). Also, modified macro-geometry and
different microgeometries of implants has shown to have a stimulatory effect on osseointegration
(Chowdhary et al. 2014), that impacts the dynamics of implant osseointegration (Vivan Cardoso et
al. 2015).

Consequently, it was suggested that macro-design features should be made relative to the
biological and mechanical micro-environment (Vivan Cardoso et al. 2015). Nevertheless, other
characteristics such healing chamber configuration have proven to facilitate osseointegration
(Beutel et al. 2016) and, to a less extent, the apical configurations as well (Gehrke et al. 2017).

Preclinical evidence on removal torque values (lvanoff et al. 1996), and osseointegration at
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different titanium surfaces (Caneva et al. 2015), or at implants with different apical configuration
design (Gehrke et al. 2017) are available for bi-cortically placed dental implants.

On the other hand, dental implant surface modifications provide different topographical
characteristics and increase the tridimensional surface area (Sela et al. 2007). The area is quantified
through the surface roughness features, which may be reported as Ra or Sa, depending on whether
the parameter is classified as two-dimensional or three-dimensional (Wennerberg and Albrektsson
2009). Modified-surface implants provided enhanced activation of the platelets and the cell
adhesion and protein adsorption relating to the implant surface (Park et al. 2001; Sela et al. 2007).
These features improve the osseointegration process in terms of BIC and implant stability during
the early healing phase (Koh et al. 2009), and may up-regulate osteogenic activity and
osteoconductivity (Park et al. 2001; Davies 2003).

The improvement of the bioactivity of dental implants, so they could be able to respond to
body fluids, cells, and pathogenic agents, was a result of the different approaches used to produce
multifunctional Ti-based surfaces (Spriano et al. 2018). This is a result of the implementation of
inorganic coatings, chemical surface modifications, and bioactivation by means of organic coatings
(Spriano et al. 2018). Several methods for implant surface treatments (e.g., etched surfaces,
sandblasted and acid etched surfaces, hydroxyapatite-coated surfaces, grit-blasted surfaces, laser
ablation, fluoride treatment) have been introduced throughout the years (Barfeie et al. 2015).
Among them, the resorbable blasted media (RBM) surface is obtained through the grit-blasting of
calcium phosphate bioceramic (CaP) particles at high velocity, in which the particle size determines
the roughness degree as a particle-free titanium surface (Piattelli et al. 2002; Yeo 2014). A more
homogenous honeycomb-like spatial distribution with a lower roughness has been reported for
RBM surfaces (Yeo et al. 2008; Coelho et al. 2011). Also, the RBM surfaces showed BIC values
that were comparable to other blasting surfaces, such as titanium dioxide (TiO2) or aluminum oxide
(AlI203) (Mdeller et al. 2003), and similar biomechanical strength and removal torque
measurements were obtained by calcium- and magnesium- enhanced implants (Kang et al. 2018).

Recent evidence reinforces the concept that the implant geometry and the density of the
bone are key factors involved in the degree of primary stability (Falco et al. 2018). However,
limited evidence is currently available in examining the effect of two distinct implant macro-

designs with equal surface treatment installed at different bone densities.
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2.1 RATIONALE

Osseointegration is a dynamic process strongly influenced by the implant surface, which plays a
role during the early phase of healing through resorptive and appositional events (Abrahamsson et
al. 2004; Botticelli et al. 2005; Botticelli and Lang 2017). Also, recent evidence reinforces the
concept that the implant geometry and the density of the bone are key factors involved in the degree

of primary stability (Falco et al. 2018).

In osseointegration, healing pattern differences between the cortical and the marrow compartments
at both flat (dog jaw) and long bones (sheep tibia) are reported (Rossi et al. 2014a; Morelli et al.
2015). This behavior is observed in rabbit tibiae as well, and despite inherent experimental model
differences, it differs from former studies because distinct surface treatments were assessed (Caneva
et al. 2015). Indeed, in the study of Caneva et al. 2015 (Caneva et al. 2015), the effects of equal

implant geometries have been tested, but at different implant surface modifications.

Therefore, it is presumable that both the cortical and marrow compartments provide distinct
biological and physical features at bone-to-implant interfacial remodeling and direct bone
apposition toward the implant surface (Abrahamsson et al. 2004; Raghavendra et al. 2005; Gomes
et al. 2013). Their nature demarcates the transition from primary to secondary/biological stability

after an implant stability dip in the osseointegration process (Raghavendra et al. 2005).

However, data on bi-cortically placed dental implants with different macro-designs and equal
surface roughness are still missing and because of the lack of studies regarding bone-healing pattern
on implant surfaces at different bone compartments and bone environments, there is a need for

further investigation.
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2.2 STUDY AIMS

2.2.1 Main objective

The main aim of this experimental pre-clinical thesis was to study the osseointegration values (new
bone, old bone, bone marrow and BIC [new bone + old bone]) of two different implant macro-
designs, with equal RBM surface treatment in different bone topographic sites (diaphysis or
metaphysis).

2.2.2  Specific objectives
The specific objectives of the present thesis were:

l. To document the sequential healing during osseointegration of implants with RBM

surface treatment at 2, 4 and 8 weeks in a rabbit model.

. To evaluate the effect of two different implant macro-designs on the sequential new

osseointegration values at 2, 4 and 8 weeks.

I1l.  To evaluate the effect of the topographic site of implants installed at the diaphysis and

metaphysis of rabbit’s tibiae on new osseointegration values.

IV.  To evaluate the effect of implant macro-design regarding the topographic site at rabbit’s

tibiae, on new osseointegration values.

V. To evaluate the bone-healing pattern at the cortical and marrow compartments in the

diaphysis and metaphysis of rabbit’s tibiae.
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3. STUDY HYPOTHESES
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STUDY HYPOTHESES

Using implants with the same RBM surface treatment and bicortically installed in the
diphysis or the metaphysis of rabbit tibbiae, the following study hypotheses were
formulated :

Null hypothesis |

Ho There are no differences between new osseointegration values of two implant macro-

designs bicortically installed in rabbit tibiae.
Alternative hypothesis |

Hi Different implant macro-designs will provide different new osseointegration values

in bicortically installed implants of rabbit tiabie.

Null hypothesis Il

Ho There are no differences on new osseointegration values between the implants

installed at diaphysis or metaphysis topographic sites within rabbit tibiae.
Alternative hypothesis 11

Ha Different topographic sites will provide different new osseointegration values of

installed implants at diaphysis or metaphysis of rabbit tiabie.

Null hypothesis 11

Ho There are no differences in new osseointegration values between installed implant

macro-design regarding the topographic site in rabbit tibiae.
Alternative hypothesis 111

Hi Different implant macro-design will provide differently new osseointegration values
depending on the topographic site in rabbit tibiae.
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Null hypothesis IV

Ho There are no differences in the bone-healing pattern at the cortical and marrow

compartments of implants bicortically installed in rabbit’s tibiae.
Alternative hypothesis IV

Hi The bone-healing patterns at the cortical and marrow compartments of bicortically

installed implants are different.
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4.1  Basic bone biology during osseointegration of titanium dental implants
4.1.1 The bone tissue

In 1892, Julius Wolff postulated that bone is a dynamic tissue that adapts to meet the physical
demands of its external environment (Wolff 1986). Nowadays bone is considered a dynamic,
vascular, living tissue that changes throughout life and is one of the so-called “connective tissues”
of the body and thus comprises cells that become embedded in their own extracellular matrix. Bone
tissue has evolved over a far greater period than the half million or so years that we, as Homo
Sapiens, have existed on earth. Some believe that the evolution of our cranium can be traced back
as far as the emergence of the protofish or cyclostomes some 540 million years ago. Indeed, it is
neither trivial nor facetious to point out that the historical timeframe of dental implant development
pales into insignificance when compared to the evolution of the tissue into which such implants are
placed. Thus it is not unreasonable to assume that, not only do all bony architectures represent
highly evolved biological structures, but also that an understanding of normal bone formation and
remodeling, through which such architectures are achieved, may well provide an insight into both

the healing of bone around implants (Davies 2003).

4.1.2 Bone response to dental implants

Dental implant could be integrated both at hard and soft tissue level. The term osseointegration are
related to the long-lasting and functional connection between titanium fixture surface and
surrounding bone at implant bed, it is developed across weeks of healing, with or without functional
loading. Direct bone-to-implant contact (i.e. osseointegration) was first described by the Swedish
scientist Per-Ingvar Branemark and his coworkers (Adell et al. 1970; Southam and Selwyn 1970)
and was first histologically demonstrated by the Swiss scientist Andre Schroeder and his coworkers
as ‘functional ankylosis’ (Schroeder et al. 1976, 1978, 1981), being his group the first to document
direct bone-to-implant contact for titanium implants in non-decalcified histologic sections. This
intimate relation of implants surface and bone may be due in part to an interaction between titanium
oxide-bone via proteoglycans (Listgarten et al. 1992). During follow years, further development of
animal studies shed light that various materials and surface configurations become osseointegrated
(Schenk and Buser 1998; Salvi and Lang 2001).

Afterwards of years of constant research, efforts reflects significant findings; such as, how the
rough-surfaced implants possess a higher bone-to-implant contact and favor biomechanical stability
(Berglundh et al. 2003; Abrahamsson et al. 2004; Shalabi et al. 2006; Le Guéhennec et al. 2007).
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So, aimed to enhance the understanding of processes implied during bone healing after dental
implants placement, this chapter consists in a comprehensive review of the most relevant literature
to develop the rationale of basic bone biology and key insights of the sequential healing of titanium

dental implants in bone tissue.

4.1.3 Basic aspects of bone biology and architecture

The skeletal system develops from mesenchyme originated from the mesodermal germ layer and
neural crest. In view of developmental bone biology, the skeletal system can be divided into four
parts: skull, limbs, vertebrae/the ventral column, and ribs/sternum. Bone formation takes place in
two ways. In most bones including axial (vertebral column and ribs) and appendicular (limbs)
skeletons, a cartilage model first forms and is finally replaced with bone, which is called
endochondral ossification. In contrast, most flat bones, such as the majority of bones of the skull,
form directly from mesenchymal cells from the first branchial arch without the prior formation of

cartilage; this type of osteogenesis is called intramembranous ossification (Maruyama 2011).

Bone it is a specialized connective tissue that works offering support and mechanical stability to the
skeleton. It is essential for the protection of internal organs such as those in rib cage (the lungs-,
heart-, etc.) and in the cranial (maxillary processes). Also, allows the body load bearing and to do a
properly locomotion, the last through a system of levers that multiply the forces that arise from
muscle contraction and transduced in body movements (e.g. mandibular excursive movements and
occlusal forces). It harbors cavities containing bone marrow where blood cells are formed, which
constitute an important source of nutrients (e.g. growth factors, proteins and osteogenic cells
precursors). Adding to the above mentioned aspects, the bone tissue works as reservoir of calcium,
phosphate and other ions, that can be released or stored in a controlled fashion to maintain the body
homeostasis. The diversity of bone functionality is due to its complex structure. This mineralized
tissue therefore confers mechanical and metabolic functions to the skeleton. Bone is a specialized
connective tissue composed of calcified extracellular material “Bone Matrix” and three major cell
types (Osteocytes, Osteoblasts and Osteoclasts). All of them have specific functions for the
maintenance of a healthy bone tissue.

Its mineral phase enmeshed with organic fibers (type | collagen fibers embedded in a ground
substance consisting of proteoglycans, glycoproteins and inorganic minerals). It is considered that

both minerals and collagen fibers are involved in the mechanical resistance of the tissue (Currey
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1969a). The collagen fibers form bundles resistant to pulling forces, whereas the mineral provide
stiffness to resist bending and compression forces (Currey 1969b). Those minerals mainly in the
form of calcium phosphate- (CaP) or hydroxyapatite- (HA) crystals, may associates with collagen
fibers, providing a specific hardness to the bone during a progressive and sequential mineralization

of bone matrix.

The metabolites embedded inside bone are not capable of diffusing through the calcified matrix,
the exchanges between osteocytes and microvasculature structures are mediated by very thin
cylindrical spaces of the canaliculi, cytoplasmatic elongations that connect the trapped cells
“osteocytes” within mineralized tissue with the surface lining cells in irreversible manner. All bones
are lined on both internal and external surfaces, such as "the endosteum™ surrounding the marrow

cavity and "periosteum” for external surface respectively.

4.2  Basic bone anatomy

Macroscopically the bone may be classified in compact (cortical) bone that represents the 80% of
total bone mass, and deeper areas with numerous interconnecting cavities, called cancellous
(trabecular or spongy) bone that represents the 20%; the first one consists of concentric layers of
matrix surrounding longitudinal vessels, within Haversian systems, interposed between them mainly
un-remodeled interstitial bone, that consists a framework of the bone, although weaker than cortical
bone, it provides a metabolic support. The compact bone tissue is organized in cylindrical shaped
osteonic structures that have concentric layers or lamellae surrounding a central canal or Haversian
canal, a source of nutrients, nerve’s and blood supply for bone maintenance.

On the surface of the osteon, the boundary is formed by the cement line resultant of bone
remodeling process or the “De novo” bone formation a concept drawn from bone fracture healing
lessons (Davies 2003). According to classical histology, bone tissue may be classified in relation to
the spatial orientation of collagen fibers. Two different types of bone have been recognized through
microscopic examination: woven-fibered bone and parallel-fibered bone (non-lamellar or lamellar)
(Currey 1969a). Woven bone has a poorly structured matrix that is formed rapidly in response to
wounding or hypertrophic adaptation. Parallel-fibered or lamellar bone results from the slower
appositional rate, the more highly organized matrix and greater strength of the bone; the degree of

mineralization is also related to the stiffness and strength of the bone (Traini et al. 2006).
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There is evidence that variances on collagen fibers orientation within bone matrix seem to be
associated with both mechanical loading and regimen (Riggs et al. 1993; Traini et al. 2005b). A
previous report observes that forces exerted by biting and chewing have a significant effect on the
variation in the preferential alignment of c-axis in apatite crystals, as was demonstrated in monkeys
(Nakano et al. 2002).

This observation may be in part explained because the bone tissue has a specific anisotropic
morphology derived from collagen fiber alignment and the related hydroxyapatite crystal
orientation as a bone quality index, and the osteoblasts cell orientation that seems to determine the
crystallographic anisotropy of apatite crystals when a new osteoid matrix is developed (Matsugaki
et al. 2015). Noteworthy to mention that anisotropy is related to tissue that shows different

mechanical characteristics under different strain conditions (different loading vectors direction).

4.2.1 Woven bone

Woven bone (WB) is non-lamellar and characterized by the random disposition of type I collagen
fibers and is the first type bone tissue to appear in embryonic development and fracture repair, such
as implant bed drilling. This kind of bone is rich in osteocytes which lie in lacunae that vary in size
and shape; also, is indicative of rapid uncontrolled bone formation and high bone turnover. It is
usually temporary and is replaced by lamellar bone, except in very few places of the body (e.g. near
the sutures of the calvaria or in the insertion of some tendons). In addition to the irregular
interwoven array of collagen fibers, this type of bone has a lower mineral content being more easily
penetrated by X-rays, and has a higher proportion of osteocytes than mature lamellar bone, which

reflects the fact that woven bone forms more quickly but has less strength than lamellar bone.

4.2.2 Lamellar bone

Mostly bone in adults, cortical or trabecular, is organized as lamellar bone (LB), characterized by
multiple layers or lamellae of calcified matrix, organized either parallel to each other or
concentrically around a central canal. In each lamella type-I collagen fibers are aligned in parallel,
with the pitch of the fiber’s orientation shifted orthogonally (by about 90 degrees) in successive

lamellae.
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This highly ordered organization of collagen within lamellar bone is visible under a polarizing light
microscope as birefringence; alternating bright and dark layers are due to the changing orientation
of collagen fibers in the lamellac “like wood fibers in plywood"; the highly ordered of collagen

fibers disposition confers greatly to the strength of lamellar bone.

An osteon is a bone functional unit or “Haversian system”, it refers to the complex of concentric
lamellae surrounding a small central canal that contains a blood vessel/nervous/adipose tissues and
endosteum. Between each concentric lamellae, there are lacunae, each one with one osteocyte
interconnected by canaliculi containing the cells” dendritic process, connected with neighbored cells
process through gap junctions. All cells of an osteon receive nutrients and oxygen from

microvasculature in central canal.

This central canal, surrounded by 4-10 concentric lamellae, communicates with marrow cavity,
periosteum and another osteons through transverse perforating or Volkmann’s canals, and it may
have few, if any, concentric lamellae. All central and perforating canals come into the existence
when the matrix is laid down around areas with preexisting blood vessels. Scattered among the
intact osteons are numerous irregular shaped groups of parallel lamellae called interstitial lamellae,
that are lamellae remaining from osteons destroyed by osteoclasts during growth and remodeling of

bone.

4.2.3 Bone remodeling

The bone replacement process in the adult skeleton is known as remodeling. When bone is removed
by osteoclasts, new bone is laid down by osteoblasts in the same place, because the load bearing
requirement is unchanged. Bone is usually replaced because it is too old to carry out its function,
which is mainly mechanical in cortical bone and mainly support for homeostasis and hematopoiesis
in cancellous bone. Remodeling always begins on a quiescent bone surface, separated from the
marrow by flat lining cells that are one of the two modes of terminal differentiation of osteoblasts.
Lining cells are gatekeepers, able to be informed of the need for remodeling, and to either execute
or mediate all four components of its activation-selection and preparation of the site, recruitment of
mononuclear preosteoclasts, budding of new capillaries, and attraction of preosteoclasts to the

chosen site where they fuse into multinucleated osteoclasts (Parfitt 1994).
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Both remodeling processes are developed through bone structure, the osteonal remodelling in
cortical bone and a hemi-osteonal remodelling in spongious bone, that consists in osteoclastic
resorption advancing on the bone “cutting cone”, followed by osteoblastic activity making a new
bone matrix “closing cone” (Parfitt 1994). Bone remodeling is designed to maintain a mechanically
competent skeleton and to repair areas of microdamage. It is achieved by the ongoing process of
mature bone removal and replacing by new bone formation, which implicates an osteoclastic cycle
recruitment and activation through the subsequent initiation of osteoblast formation, and repair
resorption sites. Adult bone is continuously broken down by osteoclasts and rebuilt by osteoblasts,
collaborating within ‘basic multicellular units’ (BMU's). Osteoclasts create a resorption cavity that

is subsequently filled with new bone by osteoblasts (van Oers et al. 2008).

4.2.4 Bone cells
4.2.4.1 Osteoblasts

Osteoblast are mononuclear, fibroblast-like cells found in a single layer on bone surfaces. An
osteoblast forms a volume of matrix equivalent to its own size every day. The bone matrix consists
primarily of type | collagen and a number of noncollagenous proteins, such as sialoprotein,
osteocalcin, and osteonectin (Rodan and Harada 1997). High concentrations of growth factors, such
as TGF-B and insulin growth factor (IGF), are also secreted into the matrix. The control of
osteoblast differentiation was poorly understood, because a multiplicity of factors is involved.
Adaptation of bone in response to load has been in part elucidated (Rubin and Lanyon 1987). Under
compression the cortex is thicker and has an increased osteon density but has smaller osteons and
less turn over, while the cortex under tension is thinner and has a higher turnover with larger, less

numerous osteons (Skedros et al. 1994b, a).

There are also differences in the degree of skeletal mineralization, with regions of bones that are
under tension having a lower mineral density than those under compression (Currey et al. 1996). It
iIs because tensile yield in compact bone is determined by strain, post-yield behavior
by mineral content, so the greater the mineral content the less the post-yield work and the less the
increase in post-yield stress and strain (Currey 2004).

Cortical porosity has been investigated in relation to the principal loading mode, compression or
tension. To maintain any level of bone mass requires a continued, loading-related osteoregulatory

stimulus (Lanyon 1996; Liu et al. 2018). Furthermore, differing loading environment exerts an
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effect on the orientation of bone collagen fibers inside the bone matrix. Also, around dental
implants, bone under compression has oblique transverse collagen fibers, while that under tension
has longitudinal collagen fibers (Traini et al. 2005a, b, 2009; Delgado-Ruiz et al. 2015).

4.2.4.2 Osteocytes

Osteocytes, the most abundant cells in bone, have been long postulated to detect and respond to
mechanical and hormonal stimuli and to coordinate the function of osteoblasts and osteoclasts. The
discovery that the inhibitor of bone formation sclerostin is primarily expressed in osteocytes in bone
and downregulated by anabolic stimuli provided a mechanism by which osteocytes influence the
activity of osteoblasts (Bellido 2014). They are considered former osteoblast that became trapped in
the bone matrix during bone formation. They inhabit the lacunar-canalicular system and
communicate with other osteocytes and with the surface lining cells, in part via gap junctions.
Osteocytes elongate their dendrite processes and develop lacunar-canalicular systems (Fig. 4.1), that
play an important role in bone remodeling (Zhang et al. 2006). Bone remodeling, which is essential
for the maintenance of skeletal homeostasis, continues throughout life in response to dynamic
and/or static loading such as gravity, functional movements, and exercises. Dynamic and static
loading on bone tissue are converted to various mechanical stimuli, such as fluid shear stress,
hydrostatic pressure and direct cellular deformation (Klein-Nulend et al. 2012), and osteocytes
receive these stimuli through their dendrite processes within lacunar-canalicular systems, resulting
in activation of signaling pathways that control bone reactions by producing bone formation and/or
resorption proteins. Therefore, osteocytes and dendrite processes are crucial components of bone

anabolic responses to mechanical loading (Weinbaum et al. 1994; Bellido 2014).

Nowadays, the evidence suggests that osteocytes works as mechanoreceptor, and that they almost
certainly sense rates of change of mechanical deformation (strain). They ultra-structurally
demonstrated that mechanical loading via bone-integrated implants increased the number of
spherical-shaped osteocytes in bone around dental implants, and increased osteocyte dendrite
processes in the implant neck. Concluding, that accelerated osteocyte responses to mechanical
loading via bone-integrated implants may be associated with increased bone anabolism (Sasaki et
al. 2015).
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Figure 4.1 Schematic representation

Implant Surface of the osteocyte trapped within
u - ‘__ PERSSESES

- lacunae in mineralized bone matrix
“light blue” linked with surface cells
“osteoblasts”  through canaliculi.
Image Adapted from Davies et al.
(Davies 1998).

It occurs through a number of paracrine signals, including prostacyclin (PGI12) and prostaglandin-
E2 (PGE2), nitric oxide and insulin growth factor (IGF), are stimulated by osteocytes following
changes in skeletal loading. Moreover, the findings that expression of the glutamate transport by
transporters (GLAST) with similar weight as in brain, but expressed in plasmatic membrane of
osteoblast and osteocytes which is increased following loading, the last one due to the presence of a
splice variant, GLAST-1a in bone tissue (Mason et al. 1997; Mason and Huggett 2002). It suggests
that excitatory amino acids may play role in the mechano-transduction of the loading strain.

Some studies, raised the intriguing possibility that osteocytes apoptosis may be part of the
mechanism whereby osteoclasts are targeted to sites of bone resorption (Noble et al. 1997).
Estrogen suppression, a known stimulant of bone resorption, increases osteocytes apoptosis, and

changes in bone loading are also associated with osteocyte apoptosis (Skerry et al. 1989).

However, osteocyte apoptosis is spatially and temporally linked to bone fatigue-induced
microdamage and to subsequent intracortical remodeling. Specifically, osteocytes surrounding
fatigue microcracks in bone undergo apoptosis, and those regions containing apoptotic osteocytes
co-localize exactly with areas subsequently resorbed by osteoclasts (Cardoso et al. 2009). Previous

observations may be in part explained because osteocytes, not osteoblasts or lining cells, are the
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main source of the receptor activator of nuclear factor kappa-B ligand (RANKL) required for

osteoclast formation in remodeling cancellous bone as recent reported (Xiong et al. 2015).

4.2.4.3 Osteoclasts

Osteoclasts resorb bone by attaching on the bone matrix and forming a sealing zone. Osteoclasts are
large, multinucleated cells that can penetrate 50 to 70 um into compact bone and resorb a volume of
bone equivalent to that formed by osteoblasts. Osteoclasts possess numerous mitochondria and an
extensive Golgi system but have a sparse endoplasmic reticulum and few ribosomes. Osteoclasts are
formed from hematopoietic mononuclear cells of the bone marrow, although the exact nature of the

precursor cell is still a matter of debate.

The regulation of osteoclast activity is complex, involving a variety of factors (including systematic
hormones, such as parathyroid hormone, 1,25-dihydroxyvitamin D3, and calcitonin as well as
numerous local factors). A number of these factors act through the generation of secondary signals
by osteoclasts, mechanisms that are believed to couple bone resorption with bone formation. The
mechanisms by which bone resorption is terminated includes activation of matrix-derived
transforming growth factor f (TGF-B), the presence of calcium sensor and finally osteoclast

apoptosis.

To maintain bone homeostasis by resorbing the bone, osteoclasts become differentiated from
hematopoietic cells in response to stimulation by RANKL and macrophage colony-stimulating
factor (M-CSF) produced by osteoblasts or osteocytes (Takayanagi 2007). RANKL signaling
promotes expression and activation of nuclear factor of activated T cells 1 (NFATcl), a
transcription factor and master regulator of osteoclastogenesis, which upregulates the expression of
various molecules that accelerate osteoclastic differentiation and bone resorption, such as
dendrocyte-expressed seven transmembrane protein (DC-Stamp), osteoclast-associated,
immunoglobulin-like receptor (OSCAR), 3 integrin, Src, and cathepsin K (lkeda et al. 2006; Asagiri
and Takayanagi 2007; Takayanagi 2007).

During differentiation, osteoclast precursor cells fuse with each other, spread, and form the actin
ring, a unique actin structure at the cell periphery (Zaidi et al. 2003; Jurdic et al. 2006; Takahashi et

al. 2007). Osteoclasts strongly attach to the bone matrix, demarcate the bone-resorbing area by
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sealing it with the actin ring, and form a ruffled border to secrete bone-resorbing factors, such as
protons and cathepsin K (Marchisio et al. 1984; Soriano et al. 1991; Boyce et al. 1992; Zaidi et al.
2003; Horne et al. 2005; Jurdic et al. 2006; Takahashi et al. 2007). Thus, the formation of the actin
ring and ruffled border is necessary for bone resorption (Marchisio et al. 1984; Soriano et al. 1991;

Boyce et al. 1992). The osteoclast structure is depicted in (Fig.4.2).

basolateral

osteoclast
HCO - o

HCO /¥
3Cl

0
Nuclei ogOT?:(AP/
Sealing
Zone
L f H -ATPase ‘
@ e o f

Cathepsin H +

Ruffled
Border

Bone matrix

Figure 4.2 lllustration of a functional active osteoclast. Mature osteoclasts are large multi-nucleated cells
that cover a big area on the bone to degrade the bone matrix. The apical membrane faces the bone and the
sealing zone generates an isolated region. A ring of aggregated F-actin assures the strong attachment of the
osteoclast to its substrate. The resorptive area is acidified by secretion of HCL to demineralize the bone
matrix. Organic components are degraded by Cathepsin K. Osteoclasts express tartrate-resistant acid
phosphatase (TRAP), which is commonly used as a marker for osteoclasts. Image adapted from Kubatzky et
al. 2013.

4.3  The phenomenon of osseointegration: Stages of the peri-implant healing process

The osseointegration is a dynamic process either during their establishment and maintenance,
characterized by resorption and apposition events, the extent and degree of osseointegration is in
part affected by implant surface configuration (Abrahamsson et al. 2004). This process is
orchestrated and regulated by the expression of biological cues, proteins and genes related to
immune-inflammatory-, skeletogenesis-, angiogenic- and neurogenic- responses (lvanovski et al.
2011).
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Nowadays, osseointegration is considered by international team for implantology (ITI) as any
biocompatible material capable to integrate within bone tissue, either commercial pure titanium,
titanium alloys or zirconium oxide. Osseointegration is marked by three distinct healing phases, it is
transduced in many stages involved, such as haemostasis-, inflammatory-, proliferative- and
remodeling- phases, resulting of communication and interaction between cells types (Terheyden et
al. 2012).

As addressed experimentally (Davies 1998), it could be appreciated three healing stages during
endosseous implant integration: Osteoconduction, “de novo” bone formation, and bone remodeling.
These are not unique of peri-implant endosseous healing, but also occur, as an outcome of
evolutionary development, during both bone remodeling and fracture healing, and can thus be
considered as critical hallmarks of bone healing and regeneration. The combination of
osteoconduction and bone formation will result in contact osteogenesis. The long-term remodeling
of the tissue is influenced by different stimuli, the most important being the biomechanics of the
developed healing site, and thus should also be treated separately; Indeed, since trabeculae are
damaged during implant site preparation, it is not surprising that bone fracture healing and peri-

implant healing exhibit many similarities (Davies 2003).

4.3.1 Contact Osteogenesis: Osteoconduction and De novo Bone Formation.

These two healing phases involved, osteoconduction and de novo bone formation, result in contact
osteogenesis given an appropriate implant surface, bone bonding. This distinction was thoroughly
explored by Osborn and Newesley in 1980 (Osborn and Newesley 1980), who described two
different phenomena, contact and distance osteogenesis. It refers to the general relationship between
forming bone and the surface of an implanted material. Though, their classification was linked to
different implant material types, rather than the biologic mechanisms underlying their histological
observations, it still provides one of the most useful starting points to understand the mechanism of

endosseous integration (Davies 1998).

4.3.1.1 Osteoconduction: The Key to Contact Osteogenesis

The first and most important healing phase, osteoconduction, relies on the recruitment and
migration of osteogenic cells to the implant surface, through the residue of the peri-implant blood

clot (Fig. 4.3). Among the most important aspects of osteoconduction are the knock-on effects
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generated at the implant surface, by the initiation of platelet activation, which result in directed
osteogenic cell migration through the release of platelet derived growth factors and molecules
contained in plasma (e.g. TGF-B1, acid FGF, Trombin, BMP-2, BMP-7) among others.
Osteoconduction also occurs during normal tunneling remodeling in bone. In such remodeling,
differentiating osteogenic cells are derived from undifferentiated peri-vascular connective tissue
cells (pericytes) (Jaworski 1981).

Provisional matrix-“Fibrin”

Figure 4.3 Osteoconduction is mainly influenced by the titanium surface
treatment. Thus, depending of the degree of roughness, may capable to retain in
more or less extent the blood clot and consequently the stabilization of fibrin
matrix (yellow fibers) toward the implant surface after platelets (purple spheres)
activation. This fibrin matrix does work as a provisional extracellular matrix, that
encourages the cell migration, releasing growth factors, fomenting the
angiogenesis.
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4.3.1.2 De Novo Bone Formation

Osborn and Newesley 1980 work is particularly important in understanding contact osteogenesis
(Osborn and Newesley 1980). However, their work omitted a critical step, that being the formation
of the earliest mineralized matrix by differentiating osteogenic cells before they become mature
polarized osteoblasts. This is the very stage at which, in normal bone remodeling sites, the
osteogenic population secretes an initial matrix that provides the interface between old bone and
new bone. Interestingly this interface was first described 123 years ago by a German histologist,
von Ebner, who coined the term "Kittiinien", or cement lines, to describe the mineralized interfacial
matrix laid down between old bone and new bone. Although new bone is formed, the term “de
novo” bone formation is restricted to describe the cascade of biological events that occurs during
bone formation by newly differentiating populations of osteogenic cells (Davies and Hosseini 2000;

Davies 2003). The de novo bone formation is depicted in (Fig.4.4).

a Figure 4.4 The “De Novo” bone formation. (a)
Organic matrix secreted by osteoblast without
collagen fiber, but rich in bone sialoproteins such
osteopontin (OPN) and proteoglycans; OPN is
secreted by immune cells like T lymphocytes,
macrophages and monocytes. It is early
expressed by osteoprogenitors cells, their
presence is  linked to  pre-osteoblast
differentiation. ~ The proteoglycans is a
fundamental component of extracellular matrix, it
“fills” the intercellular spaces, and there are
involved with Ca cations union and forms
complex links with other proteins as type |
collagen. (b) Ca ions nucleation. (c) Collagen
synthesis, it is ensembled as woven bone,
although at this instance collagen fibers are not
completely mineralized. (d) Collagen
mineralization, arose the cement line, that
differentiate  the mineralized from non-
mineralized compartment, evidenced by cement
line. Adapted from Davies and Hosseini 2000.
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4.3.2 Early events during osseointegration

The series of events leading to osseointegration encompassed coagulum formation, granulation
tissue formation, development of a provisional matrix, woven bone formation, parallel-fibered bone
formation and eventually lamellar bone formation (Salvi et al. 2015). After implant installation, the
thread was in contact with pristine bone and the pitches of the threads provided a mechanical
anchorage in the pristine bone, providing the primary mechanical stability of the device
(Raghavendra et al. 2005; Lioubavina-Hack et al. 2006b). The void between the pitch and the body
of the implant established a geometrically well-defined wound chamber (Abrahamsson et al. 2004).
This chamber was filled with a blood clot, characterized by the presence of erythrocytes,
neutrophils and monocytes/macrophages in a network of fibrin, this tissue contained numerous
mesenchymal cells, matrix components and newly formed vascular structures (Davies and Hosseini
2000; Salvi et al. 2015).

4.3.2.1 Primary stability and interfacial remodeling healing pathway

Arguably, one of the most important aspects to reach a clinical osteointegration is the primary
stability during implant placement (Lioubavina-Hack et al. 2006a). In first instance there is an
implant fixture mechanical anchorage provided by parent bone walls of implant bed preparation and
the mechanical interlocking with implant threads and pitches during insertion. The extent of
primary anchorage is tightly related to native bone characteristics, implant design, patient
characteristics and surgical technique respectively (Meyer et al. 2004), all them regulate in more or
lesser extent the strain applied to mineralized tissue in the implant proximity (Petrie and Williams
2005; Isidor 2006; Gottlow et al. 2012). Also, strain is directly related to bone interfacial stress and
frictional force transferred, clinically interpreted as insertion torque (N/cm) (Huang et al. 2011;
Chowdhary et al. 2015). Even though, this is the sole mechanical interlocking between the bone and
the implant, there where exists no biological interplay (Halldin et al. 2011; Norton 2013).
Therefore, primary stability should not be regarded as osseintegration since it is the result of the

osteoconduction of implant system .

Higher primary stability is intuitively and fallaciously perceived as higher value of insertion torque,
which is a pre-requisite to clinically indicate procedures such as immediate loading (Esposito et al.
2008; Javed and Romanos 2010). It is due to the fact that primary stability concept arise from
theoretical background in which bone mineralized tissue is considered an elastic material, and both
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the strain and the implant stability will have a linear relation (Halldin et al. 2011). Though, this
implant stability would decrease as consequence beyond the yield strain of the bone due to the
excessive microcracks formation and compression necrosis, events that trigger the peri-implant
bone remodeling (Chamay and Tschantz 1972; Halldin et al. 2011). Smaller cracks (less than 100
micrometres) can also be detected during implant bed osteotomy preparation (Warreth et al. 2009),
and longer cracks are often detected when the implant is placed in undersized implant sites (Bartold
et al. 2011). Also, as previous reported osteocyte apoptosis is induced by bone fatigue, this
apoptosis is localized to regions of bone that contain microcracks, and osteoclastic resorption after
fatigue also coincides with regions of osteocyte apoptosis (Verborgt et al. 2000). It is because, if
the high strain applied overpass the physiologic threshold, it results in a plastic deformation with
numerous microcracks that alter pristine bone mechanical properties (O’Brien et al. 2005; Halldin et

al. 2014); on the contrary an elastic response occurs if strain is below the yield point.

Although, microcrack formation is regarded an important phenomenon for the intracortical
remodeling (Bentolila et al. 1998), excessive microcrack formation however has the risk of generate
a macrocrack (fracture) through the interconnection of unrepaired microcracks (Burr et al. 1997,
1998). A necrosis by compression take place when the hard tissue around implant is faced with
excessive strain with a deleterious effect on capillaries and nerves, damaging its structure (Zizic et
al. 1985). Therefore, depending of implant design, surgical technique (instrumentation dimension),
a variable degree between implant and parent bone friction and interlocking may occurs leading to
higher or lower insertion torque, equivocally interpreted by several clinicians as proportional to
implant primary stability, due to the fact that experimental evidence demonstrates that there is an
inverse relationship between insertion torque and immediate micromotion; being unrelated in
particular for those implants with the least insertion torque (Bashutski et al. 2009; Freitas et al.
2012). Also, a recent study reported that the more implant insertion force was used, the lowest
primary stability is obtained through resonance frequency, though different forms of an implant

system need different insertion torques to obtain an optimal primary stability (Staedt et al. 2017).

In summary, nowadays high insertion torque should be questioned because since elastic theory
predicts that excessive strain may provoke deleterious biologic effects on bone response and its
biomechanical stability depending on the implant thread design. This primary stability decreases as
consequence of the cell mediated remodeling of surrounding pristine bone toward the implant

surface (resorption and apposition), that was theoretically proposed by Raghavendra et al., 2005,
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and further corroborated experimentally (Jimbo et al. 2014a), confers from this perspective, the
implant stability dip, where high degrees of implant stability go down to a lower levels, and it may
occurs when it is reached through a mismatch between implant macro-design and surgical
instrumentation dimensions, or because the strain generated by thread tip is slightly higher than
physiological limit, and consequently generates a stability lost through a cell-mediated interfacial
bone remodeling, thereafter regained through bone apposition (Raghavendra et al. 2005; Jimbo et

al. 2014b). Interfacial bone remodeling is depicted in (Fig. 7, 8).

4.3.3 A glance to dynamics of osteointegration of titanium dental implants

The knowledge from which the rationale of the integration of dental implants arises from several
research lines in different species, including human studies. The extent of bone remodeling varies
among species, being not compatible to be extrapolated across species, despite the biological
process represented through optical histology shows qualitatively a similar pattern of bone tissue
response. The osseointegration process of a titanium dental implant may depend on a number of
variables and hence, results of the various parameters may not be standardized depending on the
type of testing system and the factors with potential influence. Consequently, such variables may
determine the rate and extent of osseointegration at various time points and in various species
(Botticelli and Lang 2017).

These factors have been described; even though their relative significance to the speed and extent of
osseointegration have not been studied systematically. It was recognized and suggested that the
early osseointegration in an animal model was double as effective as in humans (Lang et al. 2011).
To identify relevant factors that may influence the osseointegration phenomenon (e.g. parent old
bone, implant geometry, implant surface, species model, timing of surgery, loading conditions), the
parameter “interception point” was proposed (Botticelli and Lang 2017). This express the point at
which two proportional lines of old and new bone illustrating bone resorption and bone apposition
on the implant surface intersect which other, and it is defined by the time occurrence and the

percentage of osseointegration reached.

4.3.3.1 Parent old bone

The parent old bone is related to the primary bone contact, it may vary between 15-32% measured
between coronal level and the apex (Rossi et al. 2014a; Mainetti et al. 2015, 2016; Favero et al.
2016b, a). However, if fixture geometry changes were applied, lower BIC% of parent bone was
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found after installation 6.3-6.5% compared to standard not modified implants (Berglundh et al.
2003; Abrahamsson et al. 2004). Another factor that may affect the primary bone-to-implant contact
is the bone morphology of the recipient site. An experimental study in dogs (Rossi et al. 2014a)
compared bone resorption and bone apposition separately at the cortical and at the marrow
compartments.

After 5 days of healing, the contact of old bone to the implant surfaces was 66.5% in the cortical,
23.3% in the spongiosa, and 31.6% on the full length of the implant. So, the primary contact varies
among the different zones that the implant is crossing and providing a mean value may not properly

describe the real situation in the various regions of the implant (Botticelli and Lang 2017).

4.3.3.2 New bone formation and interception point

Regarding the new bone formation and interception point, it was observed that many variables
influence the time and extent of bone apposition around titanium implants, and the above-
mentioned parameter may provide data on efficiency of osteointegration. It was strongly influenced
by the presence of old bone; So, in regions not in contact with mineralized tissues bone apposition
starts within few days. On the contrary, bone in direct contact with implant surface has to undergo a
resorption process before new bone may be formed (Berglundh et al. 2003; Rossi et al. 2014a).
Accordingly to the aforementioned observations, a previous report in dogs (Abrahamsson et al.
2004), the trough prepared around the implant reduced the percentage of parent bone primary
contact, so that more surface was at disposal for bone apposition. The interception point expressed
this situation with 5.1 days and 9% of osseointegration at the SLA surface and 5.3 days and 6% at
the turned surfaces.

At implants installed in cortical or spongy bone, different patterns of healing are expected, due to
the differences in density of the bone in primary contact with the implant surfaces. Denser bone
lead to a delay in bone formation, while spongy bone may allow a rapid bone apposition thanks to
the presence of marrow spaces interposed among trabeculae. It was first demonstrated in an
experiment in dogs (Rossi et al. 2014a). After 30 days of healing, old and new bone proportions
were 43.3% and 34.3% in the cortical region, respectively and 10.9% and 53.4% in the trabecular
region. The interception point expressed these results as 36.9 days at 39.4% of osseointegration in
the cortical region and 10.6 days and at 15.9% of osseointegration in the trabecular region,

respectively.
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4.3.3.3 Implant surface

Additionally, implant surface characteristics also influenced the processes of osseointegration;
Surface topography influences bone response at the micrometre level and some indications exist at
nanometer level (Wennerberg and Albrektsson 2009). The earlier the interception point was
reached and the higher is slope of the regression line (m), the earlier and faster was bone apposition
(Botticelli and Lang 2017). The sequential healing of different surfaces was studied in dogs (Favero
et al. 2016b, a). Similar percentages of old bone were present after 7 days and 14 days of healing.
The osseointegrative properties of three surfaces may be expressed with the interception point that
ranged from 10.2 days, at 16.9% osseointegration with m = 3.4 to 15.4 days and 15.3% of
osseointegration m = 1.1. As such, the influence of the surface configuration on the osseointegration

speed and extent was the least significant factor.

4.3.3.4 Species assessed

The osseointegration appeared to be strongly influenced by the species model, considering that
rabbit model was faster compared to the dog model, and the dog model was faster the human model
(Botticelli and Lang 2017). The interception point illustrated these results occurring after 4-6 days
with 18-19% of osseointegration with an m = 4.1-6.3 for new bone in rabbits (Caneva et al. 2015)
as opposed to 25.2 days with 28.4% of osseointegration and m = 1.4 for new bone for the SLA
surfaces, and 18.1 days with 24.5% and m = 2.4 for new bone for the SLA active_surfaces in
humans (Bosshardt et al. 2011; Lang et al. 2011). So, among the factors involved during
osseointegration, it was reported that the greatest influence is the differences in species followed by
implant geometry, bone morphology, implant surface configuration, timing of surgery and load. The

interception points may provide information on efficacy of early osseointegration.

4.3.3.5 Basic anatomy of rabbit tibiae

The rabbit is one of the most common used animals in dental implant research. It is used around
35% of all musculoskeletal research studies (Neyt et al 1998). This model reaches its skeletal
maturity at around 6 to 8 months of age (Gilsanz 1988). This can be studied using radiographs from
metaphysis. The most common experimental sites are the femoral diaphyseal bone and the tibial
bone. The femoral and tibial bone of the rabbits has several advantages. The dimensions and the

anatomy of the bone correspond fairly well with the edentulous jaw in humans.
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5. MATERIAL AND METHODS
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5.1  Ethical declaration for animal experimentation

The study protocol was approved by the Ethics Committee of Valencia University, Spain (Protocol
ref.: A1432625410189), which followed the guidelines established by the Council Directive of the
European Union (53/2013; February 1, 2013) for animal care and experimentation in agreement
with the ethical and legal conditions established by Royal Decree 223, March 14 and October 13,
1988.

5.2  Study design and experimental animals

The present experimental pre-clinical study involved twenty-seven males, albino New Zealand
rabbits, 24 weeks of mean age and weighing 3 to 4 kg. The animals were segmented into three
groups composed of 9 animals each and sacrificed at 2, 4 and 8 weeks, respectively. Implants were
assigned to the animals in a random way, having as a result the placement of four dental implants in
each rabbit; two in each tibia, one in the diaphysis and the other one in the metaphysis.

5.3 Randomization and Allocation Concealment

Before surgery, the animals were put in one of the three groups by a random allocation, each group
being the representation of a healing period. Two implants with a different macro-design were
installed in each tibia. The position of each implant, i.e. diaphysis or metaphysis, was randomly

assigned. The aleatory choice was carried out electronically (www.randomization.com) by an

independent author neither involved in the selection of the animals nor in the surgical procedures
(Danielle Botticelli) (Fig. 5.1).

27 New Zealand Rabbits

(http://www.randomization.com),

9 rabbits per group

2 weeks 4 weeks 8 weeks

200 2 A2
134 333 233 st Bodonimn
200 222 299


http://www.randomization.com/
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5.4 Implant features

Ticare® implants (Mozo-Grau, Valladolid, Spain) made of commercially pure grade-1V titanium
treated with resorbable blast media (RBM) (implant surface blasted with calcium phosphate
ceramics, resulting in a moderately rough (Ra=1.53+0.24) surface) were used. All implants had a
dimension of 3.75 mm of diameter and 8 mm of length, a conical platform with a 45° polish neck

with a self-tapping feature closer to the apex (Fig. 5.2).

Figure 5.2 Ticare Inhex® (a): the implant body had
a little conicity and a large area of micro-threads at the
coronal portion, and higher number of triangular
threads per unit length and with little thread depth
compared to Quattro® model. Moreover, the implant
had a double self-tapping at the apical portion. Ticare
Inhex Quattro® (b): the implant body had a marked
conicity. Fewer micro-threads at the coronal portion
and a lower number of macro-threads were present
compared to Ticare Inhex® implants. The threads
were squared in the middle part of the implant and
become triangular and deeper at the apex. Aggressive
self-tapping at the apex.

inhex inhex

55  Surgical procedures

The rabbits were induced to anesthesia with Ketamine injection (22 mg/kg) intramuscularly,
xylazine (2.5 mg/kg) and intravenous injection of Propofol (1.5 mg/kg) and maintained with 2% of
isoflurane. Before surgery, the rabbits’ fur that was proximal to the tibia was shaved and disinfected
with Betadine. A preoperative antibiotic Enrofloxacin 5 mg/kg (ALSIR® 2,5%, Esteve Veterinaria,
Barcelona, Spain) was infiltrated subcutaneously, and 3 ml of articaine at 2% with 0.01 mg/ml
epinephrine infiltrative anesthesia was intramuscularly applied in the surgical area of each leg. The
skin of both tibiae was incised in the proximal region, the flaps were raised and the bone was shown
below the anterior tibial tuberosity (Fig. 5.3a). Both areas, one in the metaphysis and other in the
diaphysis were identified as experimental sites. The recipient sites were prepared following the
recommendations of the manufacturer using drills with increasing diameter under irrigation with
sterile saline (Fig. 5.3b). A distance of about 8-10 mm was maintained between the two osteotomies
(Fig. 5.3c). Two implants with different macro-design were randomly installed in each tibia: Ticare
Inhex® and Ticare Quattro®. The implants were screwed until the implant shoulder was leveled

with the bone surface.
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The implant’s apex was placed in close contact with or into the cortical bone opposing the coronal
cortical compartment, looking forward to obtain a bi-cortical anchorage. Cover screws were placed
on the implants, and the flaps were subsequently sutured in layers with resorbable sutures (Vicryl
5/0, Ethicon, Sommerville, NJ, USA), and Nylon 3/0.

Figure 5.3 Surgical
procedures in rabbit tibia.
@) Surgical flap
debridement. (b) Implant
bed drilling at diaphysis
(D) and metaphysis sites
(M). (c) Implant inserted
within implant bed. (d)
Topographic sites used
for  implantation. (e)
Implant installed and
cover screw placement.

5.6  Post-operative care, housing and husbandry

Each animal had its own cage; the room in which they were kept was purposely designed so it could
have 12 hours of light; and so it was an acclimatized space. The animals were fed with a standard
diet and had free access to water. The analgesic pattern consisted in 2.5 mg/kg of morphine

intraoperative, 0.02 mg/kg buprenodale, buprex, 0.2 mg/kg meloxicam (every 12 hours during 3
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days) and antibiotic therapy with Enrofloxacin 2.5 mg/Kg (ALSIR® 2,5%, Esteve Veterinaria,
Barcelona, Spain) (every 24 hours during 7 days) post-operatively. Within 2—3 days, the animals
continued to act in a normal way, lacking of pain or distress symptoms. Also, after the operation the

wounds were constantly inspected and cleaned with Betadine to prevent future complications.

5.7 Euthanasia

The euthanasia of the animals took place at different healing times according to the group; some
animals were sacrificed after 2 weeks while others after 4 or 8 weeks. It was performed by using the
same protocols used for surgery; 50 mg/kg intravenous sodium pentobarbital was applied to each
rabbit. Both animal’s tibias were removed, while the adhering soft tissues were dissected. A small

electric saw was used to obtain the sections of the tibia containing each implant.

5.8  Histological preparation

Implant samples were dehydrated by sequential solvent exchange and embedded in methyl
methacrylate containing poly-(methyl methacrylate). After adding benzoyl peroxide (1 g/100 mL),
samples were polymerized at room temperature for several days and were then sawed using a
diamond wheel on a precision table top cut-off machine Accutom-5, (Struers, Copenhagen,
Denmark) and then were wet ground and polished using a LaboPol-21 system (Struers,
Copenhagen, Denmark) and SiC foils. Approximately 80 um thin sections were obtained using SiC
foils of decreasing particle size. The samples were stained at 55 °C with toluidine blue for 30 min,

washed with tap water for 2 minutes and let dry.

5.9  Histological examination

Overlapping calibrated digital images of the tissues surrounding the whole implant surface (about
20 images/implant) were recorded with a bright field Leica DM4000 B microscope (Leica
Microsystems GmbH, Wétzlar, Germany) and DFC420 digital camera using a 5x objective and the
Leica Applications Suite version 4.4.0 software. Individual images were merged to compose each
implant side using the Photoshop program (Adobe Photoshop CC 2015.0.0). The image processing
program ImageJ 1.48 (National Institutes of Health, Bethesda, MD, USA; http://imagej.nih.gov/ij)
was used for histological measurements. Lines were drawn by hand on calibrated images showed on
the computer screen at 400x magnification by an independent and calibrated assessor not involved

in study. The following references highlights were traced to identify: (B) the most coronal bone-to-


http://imagej.nih.gov/ij
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implant contact and (A) the base of the implant. Three sections with similar length were established
to divide the implant within: coronal, middle and apical areas regarding the long axis (Caneva et al.
2015).

5.10 Study variables
5.10.1 New osseointegration values

The percentages of (nb) new bone, (ob) old bone, and (m) bone marrow in contact with the implant
surface were measured on the entire implant length as well as on each of the three sections. The
BIC was examined as the sum of new and old bone, and percentages in relation to the length of the
implant surface examined calculated. The apical portion of the implant that extruded beyond the

compact cortical layer was excluded from the analyses (Fig. 5.4)

5.10.1 Cortical and marrow compartments

The percentage of new osseointegration values were assessed at both cortical (coronal and apical
sections) and marrow (middle section) compartments. For the study purposes the cortical

compartment is considered as a whole (coronal + apical).

oot = "
2 \
.5 2% Coronal
gQ

Figure 5.4 Ground section of rabbit tibia in
diaphysis position at 4 weeks of healing. The
implant is divided in 3 equal sections (coronal,
middle, apical) for BIC measurement. Two
points were traced: (B) Most coronal part of
bone to implant contact. (A) Base of the
implant. The Implant surface outside to the
cortical bone is not considered in analysis (red
arrows). Original magnification x2. Toluidine
blue staining.

Apical
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5.11 Data analysis

Differences between implant designs across the healing periods were analyzed with the Mann-
Whitney U-test for independent variables. Differences between implants placed in the diaphysis and
metaphysis were also performed using a Wilcoxon rank-sum test. A multivariate general lineal
model analysis was performed to explore the interaction between the two independent variables
(design/position) over BIC values at different healing stages. Each factor with two categories:
design (Ticare Inhex® /Ticare Quattro® ) and position (diaphysis/metaphysis). This approach was
chosen because previous reports observed that the positions of the implants can be used as
independent replicates regarding outcome variable, since bone quality varies between implantation

sites (topographic sites) at same degree as between experimental units (Ernst et al. 2015).
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6. RESULTS
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6.1  Sequential healing during osseointegration of implants with RBM surfaces
6.1.1 Clinical and histological outcomes

This experimental preclinical study is performed in abidance with the Animal Research: Reporting
In vivo Experiments (ARRIVE) guidelines and animal selection and use have been carefully
considered (Kilkenny et al. 2010). No complications occurred during the healing period. All
implants seemed adequately integrated into the histological evaluation across each period. Finally,
data of 27 experimental animals with four implants each were analyzed. The areas between the
threads were filled with woven bone at two weeks. Remodeling processes were observed after 4 and
8 weeks of healing, as shown by the lighter-staining of the lamellar bone compared to the darker-

staining of the woven bone.

6.1.2 Week 2

The healing process remains in its initial phase. There is an evident accelerated proliferation of
blood vessels and mesenchymal cells embedded inside the provisional granulation tissue that
stimulate the formation of an immature peri-implant primary bone, this bone modeling is observed

in healing chambers by the presence of a cell-rich immature bone or woven bone (WB) (Fig. 6.1).

Figure 6.1 Optical micrograph of
woven bone (WB) in a rabbit model
at 2 weeks of healing. The image
depict an  uncontrolled and
disorganized bone growth as
consequence of organic bone matrix
(OBM) deposition by osteoblast,
note the irregular distribution of
fibrous matrix in a diffuse woven
bone and the presence of some
osteocytes embedded within lacunae
(L). Toluidine blue staining.

High magnification evaluation showed woven bone formation throughout the extension of the
healing chamber region, with loci of diffuse woven bone and lines of osteoblasts depositing bone

matrix. This ‘contact osteogenesis’ is considered to represent the very first phase of
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osseointegration, namely direct contact between the roughened implant surface and newly formed

woven bone as depicted in (Fig. 6.2).

Figure 6.2 Optical micrograph at 2
weeks in-vivo in a rabbit model. It is
observed the non-mineralized woven
bone (WB) within healing chamber,
also some osteoblasts (cube-shaped
cells) secreting organic bone matrix
perceived by the light blue color
(OBM) and some lacunae in the
proximity (L) suggesting the
presence of osteoblast trapped in
bone matrix to become converted as
osteocytes. The image depicted at
this stage suggesting a high activity
of the cellular content. Toluidine
blue staining.

Simultaneously, osteoclast formation concurs on the pristine bone, resulting in bone resorption
adjacent to the implant surface, especially in areas of pressure of the implant to the bony bed (i.e.
pitches of the threads) that provided initial fixation for the implant, had undergone resorption
through a cell mediated interfacial bone remodeling around microcrack zones, and were also
involved in new bone formation after 2 weeks of healing. Mechanical stability of the implant was

replaced by secondary biological stability (Fig. 6.3).

Figure 6.3 Optical micrograph at 2
weeks of healing in a rabbit model.
It could be appreciated how the
bone-implant  interface,  advert
visually a mechanical interlocking
between parent bone of implant site
and implant surface, responsible for
the primary stability. At this period
the presence of a microcrack (MC)
in proximity to implant thread
(yellow arrow), as well as old bone
particles (BP) within  healing
chamber, shed light that yield of
bone  strength  overpass the
physiological limit due to the high
stress in this area. It is denoted by an
active remodeling establishment
within ~ healing  chamber and
microcrack proximity (red arrow),
compatible with an interfacial bone
remodeling. Toluidine blue staining.
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6.1.3 Week 4

The healing progress at this stage showed the woven bone (WB) replacement by lamellar bone

(LB), suggesting an initial remodelling begin. It is evidenced by the presence of primary osteonic

structures (O) which elucidate the onset of WB remodeling toward LB configuration surrounding

blood vessels. Also, lacunae in LB were present behind the mineralizing bone front, the bone

organic matrix is secreted and deposited circumferentially towards osteonic lumen by osteoblastic

cells, this osteonic structures constitutes a source of nutrients, blood vessels and mesenchymal cells.

The healing at this stage is depicted in (Figs. 6.4 and 6.5).

Figure 6.4 Optical micrographs at 4
weeks in-vivo in a rabbit model, it is
observed how the woven bone (WB)
is progressively replaced by a more
organized lamellar bone (LB)
surrounding  primary  osteonic
structures (O), also some osteoblast
(OB, cube-shaped cells) secreting
organic bone matrix within osteon
lumen in a circumferential manner.
There are some lacunae within
lamellar  bone  distributed in
concentric manner (L). Toluidine
blue staining.

Figure 6.5 Optical micrograph at 4
weeks of healing in a rabbit model. It
is evident a remodeling across healing
chambers, remodeling sites occurs in
the proximity of microcracks (red
arrows). The resorbed area will be
replaced by woven (WB) bone which
reestablishes the contact to implant
surface (secondary stability),
subsequently to arise the will be the
new primary osteons (O) with some
osteocytes trapped within lacunae (L).
Tissue remodeling has occurred at the
interface where cell-mediated
processes  resorbed the  region
encompassed between the green
dashed line and the implant. Toluidine
blue staining.
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6.1.4 Week 8

The bone throughout the healing chambers showed clearly a “bone remodeling” process, with the
presence of parallel fibered lamellar bone deposition. There was a plenty of bone formed, evidenced
by the presence of primary and secondary osteonic structures. It is visible lamellar osteons
(Haversian systems) outlined by cement-line boundaries. The bone trabeculae had become
reinforced thus providing a structure to cope with the bearing of load (Fig. 6.6a-b). There is a mixed
bone morphology with regions of woven and lamellar bone, the remodeling process still occur at
this stage (Figs. 6.7 and 6.8).

Figure 6.6 Optical micrographs at 8
weeks in-vivo in a rabbit model. (a)
The bone remodeling still occurs
within  healing chamber in the
proximity of implant surface, it is
denoted by the presence of woven
bone (WB) with some osteoblasts
(OB) depositing organic bone matrix
(OBM) characterized by a light blue
staining, and lacunae (L) with
trapped osteocytes. The WB is
surrounded by lamellar  bone
showing primary osteonic structures
(O) which revealed that onset of
woven bone remodeling toward
lamellar configuration surrounding
blood vessels, outlined by reversal
“cement lines” (CL) that
differentiate the mineralized from
non-mineralized compartment. (b) It
could be clearly observed the
presence of primary and secondary
osteonic structures (O) with their
owns Haversian’s system canals
(HVS). At this stage the mature
bone its capable to resist load
bearing. Toluidine blue staining.
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Figure 6.7 Optical micrograph at 8 weeks in-vivo in a rabbit model. It is evidenced a mixed
bone morphology with regions of woven (WB) characterized by a “more intense” staining
color and lamellar bone (LB) “less intense” staining color, surrounding osteonic structures
(O). There is a new bone formation in contact implant surface (1S) at expense of lamellar bone
remodeling, it is visible the presence of osteocytes in LB (black asterisk) and trapped in
lacunae’s (L) as well, behind the organic bone matrix (OBM) deposition by osteoblast cells
(OB) disposed circumferentially within osteon lumen (yellow arrow), and denoted by the light
blue color (red arrow). Toluidine blue staining.

100 um

Figure 6.8 Optical micrograph of the lamellar bone (LB) in a rabbit model at 8 weeks of
healing. The histological image showed remodeling units “osteons” showing concentric layers
of lamellae (LL) around a Haversian canals (HVC) (vascular support).
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6.2 The effect of implant macro-design on osseointegration

2-week healing

A similar degree of new bone was observed in both macro-designs at this stage, being 16.0+7.5%
for Ticare Inhex® , and 16.3+7.2% for Quattro® implants. The old bone percentages observed were
7.4% and 7.6% for Ticare Inhex® and Quattro® implants, respectively (Fig. 6.9a). Similar BIC
values were observed between implant macro-designs and were 23.5+14.4% and 23.9+13.3% for
Ticare Inhex® and Quattro® , respectively (Fig. 6.9b). None of the differences for both macro-
designs were statistically significant (Tables 6.1 and 6.2).

4-week healing

The values of new bone at this time of healing were 19.4+7.3% and 18.9+4.7% for the Ticare
Inhex® and Quattro® designs, respectively. The old bone percentages at this stage were 2.3+2.2%
and 2.4+1.6%, respectively (Fig. 6.9a). Similar BIC values (old + new bone) were observed
between implant macro-designs (Fig. 6.9.b). None of the differences for both macro-designs were
statistically significant (Tables 6.1 and 6.2).

8-week healing

At this stage, new bone increased, reaching percentages of 33.2+7.6% and 33.4+7.7% for Ticare
Inhex® and Quattro® implant designs, respectively. Old bone was still present, however at very
low percentages, being 1.2+1.1% and 3.3+1.1% for Ticare Inhex® and Quattro®  designs,
respectively (p=0.001) (Table 6.9a). The BIC values observed between implant macro-designs did
not show a significant difference, even though slight better BIC values in favor Ticare Quattro®
compared to Inhex® design were found, being 36.7+7.7 % and 34.4+7.8, respectively (Table 6.1;
Fig. 6.9b).

DESIGN BIC DESIGN
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Figure 6.9 The total amount of new bone and old bone (a) and BIC values (new+old) according to implant implant
macro designs, Ticare Inhex or Ticare Quattro (b) at different healing periods. Significant differences between implant
macro-designs (*); (p < 0.05).
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Table 6.1 Summary of proportion (%) of tissues components assessed in contact with the implant
surface for both implant macro-designs at the various time periods, n = 9 per each period of healing.

Inhex Quattro

Hea!ing New  Old Soft New  Old Soft Differences

period Bone Bone Tissue Bone Bone Tissue

2weeks  Mean 16 7,4 76,5 2 weeks Mean 16,3 7,6 76,1  NB:p=0,93
SD 75 6,3 7,1 SD 7,2 54 6,7 OB:P=0,94
Median 16,1 4,6 76,1 Median 16,5 6,5 76,9 ST: p=0,89

4 weeks  Mean 19,4 2,3 78,4 4 weeks Mean 18,9 2,4 77,3 NB:p=0,74
SD 7,3 2,2 7,8 SD 4,7 1,6 6,3 OB:P=0,58
Median 20,3 14 77 Median 18,4 2,2 79,1 ST: p=0,88

8 weeks  Mean 332 1,2* 65,4 8 weeks Mean 334 3.3 63,3 NB: p=0,92
SD 7,6 11 8,2 SD 7,7 11 1,7 OB: P=0,00
Median 32,6 0,7 64,6 Median 324 33 64,7 ST: p=0,40

U Mann withney-test: p<0,05
*P < 0.05 between Inhex and Quattro designs.

Table 6.2 Summary of proportion (%) of bone to impant contact (BIC) of implant macro-designs
at the various time periods. n =9 per each period of healing.

BIC %
Healing  Statistic Inhex Quattro Differences
period
2 weeks Mean 23,5 23,9 p=0,916
SD 14,4 13,3
Median 23,0 23,0
4 weeks Mean 21,6 21,2 p=0,822
SD 10,0 7,1
Median 22,6 20,8
8 weeks  Mean 34,4 36,7 p=0,626
SD 7.8 7,7
Median 32,2 30,0

U Mann withney-test: p<0,05
*P < 0.05 between diaphysis and metaphys
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6.3  The effect of topographic site on osseointegration

2-week healing

Similar degree of new bone were observed either at diaphysis, 16.4+5.8%, and metaphysis,
16+6.2% (p>0.05). The old bone percentages were around 7.5x4 at diaphysis and 7.6£5.6 in
metaphysis sites. There were not significant differences among the assessed parameters at this stage
(Fig. 6.10a). Similar BIC values were observed between implantation sites, and were 21.5+7.5 and
25.5+£14.6 at diaphysis and metaphysis sites, respectively (Fig. 6.10b). None of the differences for
both topographic sites were statistically significant (Tables 6.4 and 6.5). Histological images at this
stage are shown in Figure 6.11a,d.

4-week healing

The new bone values were 21.2+5.2% at diaphysis and 17.1+7.9% at metaphysis (p>0.05). The old
bone values were 3.3+2.6% and 1.3+0.9% at diaphysis and metaphysis, respectively; this difference
proved to be significant (p=0.05) (Fig. 6.10a). A significant difference was observed for soft tissue
values at this stage and were around 75.5£6.4% and 81.6+7.7% for diaphysis and metaphysis sites,
respectively (p=0.05) (Table 6.4). The BIC values were 24.5+6.2% for diaphysis and 18.4+7.7% for
metaphysis at this stage (Fig. 6.10b). This difference proved to be significant (p=0.05) (Table 6.5).
Histological images at this stage are shown in Figure 6.11b,e.

8-week healing

A similar degree of new bone were observed at diaphysis, 36.4+10.5%, and metaphysis, 29.3£6.2%,
sites (p>0.05). The old bone values were 3.1+2.6% and 1.3£1.1% at diaphysis and metaphysis sites,
respectively (p>0.05) (Fig. 6.10a). The BIC values were 39.5+11.1% and 30.6+6.2 % for diaphysis
and metaphysis sites (Fig6.10b). The difference proved to be significant at this stage of healing
(p=0.05) (Table 6.5). Histological images at this stage are shown in Figure 6.11c,f.
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Figure 6.10 The total amount of new bone and old bone (a) and BIC values (new+old) according to implant
position (diaphysis or metaphysis) at different healing periods. Significant differences between implant macro-
designs (*) and between diaphysis and metaphysis (**); (p < 0.05).
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Table 6.3 Summary of proportion (%) of tissues components assessed in contact with the implant

surface according topographic location at the various time periods. n = 9 per each period of healing.

Diaphysis Metaphysis
Healing New Old Soft New Old Soft
period Bone Bone Tissue Bone Bone Tissue
2 weeks  Mean 16,4 75 76,1 2weeks  Mean 16 7,6 76,4
SD 5,8 4 51 SD 6,2 5,6 7
Median 16,2 54 76,4 Median 141 5,9 75,6
4 weeks  Mean 21,2 3,3* 75,5* 4 weeks  Mean 17,1 1,3* 81,6*
SD 52 2,6 6,4 SD 7,9 0,9 7,7
Median 22 2,9 73,8 Median 16,6 1,2 82,3
8 weeks  Mean 36,4 3,1 60,5 8 weeks  Mean 29,3 1,3 69,4
SD 10,5 2,6 111 SD 6,2 1,1 6,2
Median 35,7 1,9 55,4 Median 27,8 1,1 69,5

U Mann withney-test: p<0,05
*P < 0.05 between diaphysis and metaphysis.

Table 6.4 Summary of proportion (%) of bone to impant contact (BIC) according topographic
location at the various time periods. n =9 per each period of healing.

BIC %
Healing Statistic Diaphysis Metaphysis Differences
period
2 weeks Mean 215 255 p=0,530
SD 7,5 14,6
Median 23,0 19,5
4 weeks Mean 24,5* 18,4* p=0,05
SD 6,2 7,7
Median 29,4 16,5
8 weeks Mean 39,5* 30,6* p=0,05
SD 11,1 6,2
Median 35,9 30,6

U Mann withney-test: p<0,05
*P < 0.05 between diaphysis and metaphysis.
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Figure 6.11 Ground sections illustrating the healing of implants installed in the diaphysis (a-c) and metaphysis (d-f,
areas after 2, 4 and 8 weeks. Toluidine blue (1.6x).
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6.4  The effect of implant macro-desing regarding topographic site on osseointegration

2-week healing

-Ticare Inhex Quattro®

The new bone values were around 18.3+7.9% and 14.4+10.1% at diaphysis and metaphysis sites.
The old bone values were 8.0+6.4% and 7.2+5.3% at diaphysis and metaphysis sites, respectively.
The soft tissue (bone marrow) values were 77.0£6.2% and 78.4+11.7%. There were no significant
differences for these parameters at this stage (Table 6.6).

-Ticare Inhex®

The new bone values were 14.5+8.1% and 17.5+£12.7% at diaphysis and metaphysis sites. The old
bone values were 7.0+5.0% and 7.94£8.3% at diaphysis and metaphysis sites, respectively. The soft
tissue (bone marrow) values were 78.5+7.5% and 74.5+14.6%. There were no significant

differences for these parameters at this stage (Table 6.6).

4-week healing

-Ticare Inhex Quattro®

The new bone values were 22.7+4.7% and 18.2+8.3% at diaphysis and metaphysis sites. The old
bone values were 3.2+3.1% and 1.2+1.3% at diaphysis and metaphysis sites, respectively. The soft
tissue (bone marrow) values were 77.0+4.6% and 80.6+8.8%. There were no significant differences
for these parameters at this stage (Table 6.6).

-Ticare Inhex®

The new bone values were 19.6+8.3% and 16+8.9% at diaphysis and metaphysis sites. The old bone
values were 3.3£3.5% and 1.3+2.0% at diaphysis and metaphysis sites, respectively (p<005). The
soft tissue (bone marrow) values were 74.0+9.4% and 82.7+8.9% (p<0.05). The difference proved

to be significant for old bone and soft tissue parameters (Table 6.6).

8-week healing

-Ticare Inhex Quattro®

The new bone values were 38.8+13.7% and 28.7+6.4% at diaphysis and metaphysis sites (p>0.05).
The old bone values were 4.8+3.5% and 2.1+0.4% at diaphysis and metaphysis sites, respectively
(p<0.05). The soft tissue (bone marrow) values were 56.4+14.8% and 69.2+7.3% (p>0.05). Only
soft tissue values showed a significant difference (Table 6.6).
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-Ticare Inhex®

The new bone values were 34.0+9.5% and 29.9+8.9% at diaphysis and metaphysis sites (p>0.05).

The old bone values were 1.9+2.0% and 0.5+0.7% at diaphysis and metaphysis sites, respectively
(p>0.05). The soft tissue (bone marrow) values were 64.1+9.8% and 69.94£9.3% (p>0.05). There

were no significant differences for these parameters at this stage (Table 6.6).

Table 6.5 Summary of proportion (%) of tissue components according implant macro-designs
regarding topographic site, (n = 9) per each period of healing.

Diaphysis Metaphysis

Macro- New OIld  Soft New OIld  Soft |Differences

design Bone Bone Tissue Bone Bone Tissue
2 weeks Mean 183 80 77,0 2 Mean 144 72 784 |NB:p=0,32
SD 79 64 6,2 | weeks SD 101 53 11,7 |OB:P=0,63
Median 164 66 77,0 Median 13 64 813 |ST: p=0,32
4 weeks Mean 227 3,2 77,0 4 Mean 182 1.2 80.6 | NB: p=0,66
SD 47 31  4p |Wweeks gp 83 13 88 |OB:P=0,35
'”htetx Median 18,7 2,0 18,7 Median 17,7 06 823 |ST: p=0,08
Quattro | g ecks Mean 388 48* 564 | 8 Mean 287 21* 692 |NB:p=0,92
sD 137 35 148 |Weeks gop 64 04 73 |OB:P=000
Median 37,0 52 614 Median 29,8 13 70 |ST: p=0,40
New Old Soft New Old Soft | Differences

Bone Bone Tissue Bone Bone Tissue
2 weeks Mean 145 7,0 78,5 2 Mean 175 79 745 | NB: p=0,55
) 81 50 75 | weeks g 12,7 83 14,6 |OB:P=053
Median 16,4 66 77,0 Median 14,2 6,2 80,5 |ST: p=0,67
4 weeks Mean 196 3,3 74,0* 4 Mean 16 1,3* 82,7 |NB: p=0,06
Inhex SD 83 35 94 |Weeks op 89 20 89 |OB:P=003
Median 244 18 70,6 Median 14,6 02 835 |ST: p=0,03
8 weeks Mean 340 19 64,1 8 Mean 299 05 69,6 | NB: p=0,07
SD 95 20 98 |Wweeks op 89 07 93 |OB:P=0,29
Median 357 15 63,8 Median 27,5 0 72,5 |ST: p=0,19

U Mann Whitney-test: p<0,05
(*) P < 0.05 between diaphysis and metaphysis sites for either Inhex Quattro ® and Inhex ® implant macro-designs.
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Multivariate analysis

It was observed that the implant position showed a statistical significance difference regarding BIC
values at 4 and 8 weeks (p<0.05). Thus, a multivariate analysis was performed to assess the
interaction between implant macro-design and position. The analysis failed to detect statistical
significance for implant macro-designs and its interaction (design*position) over BIC values across
healing stages (p>0.05).

A visual interaction is appreciated, suggesting that the position affects osseointegration values (Fig.
6.12). Also, is observed that Ticare Quattro®  design showed a slight better BIC values at

diaphysis sites across healing stages (p>0.05).

BIC DESIGN*POSITION
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0,0
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s Diaphysis | Diaphysis Q Metaphysis | Meta physis Q

Figure 6.11 BIC values for both macro-designs according implantation site (diaphysis or metaphysis),
to visually appreciate the interaction (Design*Position).
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6.5 The bone-healing pattern at the cortical and marrow compartments in the diaphysis and
metaphysis of rabbit’s tibiae

2-week healing

There were no significant differences among the parameters assessed between the cortical and
marrow compartments in both diaphysis and metaphysis sites (Table 6.5; Figure 6.12 a, c). BIC
values (Figure 6.12 b, d) were 30+9.9% versus 23.7+£6.4% for diaphysis and metaphysis sites,
respectively, in the cortical compartment (p=0.09), and 21.1+12.3% versus 13.9+8.0% in marrow
compartment (p=0.07). Ground sections for the diaphysis and metaphysis at this stage are shown in
Figure 6.13 a, b.

4-week healing

Significant differences were observed at this stage of healing for old bone at cortical compartment
and for new bone and soft tissue in the marrow compartments between diaphysis and metaphysis
sites (Table 6.5, Figure 6.12 a, c). No differences were detected for BIC values in the cortical
compartment (Figure 6.12 b), that were 25.4+7.8% and 21.4+8.0% for diaphysis and metaphysis
sites, respectively (p=0.26). However, a significant difference was found in the marrow
compartment (Table 1; Figure 6.12 a, c), showing BIC values of 22.1+6.9% and 13.6+8.5 (p=0.01)
for diaphysis and metaphysis sites, respectively (Figure 6.12 d). Ground sections for the diaphysis

and metaphysis at this stage are presented in Figure 6.13 c, d.

8-week healing

On average, better values for new and old bone were observed in the cortical compartment; a
significant difference was detected between the cortical and marrow compartments for these
parameters in metaphysis sites (Table 6.5, Figure 3a,c). The mineralized bone-to-implant contact at
this stage did not show significant differences within the cortical compartment between diaphysis
and metaphysis implant sites, with BIC values 41.1 + 6.8% and 39.9 + 9.8%, respectively (p =
0.61). A similar trend was observed within the marrow compartments at diaphysis and metaphysis
sites (Figure 3b,d). Ground sections for diaphysis and metaphysis at this stage are presented in

Figure 4e f.
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Table 6.6 Proportion (%) of tissue components in contact with the implant surface for either the
cortical or the marrow bony compartments at the various time periods in weeks (w). n = 9 per each
period of healing.

Cortical compartment
New  Soft Old New  Soft Old
bone tissue  bone bone  tissue bone | Differences
2w Cort-dia Mean 17,8 70,0 12,2 2w Cort-meta Mean 151 76,3 8,5 | NB: p=0,39
SD 10,6 8,9 6,6 SD 5,8 6,4 6,5 | ST: p=0,09
Median 14,0 68,2 8,3 Median 14,8 78,9 6,2 | OB: p=0,11
4w Cort-dia Mean 21,4 74,6 4,0%% 4w Cort-meta Mean 19,7 78,6 1,7# | NB: p=0,57
SD 6,9 7,8 3,2 SD 8,3 8,0 1,5|ST: p=0,26
Median 21,6 74,6 3,0 Median 17,3 79,3 1,5 | OB: p=0,04
8w Cort-dia Mean 37,0 58,9* 4,1 8w Cort-meta Mean 35,5 61,3* 3,2* | NB: p=0,63
SD 5,7 6,8 2,6 SD 8,7 9,8 3,4 | ST: p=0,62
Median 37,3 58,5 4,3 Median 33,8 60,9 2,6 | OB: p=0,88
Marrow compartment
New  Soft Old New Soft Old
bone tissue bone bone  tissue bone Differences
Marrow- Marrow-
2w dia Mean 13,8 78,9 7,3 2w meta Mean 10,3 86,1 3,6 | NB: p=0,18
SD 9,2 12,3 8,9 SD 8,2 8,0 5,1 | ST: p=0,07
Median 13,2 82,8 2,9 Median 9,3 89,5 0,5| OB: p=0,23
Marrow- Marrow-
4w dia Mean  20,4# 77,9# 1,7* 4w meta Mean  13,0*# 86,4*# 0,6 | NB: p=0,02
SD 6,8 6,9 2,3 SD 8,2 8,5 0,8|ST: p=0,01
Median 19,7 79,4 0,4 Median 13,3 86,7 0,0 | OB: p=0,16
Marrow- Marrow- NB:
8w dia Mean  24,6* 73,6 1,8 8w meta Mean 25,1* 74,7 0,2*|p=0,878
SD 12,9 16,3 3,8 SD 9,6 9,7 0,4|ST: p=0,79
Median 21,6 78,5 0,0 Median 23,2 75,9 0,0 | OB: p=0,25

U Mann Whitney-test: p<0,05

*P < 0.05 between cortical and marrow compartment either at diaphysis (Cort-dia vs Marrow-dia) and metaphysis (Cort-meta vs Marrow-meta)

topographic regions (vertical).

#P < 0.05 between diaphysis and metaphysis either at cortical (Cort-dia vs Cort-meta) or marrow compartment (Marrow-dia vs Marrow-meta)

(horizontal).
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Table 6.7 Summary of proportion (%) of bone to impant contact (BIC) according cortical and
marrow compartments and topographic location at the various time periods. n =9 per each period

BIC % BIC %
Healing  ggatistic __Cortical compartment  Differences Statistic _ Marrow compartment  Differences
period Diaphysis Metaphysis Diaphysis  Metaphysis
2 weeks Mean 30,0 23,7 p=0.09 Mean 21,1 13,9 p=0.07
SD 9,9 6,4 SD 12,3 8,0
Median 31,8 211 Median 17,2 10,5
4 weeks  Mean 25,4 21,4 p=0.26 Mean 22,1* 13,6* p=0.01
SD 7,8 8,0 SD 6,9 8,5
Median 254 20,7 Median 20,6 13,3
8 weeks Mean 41,1 38,7 P=0.61 Mean 26,4 25,3 p=0,86
SD 6,8 9,8 SD 16,3 9,7
Median 41,5 39,1 Median 21,6 24,2
of healing.
U Mann Whitney-test: p<0,05
*P <0.05
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Figure 6.12 The total amount of new bone, marrow content, and old bone according to cortical (a) and marrow
(b) compartment for implants placed via either diaphysis (n=9) or metaphysis (n=9) at different healing periods.
Mineralized bone to implant contact (new + old) for cortical (b) and marrow (d) compartments at the various
healing times. p < 0.05; between cortical and marrow compartments at metaphysis sites (*), at diaphysis sites
(**) or (#) between diaphysis and metaphysis within cortical and marrow compartments and (***) for
mineralized bone to implant contact, respectively. Comparisons are based on the same healing stage in weeks

(w).
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Figure 6.13 Ground section of bicortically-installed implants (Ticare Inhex® , Mozo Grau, Valladolid,
Spain) at diaphysis (left side) and metaphysis (right side) sites at two (a,b), four (c,d) and eight (e,f)
weeks of healing. An original magnification of x2.5 and toluidine blue staining was used.
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7. DISCUSSION
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7.1  Effect of two distinct implant design with equal RBM surface treatment on
osteointegration
The main aim of the present thesis is focused on the bone response over two different
implant macro-designs with equal RBM surface treatment and the same length and diameter,
bicortically installed in the tibia of the rabbit. It is performed with the aim of assessing the influence
of macro-geometry on osseointegration. To isolate the possible effect of implant macro-geometry

on bone formation, both implants had the same surface treatment.

In order to appreciate the behavior of both implant macro-designs in two different bone
environments, they were placed in two topographic zones within the same tibia, one with a cortical
layer and a medullar content (diaphysis) like a type Il bone and the another more trabecular like a
type I11 bone (metaphysis). The histomorphometric analysis at either 2, 4 and 8 weeks were similar
(p > 0.05) for both implant designs. Moreover, comparing new bone percentages in relation to the
topographic implant placement, after 4 and 8 weeks of healing, osseointegration was found to be
slightly higher, but statistically not significant at the implants placed in the diaphysis compared to
the metaphysis. These findings are contrary to those reported in a previous experiment in rabbits
(Caneva et al. 2015). Observations that could be attributable to several factors, such as the implant
thread design, the surface treatment tested and the implant osteotomy protocols, differing between
studies. It is known that these factors could regulate the strain applied to hard tissue in proximity to
the implant (Gottlow et al. 2012).

Old bone was resorbed, but was still present after 1 month of healing (<4%), with
statistically significant better values in Quattro® group. This pattern of healing is in agreement
with other studies performed in animals (Abrahamsson et al. 2004; Rossi et al. 2014b; Caneva et al.
2015) and humans (Lang et al. 2011). Noteworthy to mention, bone morphology in diaphysis is
predominantly occupied by a marrow content in comparison to metaphysis that presents more
trabecular bone. These findings are in agreement with the assumption that osseointegration is faster

in zones where the bone apposition is not preceded by bone resorption (Abrahamsson et al. 2004).

It appears likely that bone formation started from the cortical compartments (in contact with
mineralized parent bone) and, subsequently, proliferated toward into the marrow compartments.
The implants were in close contact to pristine bone due to their bi-cortically stabilization, a

condition that favors osseointegration on the implant surface, a pattern of healing that was
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documented for osseointegration in different preclinical models (Botticelli et al. 2003; Aradjo et al.
2006; Scala et al. 2012). The parent old bone in recipient site is responsible of mechanical
interlocking, and thereafter it is relevant during implant stability dip, where takes place a cell

mediated interfacial bone remodeling (Raghavendra et al. 2005).

This is typically described to occur in the area of contact between the pristine bone wall and
implant surface, where remodeling arise in the proximity of microcracks followed by bone
apposition in void spaces resulting in secondary stability (Gomes et al. 2013). The results from the
present study are in agreement with other studies that showed that macro-design did not
significantly affect the BIC rates under the absence of loading conditions (Leonard et al. 2009;
Coelho et al. 2010). Also, a previous report suggests that implant macro-design features, such as
thread pattern and thread pitch, can be responsible for differences in the amount of bone and degree
of apposition toward the implant surface. Therefore, consideration of specific implant macro-design
should be made relative to the biological and mechanical microenvironment (Vivan Cardoso et al.
2015). However, due to the absence of functional load, these parameters reflect the structural
connection between implant and bone, and not the functional properties of the bone to implant
interface (Leonard et al. 2009). There is scarce pre-clinical evidence regarding sequential healing of
bicortically installed implants with two macro-designs and equal surface treatment, attempting to

assess its interaction in two topographic sites.

Regarding the two distinct bone environments assessed, for this study there were considered
as topographic sites (diaphysis or metaphysis) within rabbit tibiae. In average was observed better
increasing values of new osseointegration across healing stages at diaphysis sites (that seems a type
Il bone density). Also, BIC values were significantly higher at 4 and eight weeks in diaphysis,
compared to those implants installed in metaphysis (like a type Il bone density). These
observations could be in part explained because diaphysis is occupied by bone marrow in its middle
section, so is presumably more favorable environment to a direct bone apposition onto implant
surface, because it is not preceded by a resorption process (Abrahamsson et al. 2004), as occurs in
trabecular bone (e.g. metaphysis). The Ticare Inhex® and Quattro® implant macro-designs
showed better-increasing values at diaphysis sites, also Quattro® design showed better BIC values
at diaphysis sites.

Despite that the interaction of factors was assessed, only the topographic site seems to

contribute to the different values observed at 4 and 8 weeks. Regrettably, the test did not detect
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significant differences, perhaps because the scarce sample number for this comparison conditionate

a lack of statistical power in this analysis.

7.2 Bone healing patterns at cortical and marrow compartment

The bone-healing patterns at cortical and marrow compartments at equal surface bicortically
installed implants in the diaphysis and metaphysis of rabbit tibiae was analyzed. The
histomorphometric analyzes at 2, 4 and 8 weeks showed no differences (p>0.05) for either of the
implant macro-designs. The new bone and BIC percentages in relation to the topographic implant
placement after 4 and 8 weeks of healing showed that osseointegration tends to be slightly higher
but statistically less significant for implants placed in the diaphysis than the metaphysis sites, with
BIC values of 24.5+6.2% and 18.4+7.7% at 4 weeks; and 41.1+6.8% and 39.9+9.8% at 8 weeks.

As reported by previous studies, it is known that resorptive processes occur before new bone
apposition in zones where the mineralized bone is present, conveying a slightly longer healing
period to reach complete osseointegration (Berglundh et al. 2003; Abrahamsson et al. 2004).
Indeed, in the present study, the new bone formation in the marrow compartment showed slightly
better increasing values of 13.8, 20.4, and 24.6% at 2, 4 and 8 weeks at diaphysis sites, compared to
10.3, 13, and 25.1% at metaphysis sites. The same trend was observed in the cortical compartment
with values 17.8, 21.4, and 37% at diaphysis sites, and 15.1, 19.7, and 35.5% in metaphysis sites.
The old bone was resorbed but was still present (<2%) after 1 month in both topographical zones.
The parent old bone values observed were slightly higher in diaphysis implant sites at 4 and 8
weeks compared to metaphysis sites in the present study sample. However, in this study it is
possible to appreciate a contradiction of what was established by the study of Caneva et al. in
2015(Caneva et al. 2015)(Caneva et al. 2015)(Caneva et al. 2015)(Caneva et al. 2015). In this study,
the new bone formation developed at a much higher speed at the implants placed in the metaphysis
that those in the diaphysis.

The authors attributed the findings to the denser pattern of the trabecular bone in the
metaphysis compared to the diaphysis tibiae, an event that may have empowered osseointegration.
On the other hand, the bone formation that was supposed to be reinforced by the bone marrow did
not work out, since this scarcely contributed to its formation in the middle section of the implants
placed in the diaphysis compared to what was found in the coronal and apical sections. These

observations could be attributable to several factors previously mentioned. Also, in the study of
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Caneva et al. there were demarcated three sections (coronal, middle, and apical) to test the
differences among compartments (Caneva et al. 2015). In the present study, the three sections were
demarcated in the same manner, but the cortical compartment is considered as the sum of the
cortical and apical regions as a whole, independently of the marrow compartment (middle). In both
studies, the extreme regions of the implants were in close contact with pristine bone (bicortical
stabilization), a condition that may have reinforced osseointegration on the implant surface (Caneva
et al. 2015). Note to mention, diaphysis sites is predominantly occupied by a marrow content, a fact
that could be agree with the premise that osseointegration is faster in areas where bone apposition is
not precluded by bone resorption, as previous reported in dogs (Abrahamsson et al. 2004) and

minipigs (Buser et al. 2004) animal models.

Also, it is possible to conclude that osseointegration seems to be favored by the existence of
a blood clot, and prejudicated by the presence of yellow fatty bone marrow in the long bone model,
such as sheep tibiae (Morelli et al. 2015). In this sense, Morelli et al. 2014 employed the sheep tibia
model, where two osteotomies for implant installation are prepared in each tibia. On average, new
bone apposition was better in the cortical compartment, as seen in the present study (Morelli et al.
2015). Moreover, it was observed that new bone apposition was faster in the fatty bone marrow
group compared to blood clot groups at marrow compartments after 4 weeks. The authors
concluded that osseointegration appeared to be favored by blood clots, because at 12 weeks of
healing the test group showed better new bone values, statistically significant only at the marrow
compartment (Morelli et al. 2015) , even though in this study the implants were not placed

bicortically.

However, despite inter-species differences impeding direct comparisons, there is no certain
data on the extent to which the rabbit tibia model, in its diaphysis or middle shaft, provides amounts
of fatty bone marrow that may affect osseointegration after eight weeks of healing. So, it would be
of interest to isolate its effect in a further study in order to confirm this hypothesis in the rabbit tibia
model. It is for utmost importance to consider that present results only could be extrapolated to
implants with the same surface roughness, its applicability is out range for other animal models
because of the differences that were shown on healing patterns among species (e.g. dog, sheep,
rabbit, rat). Further studies comparing equal surfaces treatment but with different manufacturing

approaches are warrant, to elucidate if it replicates the patterns observed in the present work.
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7.3  Efforts, limitations and future trends

This study was conducted in agreement with ARRIVE guidelines that encourages the good
practices and quality of reporting in experimental animals and have an adequate sample size
estimation to assess the predefined objectives, and was supervised by experts in the preclinical
research. The novelty of the present work lies in the fact that there is no other study aiming to
assess the impact of distinct implant macro-designs with equal moderately-rough RBM surface
treatment in two different bone environments onto the osseointegration values and the healing
patterns at the cortical and marrow compartments within the same rabbit tibiae. This allows us to
isolate the macro-design effects on osseointegration, thus helping us separately evaluate the
dynamics of the healing pattern in distinct bone densities. However, due to the absence of
functional load, these parameters reflect the structural connection between implant and bone, and

not the functional properties of the bone to implant interface.

There is scarce pre-clinical evidence regarding sequential healing of bicortically installed
implants with two macro-designs and equal surface treatment, attempting to assess its interaction in
two topographic sites. Despite that the interaction of factors was assessed, only the topographic site
seems to contribute to values at 4 and 8 weeks. Regrettably, it is difficult to determine to which
extent each implant macro-design contributes to these findings observed at the diaphysis or
metaphysis sites. The scarce sample did not permit a proper statistical comparison. Note to mention,
the findings of the interaction are merely exploratory and should be interpreted with caution. Thus,
more studies are needed to explore the impact of different macro-designs with equal surface
roughness of different manufacturing methods (e.g. SLA, anodized, etc) on osseointegration in
rabbit model, and considering the impact of loading conditions. Also, there is no certain data on the
extent to which the rabbit tibia model, in its diaphysis or middle shaft, provides amounts of fatty
bone marrow that may affect osseointegration after eight weeks of healing. In this sense, a concern
to be further elucidated is to determine if the values observed at diaphysis sites on healing patterns
are related to bone marrow composition of rabbit tibia, or merely explained by chance. Further
studies are warranted with a greater sample size to answer these aspects, but this is a tough
challenge, taking into consideration the ethical and economic aspects that may be involved in
consideration of the replacement, refinement, or reduction (3Rs) criteria for the use of animals in

research.
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8. CONCLUSIONS
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8. Conclusions

The following conclusions can be drawn from the present thesis:

The sequential osseointegration pattern of RBM surfaces is successful in the rabbit model.

The implant macro-designs does not significantly affect the osseointegration process in the

absence of loading across healing stages.

Bone morphometry and density may affect the bone apposition onto the implant surface.
The apposition rates were slightly better in diaphysis compared to metaphysis topographic

sites. The BIC values were significantly higher at 4 and 8 weeks in diaphysis sites.

There is no interaction between implant macro-design and topographic site as shown by the
multivariate analysis. Though, it was observed that Ticare Quattro® implant macro-design

showed a slightly better BIC values at diaphysis sites across the healing stages.

The new bone apposition was better in the cortical- compared to the marrow- compartment.
The apposition rates were slightly better at both cortical and marrow compartments in

diaphysis compared to metaphysis sites.
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10.1  List of figures

Figure 4.1 Schematic representation of the osteocyte trapped within lacunae in mineralized bone
matrix “light blue” linked with surface cells “osteoblasts” through canaliculi. Image Adapted from
Davies et al. (DaVIES 1998). ......coiiiiiriiiieieie ettt bbb 54
Figure 4.2 Illustration of a functional active osteoclast. Mature osteoclasts are large multi-
nucleated cells that cover a big area on the bone to degrade the bone matrix. The apical membrane
faces the bone and the sealing zone generates an isolated region. A ring of aggregated F-actin
assures the strong attachment of the osteoclast to its substrate. The resorptive area is acidified by
secretion of HCL to demineralize the bone matrix. Organic components are degraded by Cathepsin
K. Osteoclasts express tartrate-resistant acid phosphatase (TRAP), which is commonly used as a
marker for osteoclasts. Image adapted from (Kubatzky et al. 2013). .......ccccoveveiiieviveie e 56
Figure 4.3 Osteoconduction is mainly influenced by the titanium surface treatment. Thus,
depending of the degree of roughness, may capable to retain in more or less extent the blood clot
and consequently the stabilization of fibrin matrix (yellow fibers) toward the implant surface after
platelets (purple spheres) activation. This fibrin matrix does work as a provisional extracellular
matrix, that encourages the cell migration, releasing growth factors, fomenting the angiogenesis. .58
Figure 4.4 The “De Novo” bone formation. (a) Organic matrix secreted by osteoblast without
collagen fiber, but rich in bone sialoproteins such osteopontin (OPN) and proteoglycans; OPN is
secreted by immune cells like T lymphocytes, macrophages and monocytes. It is early expressed by
osteoprogenitors cells, their presence is linked to pre-osteoblast differentiation. The proteoglycans
is a fundamental component of extracellular matrix, it “fills” the intercellular spaces, and there are
involved with Ca+ cations union and forms complex links with other proteins as type | collagen. (b)
Ca+ ions nucleation. (c¢) Collagen synthesis, it is ensembled as woven bone, although at this
instance collagen fibers are not completely mineralized. (d) Collagen mineralization, arose the
cement line, that differentiate the mineralized from non-mineralized compartment, evidenced by
cement line. Adapted from Davies and HOSSeINi 2000. ..........cocerirerireniniieieiee e, 59
Figure 5.1 Randomization and allocation concealment SCheme. ........c.cccevvieieece e, 67
Figure 5.2 Ticare Inhex® (a): the implant body had a little conicity and a large area of micro-
threads at the coronal portion, and higher number of triangular threads per unit length and with little
thread depth compared to Quattro® model. Moreover, the implant had a double self-tapping at the
apical portion. Ticare Inhex Quattro® (b): the implant body had a marked conicity. Fewer
micro-threads at the coronal portion and a lower number of macro-threads were present compared
to Ticare Inhex® implants. The threads were squared in the middle part of the implant and become
triangular and deeper at the apex. Aggressive self-tapping at the apeX. .........cccccvevevieiiiciccicceenee, 68
Figure 5.3 Surgical procedures in rabbit tibia. (a) Surgical flap debridement. (b) Implant bed
drilling at diaphysis (D) and metaphysis sites (M). (c) Implant inserted within implant bed. (d)
Topographic sites used for implantation. (e) Implant installed and cover screw placement. ............ 69
Figure 5.4 Ground section of rabbit tibia in diaphysis position at 4 weeks of healing. The implant is
divided in 3 equal sections (coronal, middle, apical) for BIC measurement. Two points were traced:
(B) Most coronal part of bone to implant contact. (A) Base of the implant. The Implant surface
outside to the cortical bone is not considered in analysis (red arrows). Original magnification x2.
TOlUIAINE DIUE STAINING. ...ttt bbbt 71
Figure 6.1 Optical micrograph of woven bone (WB) in a rabbit model at 2 weeks of healing. The
image depict an uncontrolled and disorganized bone growth as consequence of organic bone matrix
(OBM) deposition by osteoblast, note the irregular distribution of fibrous matrix in a diffuse woven
bone and the presence of some osteocytes embedded within lacunae (L). Toluidine blue staining..75
Figure 6.2 Optical micrograph at 2 weeks in-vivo in a rabbit model. It is observed the non-
mineralized woven bone (WB) within healing chamber, also some osteoblast (cube-shaped cells)
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file://///Users/Darrey/Downloads/TESIS_DAVID_SOTO_PEÑALOZA_11.4.19_final.docx%23_Toc6096558
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secreting organic bone matrix perceived by the light blue color (OBM) and some lacunae in the
proximity (L) suggesting the presence of osteoblast trapped in bone matrix to become converted as
osteocytes. The image depicted at this stage suggesting a high activity of the cellular content.
TOIUIAING DIUE SAINING. ... e e e st e e re e sreeenes 76
Figure 6.3 Optical micrograph at 2 weeks of healing in a rabbit model. It could be appreciated how
the bone-implant interface, advert visually a mechanical interlocking between parent bone of
implant site and implant surface, responsible for the primary stability. At this period the presence of
a microcrack (MC) in proximity to implant thread (yellow arrow), as well as old bone particles (BP)
within healing chamber, shed light that yield of bone strength overpass the physiological limit due
to the high stress in this area. It is denoted by an active remodeling establishment within healing
chamber and microcrack proximity (red arrow), compatible with an interfacial bone remodeling.
TOIUIAING DIUE STAINING. ...c.vieieiiee et re e reeaesne e reennennes 76
Figure 6.4 Optical micrographs at 4 weeks in-vivo in a rabbit model, it is observed how the woven
bone (WB) is progressively replaced by a more organized lamellar bone (LB) surrounding primary
osteonic structures (O), also some osteoblast (cube-shaped cells) secreting organic bone matrix
within osteon lumen in a circumferential manner. There are some lacunae within lamellar bone
distributed in concentric manner. Toluidine blue StainINg. ........cccooviiiienieiie e 77
Figure 6.5 Optical micrograph at 4 weeks of healing in a rabbit model. It is evident a remodeling
across healing chambers, remodeling sites occurs in the proximity of microcracks (red arrows). The
resorbed area will be replaced by woven (WB) bone which reestablishes the contact to implant
surface (secondary stability), subsequently to arise the will be the new primary osteons (O) with
some osteocytes trapped within lacunae (L). Tissue remodeling has occurred at the interface where
cell-mediated processes resorbed the region encompassed between the green dashed line and the
implant. TolUIdINE DIUE STAINING. ....cc.viiiieieiee e 77
Figure 6.6 Optical micrographs at 8 weeks in-vivo in a rabbit model. (a) The bone remodeling still
occurs within healing chamber in the proximity of implant surface, it is denoted by the presence of
woven bone (WB) with some osteoblasts (OB) depositing organic bone matrix (OBM)
characterized by a light blue staining, and lacunae (L) with trapped osteocytes. The WB is
surrounded by lamellar bone showing primary osteonic structures (O) which revealed that onset of
woven bone remodeling toward lamellar configuration surrounding blood vessels, outlined by
reversal “cement lines” (CL) that differentiate the mineralized from non-mineralized compartment.
(b) It could be clearly observed the presence of primary and secondary osteonic structures (O) with
their owns haversian’s system canals (HVS). At this stage the mature bone its capable to resist load
bearing. Toluiding DIUE STAINING. .......ccviiieii e re e nre s 78
Figure 6.7 Optical micrograph at 8 weeks in-vivo in a rabbit model. It is evidenced a mixed bone
morphology with regions of woven (WB) characterized by a “more intense” staining color and
lamellar bone (LB) “less intense” staining color, surrounding osteonic structures (O). There is a
new bone formation in contact implant surface (IS) at expense of lamellar bone remodeling, it is
visible the presence of osteocytes in LB (black asterisk) and trapped in lacunae’s (L) as well, behind
the organic bone matrix (OBM) deposition by osteoblast cells (OB) disposed circumferentially
within osteon lumen (yellow arrow), and denoted by the light blue color (red arrow). Toluidine blue
1t 11 1 RPN 79
Figure 6.8 Optical micrograph of the lamellar bone (LB) in a rabbit model at 8 weeks of healing.
The histological image showed remodeling units “osteons” showing concentric layers of lamellae
(LL) around a Haversian canals (HVC) (vascular SUPPOIL). ........covueeiieiiieiie e 79
Figure 6.9 The total amount of new bone and old bone (a) and BIC values (new+old) according to
implant implant macro designs, Ticare Inhex or Ticare Quattro (b) at different healing periods.
Significant differences between implant macro-designs (*); (p <0.05). ..cccoovveveiiiiiiiiiii e, 80
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file://///Users/Darrey/Downloads/TESIS_DAVID_SOTO_PEÑALOZA_11.4.19_final.docx%23_Toc6096562
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file://///Users/Darrey/Downloads/TESIS_DAVID_SOTO_PEÑALOZA_11.4.19_final.docx%23_Toc6096563
file://///Users/Darrey/Downloads/TESIS_DAVID_SOTO_PEÑALOZA_11.4.19_final.docx%23_Toc6096563
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file://///Users/Darrey/Downloads/TESIS_DAVID_SOTO_PEÑALOZA_11.4.19_final.docx%23_Toc6096565
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Figure 6.10 The total amount of new bone and old bone (a) and BIC values (new+old) according
to implant position (diaphysis or metaphysis) at different healing periods. Significant differences

between implant macro-designs (*) and between diaphysis and metaphysis (**); (p < 0.05).......... 82
Figure 6.11 BIC values for both macro-designs according implantation site (diaphysis or
metaphysis), to visually appreciate the interaction (Design*PoSition). .........ccccvvvvvivereiiienieeresienenn 87

Figure 6.12 The total amount of new bone, marrow content, and old bone according to cortical (a)
and marrow (b) compartment for implants placed via either diaphysis (n = 9) or metaphysis (n = 9)
at different healing periods. Mineralized bone to implant contact (new + old) for cortical (b) and
marrow (d) compartments at the various healing times. p < 0.05; between cortical and marrow
compartments at metaphysis sites (*), at diaphysis sites (**) or (#) between diaphysis and
metaphysis within cortical and marrow compartments and (***) for mineralized bone to implant
contact, respectively. Comparisons are based on the same healing stage in weeks (W). .........cc...... 90
Figure 6.13 Ground section of bicortically-installed implants (Ticare Inhex® , Mozo Grau,
Valladolid, Spain) at diaphysis (left side) and metaphysis (right side) sites at two (a,b), four (c,d)
and eight (e,f) weeks of healing. An original magnification of x2.5 and toluidine blue staining was
0=l RO PSR 91
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file://///Users/Darrey/Downloads/TESIS_DAVID_SOTO_PEÑALOZA_11.4.19_final.docx%23_Toc6096569
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12. ABSTRACT

Scientific background and study aims

The use of dental implants as an alternative for mouth rehabilitation has proven its efficacy showing
high survival rates. A key aspect of dental implant osseointegration is related to adequate primary
stability, ensured by the mechanical interlocking at the bone to implant interface and depends in
part by the implant geometry, surface roughness and surgical technique for implant bed preparation.
Several factors are involved in the interaction between the implant surface and the surrounding
parent bone during osseointegration. One of them is the implant macro-design, that may provide
different shear stress depending on the bone density of the insertion site. According to its features,
implant macro-design could affect in more or less extent on the stress yielded on bone, triggering a
host response inducing vascular and cellular events, that cause a cell mediated interfacial bone
remodeling. It consists of the resorption of mineralized bone “cortical bone” and consequently a
"primary stability dip", that concurs simultaneously with a new bone apposition towards the implant
surface as an increase of the biologic- “secondary stability”. Different implant thread designs and
thread pitches were proposed to improve the osseointegration. In this sense implant geometry prove
to affect the bone-to-implant contact (BIC) values. Modified macro-geometry and different
microgeometries of implants has shown to have a stimulatory effect on osseointegration, suggesting
its features should be made related to the biological and mechanical micro-environment. Moreover,
other features such as the healing chamber design and apical configurations have proven to improve
osseointegration.

Dental implants macro-design often are supplemented with titanium surface modification in such a
way to improve their bioactivity and clot retention capacity during bone healing. These
modifications increase the three-dimensional surface area and confer different topographical
characteristics for cell homing. The surface roughness is quantified and reported as Ra or Sa,
depending on if the parameter is classified as two-dimensional or three-dimensional respectively. It
provide an enhanced activation of platelets, cell adhesion and protein adsorption toward implant
surface, with effects on osseointegration process in terms of BIC and implant stability during early
healing stages, through an increase of osteogenic activity and osteoconductivity of titanium. Several
methods for implant surface treatments (e.g., etched surfaces, sandblasted and acid etched surfaces,
hydroxyapatite-coated surfaces, grit-blasted surfaces, laser ablation, fluoride treatment) have been

proposed. Among them, the resorbable blasted media (RBM) surface is obtained through the grit-
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blasting of calcium phosphate bioceramic (CaP) particles at high velocity, in which the particle size
determines the roughness degree as a particle-free titanium surface. The RBM surfaces showed BIC
values that were comparable to other blasting surfaces, such as titanium dioxide (TiO2) or
aluminum oxide (AI203) and similar biomechanical strength and removal torque measurements
were obtained by calcium- and magnesium- enhanced implants.

Recent evidence reinforces the concept that the implant geometry and the density of the bone are
key factors involved in the degree of primary stability. However, osseointegration is strongly
influenced by the implant surface, which plays a role during the early phase of healing through
resorptive and appositional events.

At this regard, different topographic sites confer different healing patterns, such as occurring at the
cortical and the marrow compartments at both flat- (dog jaw) and long- bones (sheep tibia). This
behavior is observed in rabbit tibiae as well, and despite inherent experimental model differences,
the effects of equal implant geometries have been tested, but at different implant surface
modifications, and evidencing the effect of surface treatment on the BIC values reached. Therefore,
it is presumable that both the cortical and marrow compartments provide distinct biological and
physical features at bone-to-implant interfacial remodeling and direct bone apposition toward the
implant surface. Their nature demarcates the transition from primary to secondary/biological
stability after an implant stability dip in the osseointegration process. However, there is a scarcity of
data based on bi-cortically placed dental implants with different macro-designs and equal surface
roughness, and a lack of studies regarding bone-healing pattern on implant surfaces at different
bone compartments and bone environments are still missing.

Based on the above mentioned aspects, and the gap of information at this regard, the general aim of
this thesis was a more consistent understanding of osseointegration values (new bone, old bone,
bone marrow and BIC [new bone + old bone]) of two different implant macro-designs, with equal
RBM surface treatment in different topographic sites in rabbit tiabiae (diaphysis or metaphysis).
Thus, the following objectives were disaggregated from this primary objective, to exploit in more
detail the study sample, as shown below:
VI.  To document the sequential healing during osseointegration of implants with RBM surface

treatment at 2, 4 and 8 weeks in a rabbit model.
VIl.  To evaluate the effect of two different implant macro-designs on the sequential
osseointegration values at 2, 4 and 8 weeks.
VIIl.  To evaluate the effect of different bone topographic site of rabbit’s tibiae on

osseointegration process.
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IX. To evaluate the effect of implant macro-design regarding the topographic site at rabbit’s
tibiae, on osseointegration.
X. To evaluate the bone-healing pattern at the cortical and marrow compartments in the

diaphysis and metaphysis of rabbits tibiae.

Material and methods

The study protocol was approved by the Ethics Committee of Valencia University, Valencia, Spain
(Protocol ref.: A1432625410189), which followed the guidelines established by the Council
Directive of the European Union (53/2013; February 1, 2013) for animal care and experimentation
in agreement with the ethical and legal conditions established by Royal Decree 223, March 14 and
October 13, 1988.

-Study design

A experimental pre-clinical study involved twenty-seven males, albino New Zealand rabbits, 24
weeks of mean age and weighing 3—4 kg. The animals were segmented into three groups composed
of 9 animals each and sacrificed at 2, 4 and 8 weeks, respectively. Implants were put into the
animals in a random allocation, a resulting in the imposition of four dental implants in each rabbit;
two in each tibia, one in the diaphysis, and the other in the metaphysis. Before surgery, the animals
were put in one of the three groups by random allocation, each group representing a healing period.
Two implants each with a different macro-design were installed in each tibia. The position of each
implant, i.e., the diaphysis or metaphysis, was randomly assigned. The aleatory choice was carried
out electronically (www.randomization.com ) by an independent author neither involved in the
selection of the animals nor in the surgical procedures. Two distinct implant macro-designs were
used, Ticare® implants (Mozo-Grau, Valladolid, Spain) made of commercially available pure
grade-1V titanium treated with resorbable blast media (RBM) (implant surface blasted with calcium
phosphate bioceramics particles, resulting in a moderately rough (Ra = 1.53 + 0.24) surface) were
used. All implants had a dimension of 3.75 mm of diameter and 8 mm of length and a conical
connection with a 45° polish neck with a self-tapping feature closer to the apex.

Ticare Inhex® : the implant body had a little conicity and a large area of micro-threads at the
coronal portion, and higher number of triangular threads per unit length and with little thread depth
compared to Quattro® model. Moreover, the implant had a double self-tapping at the apical
portion.

Ticare Inhex Quattro® : the implant body had a marked conicity. Fewer micro-threads at the

coronal portion and a lower number of macro-threads were present compared to Ticare Inhex®



The effect of implant macro-design on the osseointegration of titanium dental implants 130

implants. The threads were squared in the middle part of the implant and become triangular and
deeper at the apex. Aggressive self-tapping at the apex.

-Clinical procedures

The rabbits were anesthetized with intramuscular injection of Ketamine (22mg/kg) and xylazine
(2.5 mg/kg) were administered at 50% and intravenous injection of Propofol (1.5mg/kg) and
maintained with 2% of isoflurane. Before surgery, the skin at the proximal tibia was shaved and
disinfected with Betadine. A preoperative antibiotic Enrofloxacin 5mg/Kg (ALSIR® 2,5%, Esteve
Veterinaria, Barcelona, Spain) was administered subcutaneously, and 3 ml of articaine at 2% with
0.01 mg/ml epinephrine infiltrative anesthesia was also administered intramuscularly in the surgical
area of each leg. The skin of both tibiae was incised in the proximal region (Fig. 1c). Two
experimental sites were identified in each tibia (Fig. 1d). The recipient sites were prepared using
drills with increasing diameter under irrigation with sterile saline according manufacturer. A
distance of about 8-10 mm was maintained between the two osteotomies. Two implants with
different macro-design were randomly installed in each tibia, and were screwed until the implant
shoulder was leveled with the bone surface. The apex of the implants was placed in close contact
with or into the cortical bone opposing the coronal cortical compartment, aiming to obtain a
bicortical anchorage. The cover screws were placed on the implants, and the flaps were
subsequently sutured in layers with resorbable sutures to allow a submerged healing (Vicryl 5/0,
Ethicon, Sommerville, NJ, USA), and Nylon 3/0 (Ethilon 3/0, Ethicon, Sommerville, NJ, USA).
-Pre- and Post-operative care, housing and husbandry

All animals were kept in individual cages during its acclimatization period before intervention (2
weeks) and during post-operative care at the Animal Room Service Unit, University of Valencia,
Spain, in purpose-designed and acclimatized rooms at 21°C with 12 h dark/light ambiance. The
animals were fed with a standard diet and had free access to water. The analgesic pattern consisted
in 2.5mg/kg of morphine intraoperative, 0.02 mg/kg buprenodale, buprex, 0.2 mg/kg meloxicam
(every 12 hours during 3 days) and antibiotic therapy with Enrofloxacin 2.5 mg/Kg (ALSIR®
2,5%, Esteve Veterinaria, Barcelona, Spain) (every 24 hours during 7 days) post-operatively.
-Euthanasia

Nine rabbits of each three groups were euthanized after 2, 4 and 8 weeks, respectively. The same
sedation and anesthesia protocols, such as for the surgery, were applied and the euthanasia
induction was performed with 50mg/kg intravenous sodium pentobarbital. A small electric saw was
used to obtain the sections of the tibia containing each implant.

-Histological preparation
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Implant samples were dehydrated by sequential solvent exchange and embedded in methyl
methacrylate containing poly-(methyl methacrylate). After adding benzoyl peroxide (1 g/100 mL),
samples were polymerized and were then sawed using a diamond wheel on a precision table top
cut-off machine Accutom-5 (Struers, Copenhagen, Denmark) and then were wet ground and
polished using a LaboPol-21 system (Struers, Copenhagen, Denmark) and SiC foils. Approximately
80 um thin sections were obtained. The samples were stained at 55 °C with toluidine blue for 30
min, washed with tap water for 2 minutes and let dry.

-Histological examination

Overlapping calibrated digital images of the tissues surrounding the whole implant surface (about
20 images/implant) were recorded with a bright field Leica DM4000 B microscope (Leica
Microsystems GmbH, Wétzlar, Germany) and DFC420 digital camera using a 5x objective and the
Leica Applications Suite version 4.4.0 software. Individual images were merged to compose each
implant side using the Photoshop program (Adobe Photoshop CC 2015.0.0, Adobe Systems
Incorporated, San José, CA, USA, http://www.adobe.com/Photoshop). The image processing
program ImageJ 1.48 (National Institutes of Health, Bethesda, MD, USA, http://imagej.nih.gov/ij)
was used for histological measurements. Lines were drawn by hand on calibrated images showed on
the computer screen at a 400x magnification by an independent and calibrated assessor not involved
in study. The BIC was evaluated as the sum of new and old bone, and percentages in relation to the
length of the implant surface examined calculated. The apical portion of the implant that extruded
beyond the compact cortical layer was excluded from the analyses.

-Data analysis

Differences between implant designs across the healing periods were analyzed with the Mann-
Whitney U-test for independent variables. Differences between implants placed in the diaphysis and
metaphysis were also performed using a Wilcoxon rank-sum test. A multivariate general lineal
model analysis was performed to explore the interaction between the two independent variables
(design/position) over BIC values at different healing stages. Each factor with two categories:
design (Ticare Inhex® /Ticare Quattro® ) and position (diaphysis/metaphysis). This approach was
chosen because previous reports observed that the positions of the implants can be used as
independent replicates regarding outcome variable, since bone quality varies between implantation
sites (topographic sites) at same degree as between experimental units. The level of significance

was set at a=0.05.
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Results

To isolate the possible effect of implant macro-geometry on bone formation, both implants had the
same surface treatment. In order to appreciate the behavior of both implant macro-designs in two
different bone environment, they were placed in two topographic zones within the same tibia, one
with a cortical layer and a medullar content (diaphysis) like a type Il bone and the another more
trabecular like a type 111 bone (metaphysis).

The purpose of the study was to evaluate the effect of two different implant macro-designs but
equal surface roughness on the sequential osseointegration at bicortically installed implants in the
rabbit tibia. Data of 27 experimental animals with four implants each were analyzed. The areas
between the threads were filled with woven bone at two weeks. Remodeling processes were
observed after 4 and 8 weeks of healing, as shown by the lighter-staining of the lamellar bone
compared to the darker-staining of the woven bone.

At 2 weeks of healing a similar degree of new osseointegration was observed in both macro-
designs, being 16.0+£7.5% for Ticare Inhex® , and 16.3+7.2% for Quattro® implants. The old
bone percentages observed were around 7.4% and 7.6% for Ticare Inhex®  and Quattro®
implants, respectively. Regarding implant position (diaphysis or metaphysis), there were no
significant differences among the assessed parameters at this stage. Similar BIC values were
observed between implant macro-designs and regarding topographic site placement being
23.5£14.4% and 23.9+13.3% for Ticare Inhex® and Quattro® implant designs, respectively.
None of the differences for both macro-design and topographic sites was statistically significant.

At 4 weeks of healing, the values of new osseointegration at this time of healing were 19.4+7.3%
and 18.9+4.7% for the Ticare Inhex® and Quattro® designs, respectively. Old bone percentages
at this stage were 2.3+2.2% and 2.4+1.6%, respectively. Grouping the data according to the implant
position in the diaphysis and metaphysis, there was no significant difference for new
osseointegration (p=0.10). However, a significant difference found for old bone and soft tissue
values at this stage. Similar BIC values (old + new bone) were observed between implant macro-
designs, but regarding topographic site placement better BIC values for diaphysis 24,5+£6,2% than
metaphysis 18,4+7,7 % at this stage (p=0,05).

At 8 weeks of healing, the new bone increased, reaching percentages of 33.2+7.6% and 33.4+7.7%
for Ticare Inhex® and Quattro® implant designs, respectively. No statistically significant
differences were found between the two groups. Old bone was still present, however at very low
percentages, being 1.2+1.1% and 3.3+x1.1% for Ticare Inhex®  and Quattro®  designs,
respectively (p=0.001). The new bone percentages in the diaphysis was 36.4+10.5% while in the
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metaphysis was 29.3+6.2%. No statistically significant differences were found. The BIC values
observed between implant macro-designs do not showed a significant difference, even though slight
better BIC values in favor Ticare Quattro® compared to Inhex®  design were found, being
36.7£7.7 % and 34.4+7.8, respectively. However, regarding the topographic site placement, a better
BIC value for diaphysis (39.5£11.1%) than metaphysis sites (30.6+£6.2%) (p=0.05) was seen at this
stage of healing.

In the multivariate analysis it was observed that the implant position showed a statistical
significance regarding BIC values at 4 and 8 weeks (p<0.05). However, the analysis fails to detect
statistical significance for implant macro-designs and its interaction (design*position) over BIC
values across healing stages. Is observed that Ticare Quattro® design showed a slight better BIC
values at diaphysis sites across healing stages (p>0.05).

Another objective was to evaluate the bone-healing pattern at the cortical and marrow
compartments at equal RBM surfaces of bicortically installed implants in the diaphysis and
metaphysis of rabbit tibia. The bone healing stages follow the intramembranous-type and
appositional ossification mode patterns. The latter could be observed where intimate contact
between the implant surface and newly formed bone from the implant bed occurred. On average,
better osseointegration values were identified in the cortical compartments, and slightly higher but
no statistically significant values at the diaphysis sites. Regarding the marrow compartment, better
apposition rates of new bone were observed at two and four weeks at the diaphysis sites.

At 2 weeks of healing, there were not significant differences among the parameters assessed
between the cortical and marrow compartments in both the diaphysis and metaphysis sites. The BIC
values were around 30 + 9.9% versus 23.7 £ 6.4% for diaphysis and metaphysis sites respectively in
the cortical compartment (p=0.09), and 21.1 + 12.3 versus 13.9 + 8.0 in marrow compartment
(p=0.07).

At 4 weeks of healing, significant differences were observed for old bone at cortical compartment
and for new bone and soft tissue in the marrow compartments between diaphysis and metaphysis
sites. No differences were detected for BIC values in the cortical compartment that were around
25.4 + 7.8% and 21.4 £ 8.0% for diaphysis and metaphysis sites, respectively (p=0.26). However, a
significant difference was found in the marrow compartment, showing BIC values of 22.1+ 6.9 and
13.6 + 8.5 (p=0.01) for diaphysis and metaphysis sites, respectively.

At 8 weeks of healing, on average, better values for new and old bone were observed in the cortical
compartment; a significant difference was detected between the cortical and marrow compartments

for these parameters in metaphysis sites. The mineralized bone-to-implant contact at this stage did
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not show significant differences within the cortical compartment between diaphysis and metaphysis
implant sites, with BIC% values 41.1 + 6.8% and 39.9 + 9.8%, respectively (p=0.61). A similar

trend was observed within the marrow compartments at diaphysis and metaphysis sites.

Discussion

Study outcomes

The main aim of the present doctoral dissertation was to assess the impact of two distinc implant
macro-designs bicortically installed in two bone envirorments (diaphysis or metaphysis) within
rabbit tibiae. Moreover, the bone healing patterns at cortical and marrow compartments in diaphysis
and metaphysis sites were analyzed.

Summary of main findings

The study was performed with the aim of assessing the influence of macro-geometry on
osseointegration. To isolate the possible effect of implant macro-geometry on bone formation, both
implants had the same surface treatment. In order to appreciate the behavior of both implant macro-
designs in two different bone environment, they were placed in two topographic zones within the
same tibia, one with a cortical layer and a medullar content (diaphysis) like a type Il bone and the
another more trabecular like a type Il bone (metaphysis). In the present study, the new bone
regarding the topographic site of implantation after 2, 4 and eight weeks of healing, was found to be
slightly higher, at the implants in the diaphysis compared to the metaphysis, but without reach
statistical significance differences (p>0.05). The BIC values observed between implant macro-
designs do not showed a significant difference, even though slight better BIC values in favor Ticare
Quattro® compared to Inhex®  design were found. However, regarding the topographic site
placement, a better BIC value for diaphysis than metaphysis sites were seen at 4 and 8 weeks of
healing (p=0.05). A multivariate general lineal model analysis was performed to explore the
interaction between the two independent variables (design/position) over BIC values at different
healing stages. It was observed that the implant position showed a statistical significance regarding
BIC values at 4 and 8 weeks (p<0.05). However, the analysis fails to detect statistical significance
for implant macro-designs and its interaction (design*position) over BIC values across healing
stages. Is observed that Ticare Quattro® design showed a slight better BIC values at diaphysis
sites across healing stages (p>0.05).

On the other hand, the bone-healing pattern at cortical and marrow compartments at diaphysis and
metaphysis sites was studied. The new bone formation in the marrow compartment showed slightly

better increasing values of 13.8%, 20.4, and 24.6% at two, four and eight weeks at diaphysis sites,
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compared to 10.3%, 13%, and 25.1% at metaphysis sites. The same trend was observed in the
cortical compartment with values around 17.8%, 21.4%, and 37% at diaphysis sites, and 15.1%,
19.7%, and 35.5% in metaphysis sites. The old bone was resorbed but was still present (<2%) after
1 month in both topographical zones. The parent old bone values observed were slightly higher in
diaphysis implant sites at four and eight weeks compared to metaphysis sites in the present study
sample. The BIC values not showed significant differences, except for marrow compartment at four
weeks of healing, showing BIC values of 22.1+ 6.9 and 13.6 = 8.5 (p=0.01) for diaphysis and
metaphysis sites, respectively.

Disscussion with previous literature

The histomorphometric analysis at either 2, 4 and 8 weeks were similar (P > 0.05) for both implant
macro-designs. Moreover, comparing new bone percentages in relation to the topographic implant
placement, after 4 and 8 weeks of healing, osseointegration was found to be slightly higher, but
statistically not significant at the implants placed in the diaphysis compared to the metaphysis.
These findings are contrary to those reported in a previous experiment in rabbits from Caneva et al.
in 2017. Observations that could be attributable to several factors, such as the implant thread
design, the surface treatment tested and the implant osteotomy protocols, differing between studies.
It is known that these factors could regulate the strain applied to hard tissue in proximity to the
implant. Old bone was resorbed, but was still present after 1 month of healing (<4%), with
statistical significant better values in Quattro® group. This pattern of healing is in agreement with
other studies performed in animals and humans. Noteworthy to mention, bone morphology in
diaphysis is predominantly occupied by a marrow content in comparison to metaphysis that presents
more trabecular bone. These findings are in agreement with the assumption that osseointegration is
faster in zones where the bone apposition is not preceded by bone resorption as previous observed
in a dog model by Abrahamsson et. al in 2003 and confirmed in miniature pigs by Buser et al. in
2004. It appears likely that bone formation started from the cortical compartments (in contact with
mineralized parent bone) and, subsequently, proliferated toward into the marrow compartments. It
is known that resorptive processes occur before new bone apposition in zones where the
mineralized bone is present, conveying a slightly longer healing period to reach complete

osseointegration.

The implants in the present study were in close contact to pristine bone due to its bicortically
stabilization, a condition that favors osseointegration on the implant surface. A pattern of healing

that were documented for osseointegration in different pre-clinical models. The parent old bone in
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recipient site is responsible of mechanical interlocking, and thereafter it is relevant during implant
stability dip, where takes place a cell mediated interfacial bone remodeling. This is typically
described to occur in the area of contact between the pristine bone wall and implant surface, where
remodeling arise in the proximity of microcracks followed by bone apposition in void spaces
resulting in secondary stability.

The results from the present study are in agreement with other studies such as Leonard et al. in
2009; that showed that macro-design did not significantly affect the BIC rates under the absence of
loading conditions. However, the scientific literature does not differentiate the discrepancies
regarding implant positioning within rabbit tibiae, a factor that may probably contribute to results
due to the different bone density. At this regard, a previous report suggests that implant macro-
design features, such thread pattern and thread pitch, can be responsible for differences in the
amount of bone and degree of apposition toward the implant surface. Therefore, consideration of
specific implant macro-design should be made relative to the biological and mechanical
microenvironment, as suggested by Vivan-Cardoso et al. in 2015.

In keeping with the observations mentioned above, the healing pattern at cortical and marrow
compartments was further analyzed in the two bone environments (diaphysis and metaphysis)
within rabbit tibiae. Indeed, in the present study, the new bone formation in the marrow
compartment showed slightly better increasing values at diaphysis implantation sites, values of
13.8%, 20.4, and 24.6% at two, four and eight weeks at diaphysis sites, compared to 10.3%, 13%,
and 25.1% at metaphysis sites. The same trend was observed in the cortical compartment with
values around 17.8%, 21.4%, and 37% at diaphysis sites, and 15.1%, 19.7%, and 35.5% in
metaphysis sites. Is observed that parent old bone values observed were slightly higher in diaphysis
implant sites at four and eight weeks compared to metaphysis sites in the present study sample. In
the context of topographic sites of implantation, our results found to be contradictory to those
reported in a previous study from Caneva et al. in 2017, where the new bone formation developed at
a much higher speed at the implants placed in the metaphysis that those in the diaphysis. Though,
these differences could be attributable to various factors, as mentioned previously. The authors
attributed the findings to the denser pattern of the trabecular bone in the metaphysis compared to
the diaphysis tibiae, an event that may have empowered osseointegration. On the other hand, the
bone formation that was supposed to be reinforced by the bone marrow did not work out, since this
scarcely contributed to its formation in the middle section of the implants placed in the diaphysis

compared to what was found in the coronal and apical sections.
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Methodological differences could be mentioned for this aspect; In the study of Caneva et al. in
2017, there were demarcated three sections (coronal, middle, and apical) to test the differences
among compartments in the rabbit tibiae. In the present study, the three sections were demarcated in
the same manner, but the cortical compartment is considered as the sum of the cortical and apical
regions as a whole, independently of the marrow compartment (middle). Although, in both studies,
the extreme regions of the implants were in close contact with pristine bone due its bicortical
stabilization.

On the other hand, it is possible to conclude that osseointegration seems to be favored by the
existence of a blood clot, and prejudicated by the presence of the yellow fatty bone marrow in the
long bone model, such as sheep tibiae. In this sense, Morelli et al. in 2014 employed the sheep tibia
model, where two osteotomies for implant installation are prepared in each tibia. At the control
sites, no further treatments were performed while, at the test sites, bone marrow was removed from
the osteotomy site with a curette to an extent that exceeded the implant dimensions. As a result, the
apical portion of the implants at the control sites was in contact with bone marrow while, at the test
sites, it was in contact with the blood clot. On average, new bone apposition was better in the
cortical compartment, as seen in the present study. Moreover, it was observed that new bone
apposition was faster in the fatty bone marrow group compared to blood clot groups at marrow
compartments after 4 weeks but without reach statistical significance. However, these authors
further concluded that osseointegration appeared to be favored by blood clots, because at 12 weeks
of healing the test group showed better new bone values, statistically significant only at the marrow
compartment, even though in this study the implants were not placed bicortically. However, despite
inter-species differences impeding direct comparisons.

Efforts, limitations and recommendations for future search

This study was conducted in agreement with ARRIVE guidelines that encourages the good
practices and quality of reporting in experimental animals. The novelty of the present work lies in
the fact that there is no other study aiming to assess the impact of distinct implant macro-designs
with equal moderately-rough RBM surface treatment in two different bone environments onto the
osseointegration values and the healing patterns at the cortical and marrow compartments within the
same rabbit tibiae. This allows us to isolate the macro-design effects on osseointegration, thus
helping us separately evaluate the dynamics of the healing pattern in distinct bone densities.
However, due to the absence of functional load, these parameters reflect the structural connection

between implant and bone, and not the functional properties of the bone to implant interface.
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There is scarce pre-clinical evidence regarding sequential healing of bicortically installed implants
with two macro-designs and equal surface treatment, attempting to assess its interaction in two
topographic sites. Despite that the interaction of factors was assessed, only the topographic site
seems to contribute to values at 4 and 8 weeks. Regrettably, it is difficult to determine to which
extent each implant macro-design contributes to these findings observed at the diaphysis or
metaphysis sites. The scarce sample did not permit a proper statistical comparison. Note to mention,
the findings of the interaction are merely exploratory and should be interpreted with caution. Thus,
more studies are needed to explore the impact of different macro-designs with equal surface
roughness of different manufacturing methods (e.g. SLA, anodized, etc) on osseointegration in
rabbit model, and considering the impact of loading conditions. Also, there is no certain data on the
extent to which the rabbit tibia model, in its diaphysis or middle shaft, provides amounts of fatty
bone marrow that may affect osseointegration after eight weeks of healing. Thus, it would be of
interest to isolate its effect in a further study in the rabbit tibia model. Further studies are warranted
with a greater sample size to answer these aspects, but this is a tough challenge, taking into
consideration the ethical and economic aspects that may be involved in consideration of the

replacement, refinement, or reduction (3Rs) criteria for the use of animals in research.

Conclusions
In summary this thesis concluded that:

I.  The sequential osseointegration pattern of RBM surfaces is successful in the rabbit model.

Il.  The implant macro-designs does not significantly affect the osseointegration process in the
absence of loading across healing stages.

1. Bone morphometry and density may affect the bone apposition onto the implant surface.
The apposition rates were slightly better in diaphysis compared to metaphysis topographic
sites. The BIC values were significantly higher at 4 and 8 weeks in diaphysis sites.

IV.  There is no interaction between implant macro-design and topographic site as shown by the
multivariate analysis. Though, it was observed that Ticare Quattro® implant macro-design
showed a slightly better BIC values at diaphysis sites across the healing stages.

V.  The new bone apposition was better in the cortical- compared to the marrow- compartment.
The apposition rates were slightly better at both cortical and marrow compartments in

diaphysis compared to metaphysis sites.
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