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Abstract

The work carried out in this Thesis was motivated by the need of providing experimental data
about distraction osteogenesis to improve and validate in silico models of the process. Com-
putational models of distraction osteogenesis allow understanding the mechanobiology and
improving the clinical applications of the process. In the last years, numerical models were
proposed based on different hypothesis [59, 85, 140, 141, 145]. Although experimental stud-
ies which evaluated mechanical, biological or both aspects of distraction osteogenesis may be
found in literature [3, 8, 11, 20, 31, 32, 49, 72, 78, 79], the differences existing in the conditions
of the experiments carried out make difficult to compare among these studies and to make con-
clusions. Therefore, more experimental data are demanded to validate computational models
and to improve the clinical applications.

The aim of this Thesis was to relate quantifiable biological parameters (the bone tissue
volume and its distribution in the distraction callus, proportion of different tissue types...) with
mechanical parameters (the force through the fixator and through the callus, the mechanical
properties of the callus tissue during the process...) during the complete distraction osteoge-
nesis process. In vivo and ex vivo experiments were carried out in the same specimens and
conditions with the objective of providing results in multiple directions of analysis. These re-
sults can be connected and related, directly or using numerical analysis techniques which have
also been developed.

Bone transport experiments were carried out in 11 sheep by an interdisciplinary team of
mechanical engineers, orthopaedics surgeons and veterinarians. The experiments consisted of
the implantation of the distractor in animals which followed the same distraction protocol: 7
days of latency after surgery, 15 days of distraction with a rate of 1 mm per day, the consol-
idation phase until the distraction callus was completely ossified and the remodeling phase.
Different mechanical parameters were monitored in vivo by means of the instrumentation of
the fixator. Each animal was sacrificed at different time points (17, 22, 29, 35, 37, 51, 79, 98,
161 and 525 days after surgery) to obtain samples for ex vivo experiments along the process.

The distractor used was designed, calibrated and tested in preliminary in vivo experiments.
This distractor allowed measuring callus stiffness in vivo during the experiments at any time
under real load conditions during the distraction and consolidation phases of the bone transport
process. In vivo measurements during the distraction phase provided the force relaxation of the
callus tissue and the contribution of the callus traction and the docking-site compression to the
distraction force. In addition, an experimental band was provided for the residual force value
after each step of distraction from models of mechanical behavior of the callus tissue. During
the consolidation phase, the callus stiffness, the force through the callus and the volume of the
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callus were monitored. The period of maximum ossification took place from 20 to 70 days after
surgery, where the maximum bone tissue production rate was achieved and the volume of the
woven bone within the callus increased from zero to 80% of its maximum value (see Chapter
6). This period also coincided with the recovery of load sustained by the intervened limb (from
3 to 12% to 60 to 70%). However, this period of maximum ossification corresponded to low
callus stiffness, which increased exponentially from the end of the distraction phase but did
not achieved values above 10% of stiffness in healthy conditions. The ground reaction force
was also monitored during gait along the complete process. Gait parameters were obtained
from these measurements (peak force, mean force and impulse) and showed a decrease in the
intervened limb and, most significantly, increases in the other limbs due to the intervention.
During the consolidation, these gait parameter were approaching the normal values of healthy
animals.

Nanoindentation experiments were carried out in the harvested samples completely ossi-
fied to assess the spatial and temporal evolution of the elastic modulus of the woven bone
tissue generated during the bone transport process. The outcomes showed that the mean elas-
tic modulus of the woven bone generated during the bone transport process in the distraction
and the docking-site calluses increases with time (from 7 GPa, 35 days after surgery, to 14
GPa, 525 days after surgery approximately, which is 77% of the mean elastic modulus of the
cortical bone). This increase was slower with time (0.5 GPa per week during the first week
of consolidation to 0.05 GPa per week approximately from 161 days after surgery). Woven
bone generated during the bone transport process presented lower increments of elastic modu-
lus with time than values reported for fracture healing cases [109]. The period of time needed
in fracture healing to reach 95% of the mean elastic modulus value of cortical bone is approx-
imately 20% relative to the same magnitude in bone transport. Before these experiments were
carried out, the elastic modulus and the hardness were measured in the same sample during
60 days to ensure that the duration of the experiments do not affect the mechanical properties
of each sample. It was found that bone and woven bone elastic modulus and hardness do not
present significant trends of variation during this period of time.

Finally, a numerical analysis of the experimental results was also carried out. It consisted
of a finite element analysis based on the computed tomographies for predicting the stiffness
of the distraction callus. Two methods were used to assign the mechanical properties: manual
segmentation and segmentation according to the level of Hounsfield Units. Results using the
level of Hounsfield Units to assign the mechanical properties showed more accurate results
than using manual segmentation. The method predicted an increase of the distraction callus
stiffness from 0.1 - 0.2 to 140 - 150 kN/mm (in the order of stiffness of the healthy metatarsus)
after 250 days from bone transport surgery approximately.

Keywords: Distraction osteogenesis, bone transport, distractor, woven bone, nanoindenta-
tion, elastic modulus, callus stiffness, residual forces, gait analysis, finite element analysis.
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Chapter 0

Resumen

Este capitulo es un resumen en castellano del contenido de la Tesis. En él se especifica la
motivacién de la misma, los objetivos y la estructura. También se incluyen los principales
resultados que se han obtenido, asi como la discusion y las principales conclusiones a las que
dieron lugar. Ademds, se proponen algunas lineas futuras de investigaciéon. Finalmente, se
ofrece un listado de las principales contribuciones aportadas durante el desarrollo de la Tesis.

0.1 Motivacion

La distraccion osteogénica consiste en la generacion de nuevo tejido 6seo mediante la sepa-
racién gradual de dos segmentos 6seos a partir de una osteotomia inicial. Desde que la dis-
traccion osteogénica fue introducida por Ilizarov [76, 78, 79], la técnica ha sido aplicada tanto
en huesos largos como en huesos planos. Algunas de las aplicaciones mas importantes son:
alargamiento de extremidades, [78, 79, 155] (Fig. 1), tratamiento de no uniones en fracturas,
[25, 82, 83, 131], reconstruccién de pies [37, 60, 130], alargamiento y modificacién de la
forma de las mandibulas [156], distraccion de los huesos de la cara [44], distraccion craneal
[14, 106, 156] y tratamiento de defectos Oseos en general. Esta dltima aplicacion recibe el
nombre de transporte 6seo. El transporte dseo se usa frecuentemente en el tratamiento de de-
fectos 6seos en huesos largos mediante el desplazamiento de un segmento de hueso (segmento
de transporte) relativo a los extremos de un hueso original. La separacion del segmento de
transporte con respecto a uno de los extremos del hueso original genera un callo de distraccion
a uno de los lados del segmento de transporte. Por el otro lado, la unién progresiva de éste con
el otro extremo del hueso original, va rellenando el defecto inicial [20, 31, 72, 76, 131].

Hoy en dia la distraccién osteogénica se aplica en numerosos hospitales en todo el mundo.
Por ejemplo, el equipo de reconstruccién de extremidades del Oxford University Hospital
(Reino Unido) trata alrededor de 2000 pacientes al afio y lleva a cabo 4 o 5 intervenciones
con fijadores tipo Ilizarov semanalmente [70]. Se diagnostican hasta 100000 personas cada
afio en Estados Unidos con problemas de longitud de sus extremidades y se llevan a cabo unas
500 cirugias de alargamiento de extremidades anualmente en el Sinai Hospital, en Baltimore
(Estados Unidos) [48]. Ademads, actualmente, la distraccién osteogénica no solo se utiliza para
abordar problemas de salud. Mds de 30 hospitales privados en el mundo ofrecen tratamientos
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de alargamiento de extremidades por motivos estéticos [71]. El alargamiento de extremidades
por motivos estéticos se esta convirtiendo en una importante actividad econémica que puede
reportar entre 10000 y 150000 délares por cirugia o tratamiento [71].

El crecimiento del tejido dseo en un callo de distraccién depende del ambiente mecédnico
[95, 150]. Se ha sugerido en diferentes trabajos [22, 23, 135, 136] que uno de los factores
que influyen en la diferenciacién del tejido granular a hueso maduro en una fractura es el es-
tado de deformacién del callo. Por lo tanto, en las dltimas décadas, la distraccién osteogénica
ha sido estudiada por equipos interdisciplinares formados principalmente por médicos e in-
genieros. Estos han llevado a cabo trabajos experimentales y computacionales con el obje-
tivo de entender la mecanobiologia del callo de distraccién y mejorar las técnicas de apli-
cacion de la distraccion osteogénica. Algunos trabajos experimentales han utilizado fijadores
instrumentados para tratar de obtener la evolucién de algunos pardmetros mecanicos (fuerza
a través del callo, rigidez, movimientos interfragmentarios...) del proceso de distraccién in
vivo [4, 8, 20, 31, 43, 46, 55, 177]. Otros experimentos ex vivo evaluaron las propiedades
mecdnicas del callo [47, 123]. Los trabajos llevados a cabo también proporcionaron datos de
tipo médico o biolégico como histologias o radiografias [7, 9, 11, 38, 49, 78, 79, 92, 124].
Posteriormente, el desarrollo de las técnicas computacionales ha permitido a los ingenieros
crear modelos numéricos del proceso de distraccién osteogénica que han incluido diferentes
teorfas de diferenciacién de los tejidos dependiendo del ambiente mecdanico en el callo [15-
17, 85, 140-145].

Sin embargo, aunque la técnica de distraccién osteogénica es cada dia mds demandada y
algunos estudios han sido publicados en este campo, actualmente, los cirujanos disponen de
escasa informacién y protocolos de actuacién. La mayoria de los cirujanos son autodidactas y
las complicaciones durante las aplicaciones clinicas son todavia considerables [67, 170, 171]
debido a diferentes razones. En primer lugar, los mecanismos mecanobioldgicos que rigen la
produccion de tejido 6seo y la osificacion durante el proceso no son del todo conocidos. Por
ejemplo, no existe consenso en la literatura sobre la diferenciacién de los tejidos durante la
distraccién osteogénica. Algunos autores encontraron que la osificacién intramembranosa es
predominante en el callo de distraccién [9, 39, 50, 51, 78, 79, 158, 160], mientras que otros
demostraron la prevalencia de la osificacion endocondral [92, 173, 178] o la presencia de am-
bos tipos de osificacion [49] y, por lo tanto, la presencia de cartilago. En segundo lugar, la
amplia variedad de trabajos experimentales hace dificil establecer comparaciones entre ellos
y llegar a conclusiones. El proceso de distraccién osteogénica tiene multiples aplicaciones y
puede ser llevado a cabo en diferentes huesos. Los resultados también dependen de la especie
animal utilizada. Por ejemplo, la osificacién es mds rdpida en pequefios animales como ratas
o conejos [11, 148] que en cerdos u ovejas [20, 31], para los que el tiempo de osificacién y
las condiciones de carga en el callo de distraccién son mas parecidas a las que se dan en los
humanos. Finalmente, hasta donde el autor conoce, ningtin estudio ha relacionado resultados
de trabajos in vivo, ex vivo y computacionales sobre un mismo espécimen. Los resultados de
estudios ex vivo y computacionales son limitados ya que es complicado reproducir en estos
trabajos las condiciones de carga reales. Ademads, con frecuencia los modelos computacionales
se basan en pardmetros mecénicos o proporcionan resultados no validados con estudios experi-
mentales que reproduzcan las mismas condiciones. Sin embargo, las técnicas computacionales
y ex vivo pueden proporcionar resultados que no son posibles de obtener in vivo y que son
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complementarios entre ellos para condiciones similares.

Por lo tanto, la principal motivacién de esta Tesis es llevar a cabo un estudio multiple,
que permita obtener, durante el proceso de distraccion osteogénica y usando un mismo ex-
perimento animal: pardmetros mecdnicos in vivo (fuerza a través del callo de distraccion,
rigidez...), propiedades mecdnicas locales del callo ex vivo (médulo eléstico y dureza) y as-
pectos biolégicos cuantificables (volumen del callo, tasa de produccién de tejido 6seo...). Los
resultados obtenidos son también analizados mediante técnicas computacionales para obtener
medidas in silico de los diferentes pardmetros del modelo. Esto permite aumentar el conoci-
miento de la biomecénica del proceso de distraccién osteogénica y mejorar las técnicas de
aplicacion en la préictica clinica.

Figura 1: Paciente durante la aplicacién de la distraccién osteogénica en alargamiento de ex-
tremidades, antes del tratamiento (izquierda) y después (derecha) [155].

0.2 Objetivos

El objetivo general de esta Tesis es cuantificar y relacionar, durante el proceso de distraccién
osteogénica, pardmetros bioldgicos (el volumen de hueso y su distribucién en el callo, la pro-
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porcién de los diferentes tipos de tejidos...) con pardmetros mecdnicos (fuerza a través del
fijador, propiedades mecanicas de los tejidos del callo...). Se han llevado a cabo experimentos
in vivo y ex vivo en los mismos especimenes y condiciones con el objetivo de proporcionar
resultados en multiples direcciones de andlisis para ser conectados y relacionados entre ellos
directamente o indirectamente, utilizando técnicas de analisis numérico. A continuacion, se
detallan los objetivos especificos de la Tesis:

e Proporcionar un nuevo dispositivo calibrado y probado en experimentos preliminares in
vivo que permita medir la fuerza a través del callo y la rigidez del mismo in vivo en
cualquier instante, bajo condiciones de carga reales, durante las fases de distraccién y
consolidacién del proceso de transporte 6seo. El dispositivo se disefié para ser utilizado
en experimentos de transporte dseo con ovejas y estudiar las propiedades mecdnicas del
callo de distraccién. Podria ser usado en casos diferentes con algunas adaptaciones.

e Mejorar los datos experimentales de monitorizacion de fuerzas durante la fase de dis-
traccion en huesos largos. Se registraron medidas continuas de las fuerzas de relajacion
después del desplazamiento del segmento de transporte, mediante experimentos de trans-
porte 6seo y no elongacion de extremidades, para minimizar los efectos de los tejidos
blandos colindantes y de las fuerzas musculares sobre las medidas de fuerza a través
del callo. Ademas, ajustando los datos experimentales, se proporcioné un modelo ex-
perimental del comportamiento mecénico del tejido del callo después de cada paso de
distraccion.

e Cuantificar y relacionar los siguientes pardmetros durante el proceso de transporte dseo
completo: el volumen de tejido 6seo y su distribucion en el callo de distraccion, la tasa
de produccién de nuevo tejido éseo, la fuerza que actia sobre el callo de distraccion y
sobre el fijador durante la marcha, y la rigidez del callo durante la fase de consolidacion.

e Evaluar las variaciones espaciales y temporales de las propiedades mecanicas del tejido
dseo inmaduro en el callo de distraccién durante el proceso de transporte dseo. Se utiliza
la técnica de nanoindentacién que proporciona localmente el médulo eléstico y la dureza
del tejido dseo.

e Analizar cuantitativamente la relacién entre los estados de osificacion del callo de dis-
traccién durante el transporte dseo y las variaciones en las condiciones de marcha. Se
trata de estudiar la posibilidad de usar el andlisis de marcha como un método para evaluar
el estado del proceso de distraccién osteogénica.

e Llevar a cabo un andlisis computacional para obtener una estimacion de la rigidez del
callo y de la distribucién de los tejidos del callo con el tiempo. Este andlisis computa-
cional utiliza los datos experimentales anteriores que proporcionan la variacién espacio-
temporal de las propiedades mecénicas del tejido 6seo del callo asi como su geometria.
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0.3 Estructura de la Tesis

Durante esta tesis se llevaron a cabo experimentos de transporte 6seo en animales. Un equipo
interdisciplinar se encargé de la planificacion y realizacion de estos experimentos. El equipo
lo formaban ingenieros del departamento de Ingenieria Mecanica de la Universidad de Sevilla,
traumatdlogos del Hospital Virgen del Rocio de Sevilla y veterinarios del Hospital Clinico
Veterinario de Cérdoba. La Tesis integra los trabajos de ingenieria realizados durante los ex-
perimentos (disefo y calibracién de dispositivos, monitorizacién de fuerzas, etc) asi como el
andlisis de los resultados que se basan en aspectos mecdnicos del proceso (relajacion de fuerzas
en los tejidos del callo, evolucién de la rigidez y el volumen del callo, variacién espacio tempo-
ral de las propiedades mecdnicas del tejido 6seo inmaduro, andlisis de marcha, etc). La mayoria
de estos resultados han sido publicados o enviados para su publicacién en diferentes revistas
internacionales (ver la seccién 0.9) y la mayoria de los capitulos de esta Tesis estan basados en
estos articulos como se detalla a continuacion:

El capitulo 2 introduce el proceso de distraccidon osteogénica: en qué consiste el proceso, las
diferentes fases del mismo, los mecanismos que rigen el crecimiento del callo de distraccion,
etc. También se tratan las diferentes aplicaciones del proceso de distraccion osteogénica, es-
pecialmente la de transporte seo ya que fue la técnica aplicada en los experimentos llevados
a cabo en esta Tesis. Ademds, el capitulo 2 incluye el estado del arte de la investigacion
en distraccion osteogénica, presentando los principales hallazgos sobre aspectos bioldgicos y
mecdnicos de la distraccién osteogénica desde que la técnica fue introducida por Ilizarov [77—
79].

En el capitulo 3se describen los experimentos de transporte dseo que se han realizado en
animales. En este capitulo se explican la seleccién de animales, la cirugia y el protocolo de
transporte 6seo utilizado. Ademads, el capitulo 3 explica como fueron realizadas las medidas
de los diferentes pardmetros mecénicos in vivo y ex vivo. Por dltimo, en este capitulo también
se detalla el procedimiento de recoleccién de muestras para los experimentos ex vivo asi como
los diferentes instantes analizados para cada prueba a lo largo del proceso.

El capitulo 4 incluye el disefio del distractor. Ademads, en este capitulo se describe la instru-
mentacion del fijador y el sistema de adquisicion de datos utilizados para monitorizar la fuerza
a través del callo y la rigidez del mismo. Por otro lado, se detalla el proceso de calibracién
del sistema y las medidas preliminares de fuerza y rigidez del callo. Este capitulo esta basado
en un articulo ya publicado [113]: J Mora-Macias, E Reina-Romo, and J Dominguez. Dis-
traction osteogenesis device to estimate the axial stiffness of the callus in vivo. Medical
Engineering & Physics, 37(10):969-78, 2015.

El capitulo 5 analiza las medidas in vivo de la fuerza de relajacién de los tejidos del callo
durante la fase de distraccion. En este articulo se proporciona la contribucion de la tracciéon
sobre los tejidos del callo y la compresion del docking-site a la fuerza total de distraccion.
Se proponen dos modelos diferentes de comportamiento mecanico del callo que ofrecen una
banda experimental para las fuerzas residuales después de cada paso de distraccioén. Estos re-
sultados se incluyen en un articulo publicado [114]: J Mora-Macias, E Reina-Romo and
J Dominguez. Model of the distraction callus tissue behavior during bone transport
based in experiments in vivo. Journal of the Mechanical Behavior of Biomedical Mate-
rials, 15(61):419-430, 2016.
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El capitulo 6 trata sobre la evolucién durante la fase de consolidacién de la fuerza a través
del callo, la rigidez del callo y el volumen de tejido 6seo en el callo. Estos datos fueron
obtenidos a partir de la monitorizacion in vivo y las tomografias computarizadas. Los resulta-
dos de este capitulo relacionan aspectos bioldgicos (volumen del callo y tasa de produccion
de tejido 6seo) con pardmetros mecénicos (fuerza y rigidez del callo) del proceso de dis-
traccién osteogénica. Estos resultados, los métodos utilizados para obtenerlos asi como la
discusion de los mismos han sido publicados [115]: J Mora-Macias, E Reina-Romo, M
Loépez-Pliego, MA Giraldez-Sanchez and J Dominguez. Ir vivo mechanical characteriza-
tion of the distraction callus during bone consolidation. Annals of Biomedical Engineer-
ing, 43(11):2663-74, 2015.

El capitulo 7 contiene los experimentos de nanoindentacién llevados a cabo en muestras
ex vivo para la caracterizacion de las propiedades mecanicas del tejido 6seo inmaduro formado
durante el proceso de transporte dseo. Se realizaron medidas de nanoindentacién sobre mues-
tras de tejido 6seo inmaduro obtenidas en diferentes estadios del experimento de transporte
6seo. Se mostraron las variaciones espacio temporales de médulo elastico y se compararon
con la evolucién temporal de otros pardmetros mecénicos evaluados en capitulos anteriores
como la rigidez o volumen del callo. Este capitulo estd basado en un articulo enviado para
publicacién: J Mora-Macias, A Pajares, P Miranda, J Dominguez and E Reina-Romo.
Spatial and temporal variations of the mechanical properties of the woven bone during
bone transport.

El capitulo 8 presenta un método para evaluar la rigidez del callo de distraccién medi-
ante técnicas numéricas[161]. Este método consiste en un analisis usando un modelo de el-
ementos finitos basado en tomografias computarizadas. Se compararon los resultados de dos
enfoques diferentes para la asignacién de las propiedades mecanicas de los tejidos del callo:
segmentacion manual o basada en el nivel de Hounsfield Units. Los contenidos de este capitulo
estan también incluidos en un articulo enviado para publicacién: J Mora-Macias, M Lépez, J
Dominguez and E Reina-Romo. Finite element versus experimental mechanical charac-
terization of the distraction callus.

En el capitulo 9 se analiza la evolucién de las condiciones de marcha durante el proceso
de transporte 6éseo mediante la medida de las fuerzas de reaccién sobre el suelo desde el mo-
mento de la cirugia hasta mas de un afio después. Como aproximacién preliminar que debe ser
confirmada con mds experimentos, los resultados mostraron que el andlisis de las condiciones
de marcha podria ser utilizado como un método alternativo para controlar los procesos de
distraccién osteogénica o fractura 6sea. Estos resultados han sido publicados [116]: J Mora-
Macias, E Reina-Romo, J Morgaz and J Dominguez. Ir vivo gait analysis during bone
transport. Annals of Biomedical Engineering, 43(9):2090-100, 2015.

Las principales conclusiones de esta Tesis, junto a un breve resumen the las principales
contribuciones realizadas por este trabajo y las lineas de investigacién futuras se incluyen en el
capitulo 10, asi como en las siguientes secciones del presente capitulo en castellano.

Al final de la Tesis, se ha incluido un apéndice que afiade informacién sobre los métodos
utilizados en las medidas de nanoindentacion del capitulo 7. Este apéndice A trata sobre la
variacién temporal de las medidas de médulo eldstico en la misma muestra de hueso cortical
o tejido 6seo inmaduro. Los resultados incluidos en este apéndice han sido enviados para
publicacion: J Mora-Macias, A Pajares, P Miranda, J Dominguez and E Reina-Romo.
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Time-dependence of nanoscale mechanical properties of cortical and woven bone.

0.4 Resumen de los principales resultados

Durante esta Tesis se ha llevado a cabo un experimento de transporte dseo en 11 ovejas por un
equipo interdisciplinar de ingenieros, médicos y veterinarios. Estos experimentos consistieron
en la implantacién de un distractor en el metatarso de los animales, que siguieron un mismo
protocolo de distraccion: 7 dias de latencia después de la cirugia, 15 dias de distraccién a
razén de 1 mm por dia, la fase de consolidacién, hasta que el callo de distraccién se osificd
completamente, y la fase de remodelacion.

Antes de realizar los experimentos, se disefid un distractor instrumentado, se calibrd y se
probd en experimentos preliminares in vivo. Este equipo permitié medir la rigidez del callo,
la fuerza a través del fijador y del callo in vivo, en diferentes momentos, bajo condiciones de
carga reales, durante las fases de distraccidon y consolidacién del proceso de transporte dseo
(ver capitulo 4).

Las mediciones de fuerza in vivo durante la fase de distraccién, proporcionaron la rela-
jacion diaria de los tejidos del callo durante el proceso. Se observé que la contribucién de la
compresion del docking site a la fuerza total de distraccion es despreciable frente a la traccidon
ejercida sobre el callo. Se obtuvieron dos modelos experimentales para predecir la fuerza de
relajacion de los tejidos del callo después de aplicar 1 mm de desplazamiento: uno asumiendo
la hipétesis de que la relajacion de los tejidos era total y otro asumiendo la existencia de unas
fuerzas residuales después de cada dia de distraccion. Estos modelos proporcionaron una cota
experimental de las fuerzas durante la fase de distraccién. A modo de ejemplo, las fuerzas
pico, alcanzadas justo después de distraer se incrementan desde 7 - 34 N, el primer dia de dis-
traccidn, hasta 41 - 246 N, después de 15 dias de distraccion; y las fuerzas residuales estan por
debajo de 72 N, que es el maximo que pueden alcanzar el dia 15 de distraccion (ver capitulo
5).

Durante la fase de consolidacién, se observé que el periodo de mdxima osificacién tiene
lugar entre 20 y 70 dias después de la cirugia (50 primeros dias de consolidacién). En este
intervalo se alcanza el valor maximo de produccion de tejido éseo inmaduro en el callo y se
produce el mayor incremento de volumen de tejido dseo, pasando desde practicamente cero
al inicio de la consolidacién, hasta el 80% del valor maximo (ver capitulo 6). Este periodo
también coincidié con la recuperacién de la capacidad portante en la extremidad intervenida
(desde el 3 - 12 % hasta el 60 - 70%). Sin embargo, durante este tiempo el callo tiene una
rigidez baja, que aunque se comprueba que se incrementa exponencialmente durante el proceso,
70 dias después de la cirugia no supera el 10% de la rigidez del hueso original.

La fuerza de reaccion sobre el suelo de la extremidad intervenida fue también monitorizada.
Se obtuvieron los parametros de marcha a partir de las mediciones de fuerza de reaccién durante
una pisada completa (fuerza pico, fuerza media e impulso). Se comprobd que todos estos
parametros disminuyen en la extremidad intervenida y, mds significativamente, se aumentan en
el resto de extremidades debido a la intervencién quirdrgica. Tras la cirugia se observé como
estos pardmetros volvian a sus valores en condiciones normales més de un afo después (ver
capitulo 9).
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Se realizaron experimentos de nanoindentacién en las muestras ex vivo del callo que es-
taban completamente osificadas, para obtener la evolucién espacial y temporal del médulo
eléstico del tejido 6seo inmaduro generado durante el transporte 6seo tanto en el callo de dis-
tracciéon como en el docking-site. Los resultados mostraron que el médulo eldstico medio del
tejido 6seo inmaduro aumenta con el tiempo (desde 7 GPa 35 dias después de la cirugia hasta
14 GPa 525 dias después de la cirugia aproximadamente, el 77% del valor del mddulo eléstico
medio para el hueso cortical). Este incremento de médulo eldstico medio fue disminuyendo a
lo largo del proceso (desde 0.5 GPa por semana entre 35 y 50 dias después de la cirugia, hasta
0.05 GPa por semana entre 161 y 525 dias después de la cirugia). Se comprobd que el tejido
6seo inmaduro generado durante el transporte dseo presenta menores incrementos de médulo
elédstico que el tejido 6seo inmaduro generado durante la consolidacion de una fractura dsea
[109]. El periodo de tiempo necesario para alcanzar el 95% del valor de médulo eldstico medio
para el hueso cortical en fractura es aproximadamente un 20% del tiempo necesario en el caso
de transporte 6seo (ver capitulo 7). Antes de llevar a cabo estos experimentos, se comprobd
que para muestras de hueso cortical y tejido 6seo inmaduro preparadas con el mismo método
de embebido y pulido, el médulo eldstico medio medido mediante nanoindentacién no presenta
tendencias significativas de variacién durante el tiempo de duracién de los experimentos para
cada muestra (ver anexo A).

Finalmente, se realiz6 un andlisis numérico de los resultados experimentales que consistié
en la estimacidn de la rigidez del callo mediante un modelo de elementos finitos basado en to-
mografias computarizadas. Se utilizaron dos métodos para asignar las propiedades mecdnicas:
segmentacion manual y segmentacion segin el nivel de Hounsfield Units. Los resultados de
rigidez del callo usando segmentacion segtn el nivel de Hounsfield Units resultaron ser mas
precisos que los obtenidos mediante el uso de la segmentacién manual. Se estimé un aumento
de rigidez del callo desde 0.1 - 0.2 hasta 140 - 150 kN/m (del orden de rigidez de un segmento
de hueso original del mismo tamafio que el callo) después de 250 dias desde la cirugia de
transporte 6seo (ver capitulo 8).

0.5 Discusion

En esta seccion se incluye una comparativa entre la evolucién con el tiempo de los difer-
entes pardmetros mecénicos evaluados durante el proceso de transporte dseo en los diferentes
capitulos de esta Tesis. La figura 2 muestra la medida in vivo de fuerza a través del callo y de la
rigidez del callo, el volumen de tejido dseo del callo, la tasa de produccidn de tejido 6seo (ver
capitulo 6), el médulo eldstico medio del tejido 6seo en el callo (ver capitulo 7) y la simetria de
la marcha basada en el valor pico de la fuerza de reaccion (ver capitulo 9). La figura 2 también
representa una correlacion de los valores de rigidez del callo obtenidos usando el método de
elementos finitos basado en tomografias computarizadas asignando las propiedades mecdnicas
del tejido segtin el nivel de Hounsfield Units (ver capitulo 8). Todos estos pardmetros han sido
normalizados para facilitar la comparacion.

La figura 2 muestra que la fuerza a través del callo, la rigidez del callo y el médulo eléstico
del tejido dseo inmaduro en el callo aumentan a diferente ritmo después de la fase de dis-
traccién y alcanzan valores normales (carga en la extremidad no intervenida, rigidez y médulo
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Figura 2: Evolucién temporal de los valores normalizados de fuerza a través del callo, rigidez
del callo (numérica e in vivo), volumen de tejido 6seo del callo, tasa de produccién de tejido
6seo, médulo elastico medio del tejido 6seo en el callo y simetria de la marcha basada en el
valor pico de la fuerza de reaccion. La fuerza fue normalizada con respecto al valor medio de la
fuerza interna, que es la fuerza a través del metatarso (ver capitulo 6), es decir, la suma de fuerza
a través del callo de distraccion y del fijador. La rigidez axial del callo y el volumen de tejido
6seo fueron normalizados con respecto a valores de un segmento del metatarso con la misma
longitud (ver capitulo 6). La evolucién con el tiempo del médulo eldstico del tejido 6seo del
callo se normaliz6 con el médulo eldstico medio del hueso cortical (18.2 GPa) (ver capitulo 7).
Debido a que la tasa de produccion de tejido 6seo en condiciones normales es cero, los valores
experimentales de produccién de tejido 6seo se normalizaron con respecto al valor maximo
durante el proceso. Finalmente el indice de simetria de la marcha fue escalado considerando
100% como condiciones normales para ovejas sanas (ver capitulo 9). Las ecuaciones en las
que se basan las curvas de esta figura, que son las normalizaciones de las mostradas en los
diferentes capitulos de este trabajo, se incluyen en la tabla 1

elastico del hueso cortical respectivamente) después de 90, 250 y 500 dias desde la cirugia
respectivamente. El volumen del callo se incrementé alcanzando un valor maximo de aprox-
imadamente 5 veces el volumen de un segmento de metatarso de la misma longitud 90 - 150
dias después de la cirugia. El valor maximo de produccion de tejido 6seo inmaduro se alcanzd
50 dias después de la cirugia. La recuperacion de las condiciones de marcha se realizé de una
forma mas progresiva que el resto de pardmetros analizados. Las condiciones de marcha al-
canzaron valores cercanos a los observados en animales sanos 300 dias después de la cirugia.
El anélisis de todos estos parametros mecanicos simultineamente permite obtener informacion
adicional:

e Parece que el pardmetro mecdnico que estd relacionado con la produccién de tejido dseo
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Tabla 1: Ecuaciones en las que se basan las curvas de la figura 2, que son las normalizaciones
de las mostradas en los diferentes capitulos de este trabajo.

Volumen de tejido dseo del callo 1 +e,014((,)£,<,,42) e +e,0%?0-72,(,,320)

416.7¢0-065-(1—42) 37.0e—0-007-(1—320)

Produccién de tejido 6seo (Ite 005 T )2~ (14e 000732072

Rigidez del callo (resultados numéricos) %
Rigidez del callo (resultados in vivo) 0.0540-06%
Fuerza a través del callo =" s + Hfo‘ogg(k &0
Modulo eléstico medio del tejido 6seo inmaduro 100 — 56.04¢0-0024-(1=21)
Simetria de marcha 100 — 41.23¢0-0059

inmaduro durante la fase de consolidacion es la fuerza a través del callo y no la rigidez
del callo o el mddulo eléstico del tejido 6seo del callo. Los valores maximos de la tasa de
produccion de tejido 6seo en el callo se alcanzaron cuando los valores de fuerza a través
del mismo eran menores que la fuerza total sobre el metatarso en condiciones normales.
Ademais, el valor mdximo de volumen del callo se alcanzé después de que la capaci-
dad de carga de la extremidad intervenida se recuperara y después de este momento, el
volumen del callo comenzé a decrecer. Sin embargo, para el instante de maximo volu-
men, la rigidez del callo estaba por debajo del 20 % y el mddulo eldstico del tejido del
callo estaba lejos de los valores de mddulo elastico del hueso cortical. Esto significa
que la monitorizacién del callo de distraccién mediante radiografias, que solo propor-
ciona informacién del volumen de tejido 6seo, debe ser utilizada con prudencia en las
aplicaciones clinicas.

e La contribucién del incremento de médulo eldstico del tejido 6seo inmaduro al incre-
mento de la rigidez del callo es baja en comparacién con el efecto del incremento de
volumen. Se puede observar en la figura 2 que justo después de la recuperacién de
la rigidez en la extremidad intervenida el médulo eldstico del tejido dseo del callo es
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aproximadamente un 65% del médulo eldstico en el hueso cortical, solo un 20% mas
que al principio del proceso. Sin embargo, durante el periodo de tiempo en el que la
rigidez del callo alcanzé el 100% (0 - 200 dias después de la cirugia), el volumen del
callo se incrementd desde practicamente cero hasta 4 o 5 veces el valor del volumen de
un segmento de metatarso de la misma longitud.

e La reorganizacién de la estructura y la reduccién de la porosidad del tejido dseo in-
maduro juegan un papel importante en el incremento de la rigidez del callo, especial-
mente a partir de 100 dias desde la cirugia. Una vez alcanzado el volumen médximo del
callo, aproximadamente 100 dias después de la cirugia, el volumen comenzé a decrecer.
Sin embargo, la rigidez del callo continué aumentando hasta 250 - 300 dias después de
la cirugia mientras el médulo elastico medio del tejido 6seo del callo aumentd solo un
10%. Por otro lado, a partir de 205 - 300 dias después de la cirugia, el volumen del callo
disminuyé significativamente; sin embargo, la rigidez del callo se mantuvo aproximada-
mente constante y el médulo eldstico medio aumentd solo un 20% en 200 dias. Todo
esto no puede ser justificado sin la reorganizacién de la estructura, la reduccién de la
porosidad y/o la variacién de la heterogeneidad del tejido 6seo inmaduro del callo. De
hecho, se ha demostrado que la variacidon de la heterogeneidad del hueso afecta a las
propiedades mecdnicas del mismo [164].

e Larecuperacion de las condiciones de simetria durante la marcha se produjo tras alcanzar
el 100% de rigidez. Esto refuerza la conclusién del capitulo 9 sobre la posibilidad de
utilizar el anélisis de la marcha como un método alternativo para controlar los procesos
de distraccioén osteogénica o fractura 6sea. Si las condiciones de marcha se recuperan
se habra recuperado la rigidez de la extremidad intervenida. Esto hace del anélisis de
marcha un criterio seguro para evaluar la distraccion osteogénica en comparacién con la
evaluacion radiogréfica ya que se ha visto que el madximo volumen del callo se alcanza
antes de que la rigidez de la extremidad se recupere.

0.6 Conclusiones
A continuacién se incluyen las principales conclusiones de esta Tesis:

e El distractor instrumentado desarrollado y calibrado en el capitulo 4 ha permitido la
caracterizacién mecdnica del proceso de transporte 6seo mediante los experimentos 11-
evados a cabo en esta Tesis. Dispositivos con caracteristicas similares proporcionan un
exhaustivo control durante las aplicaciones del proceso de distraccion osteogénica ya que
permiten monitorizar la fuerza y la rigidez del callo durante el tiempo que el distractor
esta implantado en el paciente.

e [.os modelos de comportamiento de los tejidos del callo desarrollados han proporcionado
los limites experimentales para los valores de fuerza de relajacion después de cada paso
de distraccion (ver capitulo 5). Segun estos modelos, la fuerza residual 24 horas después
de cada paso de distraccion alcanzé un valor maximo de 71.6 N y el pico de fuerza de
relajaciéon aumentd desde 7 - 34 N hasta 41 - 246 N. Los valores maximos de fuerza
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residual predichos por los modelos son mucho menores que los valores medidos durante
aplicacion de la distraccidn osteogénica en alargamiento de huesos [177]. Estos resulta-
dos pueden deberse a la diferente influencia de los tejidos blandos colindantes al callo de
distraccion durante el transporte dseo y el alargamiento 6seo. Ademas, las medidas ex-
perimentales tomadas demostraron que, cuando se desplaza el segmento de transporte, la
fuerza de distraccidn requerida debido a la compresion del docking-site es despreciable
con respecto a la fuerza de traccién del callo de distraccion.

Durante la fase de consolidacion del proceso de transporte 6seo, el periodo de maxima
osificacién tuvo lugar entre 20 y 70 dias después de la cirugia, cuando se alcanzé la
mayor produccion de tejido 6seo inmaduro en el callo, aumentando el volumen de tejido
mineralizado en el callo desde practicamente cero hasta el 80% del méximo (ver capitulo
6). Este periodo también coincidi6 con el de recuperacién de la carga soportada por la
extremidad intervenida (del 3 - 12% al 60 - 70%). Sin embargo, este periodo de méxima
osificacion corresponde con valores bajos de rigidez. La rigidez del callo aumenté expo-
nencialmente desde el final de la fase de distraccién pero no pasé del 10 % de la rigidez
de un segmento de hueso cortical de las mismas dimensiones hasta 70 dias después de la
cirugia.

Por lo tanto, se puede concluir que el volumen de callo puede ser un buen indicador de la
capacidad de carga de la extremidad intervenida pero no de la rigidez de la misma. Esto
significa que el seguimiento mediante radiografia que se lleva a cabo normalmente en la
préctica clinica puede predecir la capacidad de carga pero no la rigidez de la extremi-
dad intervenida. El mayor incremento de rigidez se produce después de que el maximo
volumen sea alcanzado y una vez se recupera la capacidad de carga de la extremidad
intervenida (ver capitulo 8), es decir, durante la fase de remodelacién.

Las medidas de nanoindentacién del capitulo 7 mostraron que el médulo elédstico medio
del tejido 6seo inmaduro generado durante el proceso de transporte dseo en el callo de
distraccién y en el docking site, se incrementa con el tiempo (desde 7 GPa, 35 dias
después de la cirugia, hasta 14 GPa, 525 dias después de la cirugia, aproximadamente el
77% del médulo elastico medio del hueso cortical). Este incremento fue menor con el
tiempo tanto en el tejido 6seo inmaduro del callo de distraccién como en el docking-site
(entre 0.5 GPa por semana al inicio del proceso, hasta 0.05 GPa por semana a partir de
161 dias después de la cirugia). Se observo que el tejido 6seo inmaduro generado durante
el transporte 6seo presenta menores incrementos de médulo eldstico con el tiempo que el
generado durante la consolidacion de una fractura [109]. Durante la fractura, el periodo
de tiempo necesario para que el nuevo tejido 6seo alcance el 95% del valor medio de
moddulo eléstico del hueso cortical es aproximadamente un 20% en relacion a la misma
magnitud en el caso de transporte 6seo. Esto podria deberse a la ausencia de estimulo
de traccidn en el caso de fractura sea. Ademds, en cuanto a la variacién espacial de las
propiedades mecdnicas en la misma muestra, se observaron diferentes distribuciones del
moédulo eldstico medio segiin el momento del proceso analizado.

La rigidez del callo de distraccién fue obtenida mediante andlisis con elementos finitos
basado en tomografias computarizadas (ver capitulo 8). Los resultados de aplicacion
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de esta técnica utilizando el nivel de Hounsfield Units para asignar las propiedades
mecanicas de los tejidos del callo de distraccién han mostrado resultados mas precisos
que utilizando segmentacién manual. La segmentacién manual trabaja con sets ho-
mogéneos de elementos y ha sido usada con frecuencia en estudios computacionales
de distraccion osteogénica y fractura ésea [59, 85, 140, 141, 145]. Por lo tanto, los
modelos in silico combinados con imdgenes de tomografias computarizadas pueden ser
muy ttiles para mejorar los actuales protocolos clinicos y los futuros trabajos computa-
cionales. Los resultados de la aplicacién de la técnica mostraron un incremento de la
rigidez del callo de distraccién entre 0.1 - 0.2 y 140 - 150 kN/mm (valor del orden de la
rigidez de un segmento de metatarso de igual longitud) después de 250 dias de la cirugia
de transporte aproximadamente.

e El andlisis de la marcha se podria utilizar como método alternativo en el control de la
evolucién de los procesos de distraccidn osteogénica o fractura 6sea (ver capitulo 9).
Los parametros de la marcha obtenidos de la monitorizacion de la fuerza de reaccion en
la extremidad intervenida (pico de fuerza, fuerza media e impulso), disminuyeron en la
pata intervenida y aumentaron mas significativamente en el resto de extremidades debido
a la cirugia de transporte 6seo. Durante el proceso de consolidacién, estos pardmetros
fueron recuperando los valores normales en animales sanos. Conociendo la evolucién de
estos pardmetros en un paciente podria determinarse el estado de osificacion del callo y
estimarse el momento apropiado para retirar el fijador. Ademads, el andlisis de la mar-
cha presenta ventajas sobre otros métodos de control de la distraccion osteogénica ya
que proporciona datos cuantitativos, no requiere de distractores instrumentados y no es
invasivo.

0.7 Aportaciones originales

A continuacién se incluyen las principales aportaciones de esta Tesis:

e Disefio y calibracion de un nuevo distractor instrumentado que permite la monitorizacién
de la fuerza y la rigidez del callo de distraccién durante el transporte éseo.

e Se han proporcionado dos modelos de comportamiento mecanico de los tejidos del callo
durante la fase de distraccion del proceso de transporte 6seo basados en experimentos in
vivo: asumiendo la relajacién total de los tejidos y asumiendo la existencia de fuerzas
residuales. Se obtuvieron los limites experimentales para la fuerza de relajacién. Se
ha observado experimentalmente que la fuerza de distracciéon empleada en comprimir
el docking site es despreciable frente a la empleada en la elongacion del callo de dis-
traccion.

e Medidas experimentales in vivo de fuerza, rigidez del callo y volumen del callo durante
la fase de consolidacién del proceso de transporte seo.

e Variaciones espaciales y temporales del mddulo elastico del tejido 6seo inmaduro gener-
ado durante el transporte 6seo en el callo de distraccién y en el docking-site.
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e Estimacién de la rigidez del callo de distraccién durante el transporte dseo mediante
analisis con elementos finitos basado en tomografias computarizadas. La técnica se
aplicé utilizando el nivel de Hounsfield Units para asignar las propiedades mecénicas
de los tejidos del callo y usando segmentacion manual.

e Monitorizacién de la recuperacion de las condiciones de marcha (pico, media e impulso
de las fuerzas de reaccion sobre el suelo en la extremidad intervenida) durante el proceso
de transporte 6seo.

e Comparaciéon de la evolucion de los datos experimentales anteriores (fuerza de rela-
jacion, fuerza a través del callo, rigidez del callo, volumen del callo, tasa de produccién
de tejido 6seo, modulo eléstico del tejido dseo inmaduro y recuperacion de las condi-
ciones de marcha), todos ellos obtenidos del mismo experimento de transporte §seo.

0.8 Trabajos futuros

Las posibles mejoras y lineas de investigacion en distraccién osteogénica son innumerables ya
que el proceso no estd totalmente definido hoy en dia desde el punto de vista mecanobiolégico.
Son necesarios nuevos hallazgos cientificos para proporcionar instrucciones en aplicaciones
clinicas adaptables a las particularidades de cada caso y no solo basadas en la experiencia
clinica. Los modelos computacionales basados en datos experimentales pueden contribuir a
hacer posible una herramienta capaz de predecir la evolucién del proceso de distraccion os-
teogénica en diferentes situaciones. Por lo tanto, se deben desarrollar tanto trabajos experi-
mentales como computacionales en los préximos afios y algunos de ellos podrian utilizar los
datos aportados por esta Tesis como una extension del trabajo realizado. Algunas de las lineas
de investigacion que podrian desarrollarse son las siguientes:

1. Trabajos experimentales futuros:

e Este trabajo proporciona datos sobre la evolucién local de las propiedades mecanicas
del tejido 6seo inmaduro durante la distraccién osteogénica. Aunque la fuerza de
relajacion de los tejidos en el callo durante la fase de distraccion ha sido obtenida,
la evolucion de las propiedades mecénicas locales de cada tipo de tejido en el callo
de distraccién no se ha estudiado. Se necesita una caracterizacién mecdnica mas
exhaustiva del tejido blando en diferentes instantes del proceso para completar la
base de datos experimentales sobre distraccidn osteogénica, especialmente durante
la fase de distraccién. Por ejemplo, podrian llevarse a cabo experimentos de nanoin-
dentacién del tejido blando similares a los realizados en esta Tesis para el tejido
6seo.

e Todos los pardmetros mecanicos medidos experimentalmente en esta Tesis, es-
pecialmente el estudio de las fuerzas de relajacién en cada paso de distraccidn,
deberian ser evaluados durante el mismo experimento de distraccién osteogénica
pero con una fase de distraccién de mayor duracioén (més longitud del callo). Los
resultados de esta Tesis demostraron que los tejidos del callo de distraccién au-
mentan sus propiedades mecdnicas con el tiempo. Esto quiere decir que para una
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duracién diferente de la fase de distraccion, los tejidos del callo tendrian diferentes
propiedades mecanicas que las obtenidas en este trabajo y esto cambiaria las condi-
ciones de contorno de fuerza en el callo. Esto podria tener consecuencias en una
diferente evolucion de la osificacién durante la fase de consolidacion.

e Aunque los resultados de este trabajo permitieron comparar algunos parametros
mecdanicos medidos durante el proceso de transporte 6seo con pardmetros similares
medidos durante la aplicacién de la distraccién osteogénica en el alargamiento de
extremidades (e.g., el efecto de la elongacion de los tejidos blandos colindantes en
la fuerza sobre el callo), las diferentes condiciones de los experimentos en la lit-
eratura hace dificil obtener mds conclusiones. Experimentos de alargamiento dseo
que sigan las mismas condiciones mecdnicas y usen el mismo tipo de animales que
en esta Tesis podrian aportar informacion ttil sobre las diferencias mecdnicas entre
ambas aplicaciones de la distraccioén osteogénica: transporte 6seo y alargamiento
de extremidades.

e Este trabajo y otros en la literatura se han centrado en las propiedades mecénicas
elésticas del tejido 6seo inmaduro; sin embargo, en ciertas condiciones, el compor-
tamiento mecanico del tejido 6seo inmaduro no se puede asumir eldstico lineal. Por
lo tanto, se necesitan trabajos futuros que evalden las propiedades viscoeldsticas del
tejido 6seo inmaduro.

e Es necesario monitorizar experimentalmente la angiogénesis con métodos que per-
mitan obtener datos cuantitativos del proceso. Esto permitiria determinar como
afecta la angiogénesis al aumento de rigidez del callo, el aumento de médulo
eléstico, la reduccién de la porosidad y la reorganizacion del tejido 6seo inmaduro
observados en esta Tesis.

2. Trabajos computacionales futuros: Las conclusiones de esta Tesis y los datos experimen-
tales obtenidos pueden aplicarse a la mejora de trabajos computacionales en distraccion
osteogénica [85, 86, 141-144, 146] o a la generacién de nuevos modelos. Especialmente,
los aspectos que podrian ser estudiados o afiadidos en nuevos trabajos computacionales
son los siguientes:

e Los datos experimentales de fuerza de relajacion obtenidos en el capitulo 5 podrian
utilizarse en la mejora y desarrollo de modelos computacionales sobre la fase de
distraccion.

e El capitulo 8 muestra que los resultados de modelos de elementos finitos que uti-
lizan el nivel de Hounsfield Units para asignar las propiedades mecanicas de los ele-
mentos del callo de distraccién son mds precisos que los que utilizan segmentacién
manual. Los nuevos modelos computacionales sobre distraccién osteogénica de-
berian tener en cuenta el nivel de escala de gris de los tejidos del callo medido
experimentalmente mediante radiografias o tomografias computarizadas.

e Ademads del incremento del volumen del callo y de las propiedades mecénicas de
los tejidos, los resultados de esta Tesis han demostrado que la reorganizacién de
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la estructura del tejido éseo inmaduro, la reduccién de la porosidad y/o los cam-
bios en la heterogeneidad del tejido 6seo inmaduro contribuyen al incremento de
la rigidez del callo. Los resultados de esta Tesis pueden utilizarse en la validacion
de modelos de la fase de consolidacion de la distraccidén osteogénica que propon-
gan diferentes hipétesis sobre la contribucién de estos factores en el proceso de
distraccién osteogénica.
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Chapter 1

Motivation, objectives and outline

The motivation of this Thesis is founded on the clinical and economical impact of distraction
osteogenesis as well as the lack of knowledge about some mechanical and biological factors
that rule the process. Increasing the knowledge of these factors would improve the clinical
applications. The main objectives of this Thesis, a brief description of the contents, and the
publications of the results are also included in this Chapter.

1.1 Motivation

Distraction osteogenesis consists of generating new bone tissue by the gradual separation of
two bone fragments from an osteotomy. Since distraction osteogenesis was introduced by
Llizarov [76, 78, 79], this technique has been used in long bones as well as in irregular or flat
bones applications. Some of the most important applications are: limb lengthening [78, 79,
155] (Fig. 1.1), treatment of non unions [25, 82, 83, 131], foot reconstruction [37, 60, 130]
mandibular lengthening and widening [156], maxillary and midface distraction [44], cranial
distraction [14, 106, 156] and treatment of bone defects. In this last case, it is called bone
transport. Bone transport is widely used for the treatment of long bone defects by means of
the displacement of a bone transportable segment relative to the end segments of an original
bone. This displacement generates a distraction callus with respect to the former segment
of the original bone at the same time that closes a gap with respect to the second segment
[20, 31, 72,76, 131].

Nowadays, distraction osteogenesis is used frequently in hospitals worldwide. For exam-
ple, over 2000 patients are seen annually by the team of Limb Reconstruction of the Oxford
University Hospital (UK) and 4-5 Ilizarov cases are performed weekly [70]. Up to 100000 peo-
ple are diagnosed with limb-length disorders in US each year and about 500 limb-lengthening
surgeries are performed each year at Sinai Hospital in Baltimore (US) [48]. In addition, cur-
rently, distraction osteogenesis is not being used only for health problems of the limbs. More
than 30 hospitals around the world are offering cosmetic leg lengthening [71]. It is becom-
ing an important economic activity which involves costs between 10000 and 150000 USD per
surgery for patients [71].

The growth of the new bone tissue in a distraction callus depends on the mechanical en-
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vironment [95, 150]. It has been suggested that one of the factors of influence in the differ-
entiation of the tissues from granular tissue to mature bone in fracture healing is the strain
status of the callus [22, 23, 135, 136]. Therefore, during the last decades, distraction osteoge-
nesis has been studied by multidisciplinary teams: doctors and engineers. They have carried
out both experimental and computational works to understand the mechanobiology of the dis-
traction callus and improve the distraction osteogenesis techniques. Experimental works using
instrumented fixators have tried to provide the evolution of some mechanical parameters (force,
callus stiffness, interfragmentary movements...) of the distraction osteogenesis process in vivo
[4, 8, 20, 31, 43, 46, 55, 177]. Ex vivo experiments have also been performed to assess the
material properties of the callus [47, 123]. Other experimental works have obtained histolo-
gies, radiographies and other medical outcomes [7, 9, 11, 38, 49, 78, 79, 92, 124]. Later, the
development of computational technologies allowed engineers to set up numerical models of
distraction osteogenesis which have included different tissue differentiation theories where tis-
sue evolution depends on the mechanical environment within the callus [15-17, 85, 140-145].

However, although distraction osteogenesis is an increasing demanding field and some
studies have been published, currently, there are limited instructions available. Most of the
surgeons are self-taught and complications are still considerable when this technique is applied
[67, 170, 171] due to different reasons. Firstly, mechanobiologic mechanisms which regulates
the bone tissue production and ossification during the process are not totally known. For ex-
ample, there is no concordance in the literature about tissue differentiation during distraction
osteogenesis. Some authors reported intramembranous ossification in the distraction callus
[9, 39, 50, 51, 78, 79, 158, 160] whilst others demonstrated the prevalence of endochondral os-
sification [92, 173, 178] or both [49] and therefore the presence of cartilage. Secondly, the wide
variety of experimental works make difficult the comparison among them and obtaining con-
clusions. The distraction osteogenesis process has different applications and may be applied at
different bones. Moreover outcomes depend on the animals used. For example, ossification is
faster in little animals such as rats or rabbits [11, 148] than in pigs or sheep [20, 31], for which
ossification time and load conditions in the distraction callus are closer to humans. Finally, as
far as the author knows, no study relates in vivo, ex vivo and computational results of the same
specimens. Ex vivo results and computational studies are limited since it is difficult to repro-
duce the real loading conditions. In addition, frequently computational studies are based on
mechanical parameters or provide results that have not been validated with experimental stud-
ies that reproduce the same conditions. Nevertheless, ex vivo and computational techniques
may provide outcomes that are not possible to obtain in vivo and are complementary among
them for similar conditions.

Therefore, the main motivation of this thesis is to carry out a multiple study which allows
obtaining in vivo general mechanical parameters (force through the callus and fixator, callus
stiffness...), ex vivo local mechanical properties of the callus (elastic modulus and hardness)
and biological quantifiable aspects (callus volume, bone tissue production rate...) during the
complete process of distraction osteogenesis from the same animal experiment. Outcomes are
also analyzed by means of computational techniques to obtain in silico measurements of differ-
ent parameters of the model. It would allow increasing the knowledge of the mechanobiology
of the distraction osteogenesis process and improving the applications techniques.
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Figure 1.1: Patient before treatment (left) and after lengthening and remodeling the shape of
her leg (right) [155]

1.2 Objectives

The general objective of this Thesis is to quantify and relate during the complete distraction
osteogenesis process quantifiable biological parameters (the bone tissue volume and its dis-
tribution in the distraction callus, proportions of different tissue types...) with mechanical
parameters (the force through the fixator and through the callus, the mechanical properties of
the callus tissue during the process...). In vivo and ex vivo experiments were carried out in
the same specimens and conditions with the aim of providing results in multiple directions of
analysis to be connected and related among them, directly or indirectly by means of the use of
numerical analysis techniques which were also developed. Next, some of the partial objectives
are itemized:

e To provide a new and calibrated distractor tested in preliminary in vivo experiments. It
allows measuring force through the callus and callus stiffness in vivo at any time under
real load conditions during the distraction and consolidation phases of the bone transport
process. The device is designed to be applied during sheep bone transport experiments to
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study mechanical properties of the callus distraction, and to be used in other cases with
some adaptations.

e To improve the experimental database of force monitoring during distraction phase in
long-bone, specially continuous measurements of force relaxation curves after bone
transportable segment displacement. Obtaining these curves from bone transport exper-
iments instead of from bone lengthening experiments minimizes effects of surroundings
tissue and muscle resistance in force through callus measurements.

e To provide an experimental model of the mechanical behavior of the callus tissue after
each step of distraction by fitting experimental results above.

e To quantify and relate the following parameters during the complete phase of the bone
transport process: the bone tissue volume and its distribution in the distraction callus, the
bone tissue production rate, the force through the fixator and through the callus during
gait, and the callus stiffness during the consolidation phase of the process.

e To evaluate the spatial and temporal variations of the distraction callus mechanical prop-
erties by means of nanoindentation experiments that provide local elastic modulus of the
woven bone tissue.

e To analyze quantitatively the relationship between the ossification states of the distrac-
tion callus during bone transport with variations in gait conditions and to assess the
possibility of using gait analysis as a method to evaluate distraction osteogenesis process
status.

e To carry out a computational analysis to obtain an estimation of the callus stiffness and
the distribution of the tissues within the callus. The computational analysis uses as feed-
back the experiments mentioned above, which provide spatial and temporal mechanical
properties of the complete geometry of the callus tissue from experimental measurements
of different mechanical parameters.

1.3 Organization of the Thesis

Animal experiments of the bone transport process were performed by an interdisciplinary team
of mechanical engineers of the department of Mechanical Engineering and Manufacturing of
the University of Seville, orthopaedics surgeons of the department of Orthopaedic of the Uni-
versitary Hospital Virgen del Rocio of Seville and veterinarians of the department of Animal
Medicine and Surgery of the Veterinary Hospital of the University of Cérdoba. This Thesis
integrates the engineering works carried out during these experiments (design and calibration
of devices, monitoring of forces, etc.) as well as the analysis of the results based on mechanical
aspects of the process (force relaxation of the callus tissue, evolution of the callus stiffness and
volume, spatial and temporal variations of the mechanical properties of the woven bone, gait
analysis, etc). Most of these outcomes have been published or submitted for publication in
different journals (see section 1.4) and most of the Chapters of this thesis are based on these



1.3. ORGANIZATION OF THE THESIS 23

papers as is detailed below. The remaining of this Thesis is composed of nine Chapters and
one appendix, which are organized as follows:

Chapter 2 introduces the distraction osteogenesis process: a brief description of the process,
its different phases, mechanisms that rule the callus growth... It also deals with the different
applications of the distraction osteogenesis, specially the bone transport since it was the tech-
nique applied in the experiments performed in this Thesis. In addition, the state of the art of
the research in distraction osteogenesis is treated in Chapter 2. The main findings about the
biological and mechanical aspects of the distraction osteogenesis process since the process was
released by Ilizarov [77-79] are presented.

The bone transport experiments carried out are described in Chapter 3. The animals selec-
tion, the surgery and the bone transport protocol used are explained. Furthermore, Chapter 3
includes how the different mechanical measurements were performed both in vivo and ex vivo.
The proceeding of sample harvest for ex vivo experiments as well as the time points analyzed
for each test were also detailed.

Chapter 4 includes the design of the distractor. It describes the instrumentation of the fix-
ator and the acquisition system used for monitoring of the force through the callus and the
callus stiffness. On the other hand, the calibration of the system and the preliminary force and
callus stiffness measurements were reported. This Chapter is based on a paper published in lit-
erature [113]: J Mora-Macias, E Reina-Romo and J Dominguez. Distraction osteogenesis
device to estimate the axial stiffness of the callus in vivo. Medical Engineering & Physics,
37(10):969-78, 2015.

Chapter 5 analyzes the in vivo measurements of force relaxation of the callus tissue during
the distraction phase. It provides the contribution of the callus traction and the docking-site
compression to the distraction force. Two different models of the mechanical behavior of the
callus are proposed which give an experimental band for the residual force value after each
step of distraction. These results are included in a paper published in the literature [114]: J
Mora-Macias, E Reina-Romo and J Dominguez. Model of the distraction callus tissue
behavior during bone transport based in experiments in vivo. Journal of the Mechanical
Behavior of Biomedical Materials, 15(61):419-430, 2016.

Chapter 6 deals with the evolution of the force through the callus during the consolida-
tion phase, the callus stiffness and the woven bone volume within the callus. These data were
reported from in vivo measurements and computerized tomographies. These outcomes relate
biological aspects (callus volume and tissue production rate) with mechanical parameters (cal-
lus force and stiffness) of the distraction osteogenesis process. These results, the methods
used to obtain them and the discussion of them were also published [115]: J Mora-Macias,
E Reina-Romo, M Lépez-Pliego, MA Giraldez-Sanchez and J Dominguez. In vivo me-
chanical characterization of the distraction callus during bone consolidation. Annals of
Biomedical Engineering, 43(11):2663-74, 2015.

Chapter 7 comprises ex vivo experiments of nanoindentation carried out in callus samples to
characterize the material properties of the woven bone within the callus. Woven bone samples
from the bone transport experiment harvested at different time points and location within the
distraction and the docking site calluses were nanoindented. Spatial and temporal variations are
reported and compared with the temporal evolution of other mechanical parameters obtained
in Chapters above such as the callus stiffness or the volume of the callus. This Chapter is based
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on a paper submitted for publication: J Mora-Macias, A Pajares, P Miranda, J Dominguez
and E Reina-Romo. Spatial and temporal variations of the mechanical properties of the
woven bone during bone transport.

Chapter 8 presents a method to evaluate the stiffness of the distraction callus after removal
of the instrumented fixator used previously in bone healing [161]. It consists of finite element
analyses based on computed tomographies. Results of two different approaches to assign the
mechanical properties to the tissues developed within the distracted callus are compared: man-
ual segmentation or based on the level of Hounsfield Units. The contents of this Chapter are
also included in a paper submitted for publication: J Mora-Macias, M Loépez, J Dominguez
and E Reina-Romo. Finite element versus experimental mechanical characterization of
the distraction callus.

The evolution of the gait conditions during the bone transport process are analyzed in Chap-
ter 9 by means of measuring the ground reaction force from the surgery to more than one year
later. Results show, as a preliminary approach to be confirmed with more experiments, that
gait analysis could be used as an alternative method to control distraction osteogenesis or bone
healing. These outcomes are published [116]: J Mora-Macias, E Reina-Romo, J Morgaz
and J Dominguez. In vivo gait analysis during bone transport. Annals of Biomedical
Engineering, 43(9):2090-100, 2015.

The main conclusions of this Thesis, together with a brief summary, the main original
contributions here presented and the future work lines are collected in Chapter 10.

Finally, an appendix is included at the end of the Thesis that adds information about the
methods used in Chapter 7. Appendix A deals with the temporal variation of the elastic mod-
ulus measurements via nanoindentation in the same cortical and woven bone samples. Out-
comes included in this appendix were submitted for publication: J Mora-Macias, A Pajares,
P Miranda, J Dominguez and E Reina-Romo. Time-dependence of nanoscale mechanical
properties of cortical and woven bone.

1.4 Publications

1.4.1 Publication of the results of this Thesis

The main results of this work have been partially published in the following journals and con-
ferences or are in preparation:

Journals

e J Mora-Macfias, E Reina-Romo, J Morgaz and J Dominguez. In vivo gait analysis during
bone transport. Annals of Biomedical Engineering, 43(9):2090-100, 2015.

e J Mora-Macias, E Reina-Romo and J] Dominguez. Distraction osteogenesis device to es-
timate the axial stiffness of the callus in vivo. Medical Engineering & Physics, 37(10):969-
78, 2015.

e J Mora-Macias, E Reina-Romo, M Lépez-Pliego, MA Giraldez-Sédnchez and J Dominguez.
In vivo mechanical characterization of the distraction callus during bone consolidation.



1.4. PUBLICATIONS 25

Annals of Biomedical Engineering, 43(11):2663-74, 2015.

e J Mora-Macias, E Reina-Romo and J Dominguez. Model of the distraction callus tissue
behavior during bone transport based in experiments in vivo. Journal of the Mechanical
Behavior of Biomedical Materials, 15(61):419-430, 2016.

e J Mora-Macias, A Pajares, P Miranda, ] Dominguez and E Reina-Romo. Time-dependence
of nanoscale mechanical properties of cortical and woven bone. Manuscript submitted
for publication.

e J Mora-Macias, A Pajares, P Miranda, J Dominguez and E Reina-Romo. Spatial and
temporal variations of the mechanical properties of the woven bone during bone trans-
port. Manuscript submitted for publication.

e ] Mora-Macias, M Lépez, ] Dominguez and E Reina-Romo. Finite element versus ex-
perimental mechanical characterization of the distraction callus. Manuscript submitted
for publication.

e J Mora-Macias, M Lépez, J] Dominguez and E Reina-Romo. Mechanical characteri-
zation of the woven bone of docking-site callus by means of finite element analysis.
Manuscript in preparation.

Conferences

e ] Mora-Macias, E Reina-Romo and J Dominguez. Disefio de dispositivos para el analisis
del proceso de transporte 6seo en ovejas. XXIX Encuentro del Grupo Espaiiol de Frac-
tura. Bilbao, Spain, March 2012

e J Mora-Macias, E Reina-Romo and J Dominguez. Monitorizacién de fuerzas durante el
proceso de transporte 6seo en ovejas. II Reunion del Capitulo Espafiol de la Sociedad
Europea de Biomecénica. Sevilla, Spain, October, 2012

e J Mora-Macias, M Loépez-Pliego, MA Giraldez-Sanchez, J] Morgaz, E Reina-Romo and
J Dominguez. Bone stiffness during bone transport: device design. 19" Congress of the
European Society of Biomechanics. Patras, Greece, August, 2013

e J Mora-Macias, M Lépez-Pliego, MA Giraldez-Sanchez, J Morgaz, E Reina-Romo and J
Dominguez. Anélisis experimental del proceso de transporte 6seo en ovejas: mecanobi-
ologia del callo de distraccion. III Reunién del Capitulo Espaiol de la Sociedad Europea
de Biomecdnica. Barcelona, Spain, October 2013

e J Mora-Macias, E Reina-Romo, J Morgaz, M Lépez-Pliego, MA Giréldez-Sanchez and
J Dominguez. In vivo gait analysis during bone transport. 7" World Congress of Biome-
chanics. Boston, United States of America, July 2014

e J Mora-Macias, E Reina-Romo, MA Giraldez-Sanchez, J] Morgaz, M Lépez-Pliego and
J Dominguez. Monitorizacién 3D del callo en distraccion osteogénica. IV Reunion del
Capitulo Espaiiol de la Sociedad Europea de Biomecénica. Valencia, Spain, November
2014
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e J Mora-Macias, E Reina-Romo, M Lépez-Pliego, MA Girdldez-Sanchez, J Morgaz and
J Dominguez. Force relaxation in distraction callus during bone transport. 21" Congress
of the European Society of Biomechanics. Prague, Czech Republic, July, 2015

e J Mora-Macias, M Lépez, J] Dominguez and E Reina-Romo. Prediccion numérica de la
rigidez del callo de distraccién en base a tomografias computarizadas. V Reunién del
Capitulo Espafiol de la Sociedad Europea de Biomecanica. Madrid, Spain, November
2015

e J Mora-Macias, E Reina-Romo, A Pajares, P Miranda and J Dominguez. Variacién
espacio-temporal de las propiedades mecdnicas del hueso inmaduro durante el transporte
6seo. V Reunién del Capitulo Espafiol de la Sociedad Europea de Biomecanica. Madrid,
Spain, November 2015

1.4.2 Other contributions of this Thesis

Apart from the publications about the results obtained, the work carried out during this Thesis
has contributed to the generation of works published in other lines of research. Some of these
works have been focused on other biological aspects of the results of the experiments carried
out that were not analyzed in this Thesis (histologies of the callus, composition of the woven
bone, measures of angiogenesis...). Other works have used the experience in medical devices
design generated during the realization of this Thesis:

Patents

e C Pardo-Pardo, A Ordéiiez, I Valverde-Pérez, SL Pardo-Prieto, ] Mora-Macias, E Reina-
Romo and J Dominguez. Dispositivo de control de flujo de sangre en un vaso sanguineo.
OEPM Madrid (Spain) P201630066, January 20, 2016

Journals

e E Reina-Romo, M Girdldez-Sanchez, J Mora-Macias, P Cano-Luis and J Dominguez.
Biomechanical design of less invasive stabilization system femoral plates: computational
evaluation of the fracture environment. Proceedings of the Institution of Mechanical
Engineers, Part H: Journal of Engineering in Medicine, 228(10):1043-52, 2014.

e M Loépez-Pliego, MA Giraldez-Sanchez, ] Mora-Macias, E Reina-Romo and J Dominguez.
Histological evolution of the regenerate during bone transport. Experimental study in
sheep. Manuscript submitted for publication.

o M Lopez-Pliego et al. Histological study of the docking site after bone transport in
lambs. Manuscript in preparation.

e J Martinez-Reina, J Garcia, ] Mora-Macias, E Reina-Romo and J Dominguez. Compo-
sition of the woven bone of distraction callus. Manuscript in preparation.
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Conferences

e [ Pardo-Pardo, I Valverde-Pérez, R Hoseimpour, ] Mora Macias, E Sdnchez de Rojas - de
Pedro, M Urbano-Luque, E Reina Romo, J Dominguez, A Ordéiiez. Nuevo dispositivo
banding ajustable para el control del flujo de la arteria pulmonar. Congreso Nacional de
la Sociedad Espaiola de Cardiologia Pediatrica y Cardiopatias Congénitas. Valladolid,
Spain May 2016.

e J Mora-Macias, A Alneami, J] Hollmann, M Niedre, C DiMarzio, SJ Shefelbine. Tuning
a device to monitor blood perfusion in bone with near-infrared spectroscopy. IV Re-
unién del Capitulo Espafiol de la Sociedad Europea de Biomecdanica. Valencia, Spain,
November 2014



Chapter 2

Introduction

The following sections introduces the concept of distraction osteogenesis and the main ap-
plications of this process. Among the main applications, bone transport is treated with special
interest because it was applied in the experiments of this Thesis. The main biological principles
and aspects of the distraction osteogenesis process are explained: the phases of the process, the
tissue types that are generated within the distraction callus and how the callus grows according
to experimental works. Besides, a state of the art in the evaluation of the mechanical aspects
of the distraction osteogenesis process is included. In addition, it contains information about
the different fixation technologies for distraction in limbs, computational models that have an-
alyzed the influence of the mechanics of the process, experimental outcomes in literature about
the mechanical behavior of the callus tissue during the distraction phase and the evolution of
different mechanical parameters (forces, callus stiffness and mechanical properties) during the
complete process. Finally, a summary of the main biomechanical factors that influence the
growth of the callus is also included.

2.1 Distraction osteogenesis and its applications

Distraction osteogenesis is a technique for generating new bone tissue from the gradual sep-
aration of two bone fragments. Under the influence of the tensional stress, the tissues within
the gap between bone segments differentiate and ossify. The callus is developed since bone
is a strain-sensitive tissue that reacts to the mechanical environment [95, 150]. Many tissues
besides bone have been observed to form under tension stress, including mucosa, skin, mus-
cle, tendon, cartilage, blood vessels, and peripheral nerves [78, 79]. Therefore, distraction
osteogenesis involves a process of continuum tissue formation. Although distraction osteo-
genesis has numerous applications (limb lengthening [78, 79, 155] (Fig. 1.1), treatment of
non unions [25, 82, 83, 131], foot reconstruction [37, 60, 130] mandibular lengthening and
widening [156], maxillary and midface distraction [44], cranial distraction [14, 106, 156], bone
transport [20, 31, 72, 76, 131] ...) that may be used in long bones as well as in irregular or flat
bones, this thesis is focused on the application of bone transport in long bones. Bone transport
refers to the distraction osteogenesis process where the regenerated bone is used to fill a defect
[20, 31, 72, 76, 131]. Details of the main applications of the distraction osteogenesis process

28
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which are used today follows:

e Bone transport. It consists of distracting a bone transportable segment osteotomized
from an original bone where there is a previous defect due to trauma, oncologic resection,
non-union or congenital anomalies. The aim is to create two focuses of bone regeneration
on both sides of the bone transportable segment. First, a distraction callus is generated
with respect to the former segment of the original bone. Second, in the docking site,
on the other side of the bone transportable segment, the defect between it and the other
end of the original bone is filled until both segments dock [20, 31, 72]. Several bone
transport techniques have been developed. According to Ilizarov, the techniques are
divided into three groups based on the numbers of distraction calluses and docking sites:
monofocal, bifocal and trifocal. As example, it can be observed in Fig. 2.1 the monofocal
bone transport procedure carried out by Claes et al. [31] in an animal experiment in the
metatarsus of sheep.

Figure 2.1: Diagram of the bone transport operative procedure: left, creation of the mid-
diaphyseal defect; middle, adjustment of the length of the defect to 15 mm; and right, daily
segmental bone transport of 1 mm in two steps [31].

o Limb lengthening (Figs. 1.1 and 2.2). Distraction osteogenesis may be used in limb
lengthening in the case of patients that suffer limb reduction deficiencies. These limb
reduction deficiencies may be due to different reasons: congenital anomalies, childhood
fractures of the femur, osteomyelitis, dysplasia (malformation), destruction of the hip
joint, achondroplastic dwarfism... An interesting application of limb lengthening is the
ability to lengthen both lower limbs and increase the height. This has the most logical
application in achondroplastic dwarfism (Fig. 2.2). However, currently, the application
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of distraction osteogenesis to increase the height is not being used only for health prob-
lems of the limbs. More than 30 hospitals around the world are offering cosmetic leg
lengthening [71].

Figure 2.2: Achondroplastic dwarf who underwent limb lengthening and achieved 31 cm of
height without complications [137].

e Arthrodiastasis. Arthrodiastasis are angular joint deformities that may cause stiffening of
joints. Distraction osteogenesis can also be used for correcting these deformities [65, 99].

e Foot reconstruction. Deformities in foot may be due to different causes: untreated, resid-
ual, or recurrent clubfeet' in adults, post-traumatic deformity and degenerative joint dis-
ease, failed ankle fusion and a variety of deformities such as vertical talus. All these
cases may be treated with distraction osteogenesis [37, 60, 130].

o Mandibular lengthening, widening and bone transport. Distraction osteogenesis is usu-
ally used for patients with hemifacial microsomia. Hemifacial microsomia is a congeni-
tal asymmetrical malformation of both the bony and soft tissue structures of the cranium
and face. It is the second most common facial birth defect after clefts, with an incidence
in the range of 1 in 5000 [34]. In addition, bone transport in the craniofacial region is fre-
quently used for correction of large mandibular defects, reconstruction of neocondyles,
cleft lip and alveolar defects for dental implants.

Icongenital deformity of the foot
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e Periodontal ligament distraction. It consists of the distraction of the periodontal ligament
by means of orthodontic progressive tooth movement [156].

e Cranial distraction. As in long bones, distraction osteogenesis may also be applied to
cranial bones [156]. Distraction osteogenesis is applied clinically for reconstruction of
cranial deformities and cranial vault defects.

2.1.1 Particularities of bone transport

Bone transport in long bones of limbs was applied in the experiments carried out in this The-
sis. This section deals with some aspects that differentiate this application of the distraction
osteogenesis process from the others applications described above, specially bone lengthening:

o The role of the surrounding soft tissues. Bone transport aims to correct a bone defect.
Therefore, the length of the original bone does not vary. It means that soft tissues sur-
rounding the distraction callus are not elongated [20]. This fact may be taken into ac-
count in the mechanical analysis of the process since traction force during distraction
osteogenesis is distributed between the callus tissue and the surrounding soft tissue and
muscle. There is not consensus about the amount of contribution of the surrounding tis-
sues and the callus tissues. Some studies reported that the distraction forces are primarily
due to the elongation of the callus tissues [8, 18, 177, 185]. In this case, the relaxation
after distraction would be caused by the viscoelastic nature of the callus tissues [2, 148]
and/or the callus tissue growth/differentiation. However, in the case of bone lengthening,
other studies have reported that the surrounding muscles and soft tissues are the primar-
ily responsible for the distraction forces [2, 54, 55, 122]. In any case, although no data
were reported in literature, during bone transport the contribution of the surrounding soft
tissue to distraction force is expected to be lower compared to bone lengthening.

e Two focuses of ossification: the docking-site and the distraction callus. On the one hand,
the existence of two ossification focuses could also affect the distraction force distribu-
tion. In the case of bone transport, although minor contribution of the surrounding tissue
is expected with respect to bone lengthening, there is another factor that contributes to
the distraction force apart from distraction callus traction and elongation of surrounding
tissues: the compression of the docking site. The contribution of the callus traction and
the docking-site compression to the total distraction force necessary to move the bone
transportable segment was not assessed. Hyodo el al. [72] suggested that probably the
contribution of the docking-site compression dominates the distraction force; neverthe-
less, they did not report any experimental results. On the other hand, the existence of
a second focus of ossification complicates the process because of the difficulty of the
docking-site consolidation [51, 73, 111]. However, as far as the author knows, most of
the studies about mechanical parameters assessment have been focused on the distraction
callus and not on the docking-site callus [20, 31, 72].

e Possibility of force monitoring during gait. Some studies in fracture healing [108, 159]
proposed gait analysis as a valuable tool for monitoring the course of the callus ossifi-
cation. However, as far as the author knows, the evolution of the gait conditions during
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distraction has not been studied and has not been practiced in clinical cases to assess
load bearing capacity. Applications such as limb lengthening could difficult assessment
by means of gait analysis since the elongation of the limb also produces changes in gait.
However, gait analysis could be used in bone transport applications of limbs, since it
does not imply limb lengthening.

2.2 Biology of distraction osteogenesis

This section deals with the main biological aspects and particularities that define the bone
distraction process: the phases of the process and the tissue types which may appear within the
callus. In addition, results of studies which have evaluated the biological callus development
are reported: histological evolution, tissue types assessment, callus volume quantification etc

2.2.1 Phases of distraction osteogenesis

The evolution with time of the mechanical environment and the biological activity within the
distraction callus makes possible establishing five fundamental sequential phases in the distrac-
tion process (Fig. 2.3):

Osteotomy

Latency

~ 7 days

~ 20 days
~ 6 months

~ years

Figure 2.3: Phases of distraction osteogenesis.

e Osteotomy. This phase is carried out during the surgery and consists of dividing the inter-
vened bone into two segments, resulting in a loss of continuity and mechanical integrity.
The bone fragments need to be fixed before by means of a distractor/external fixator to
allow the limb to keep its structure. Some works in literature have shown the importance
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of preserving or causing the minimum damage to the periosteum [84, 105] since it is a
focus of cellular activity [58] and blood supply for ossification.

e Latency phase. It is the period between performance of the osteotomy and the distraction
phase. During this phase that usually takes some days a soft callus is formed from the
initial clotting appeared after surgery.

e Distraction. This phase allows the extension of the callus from the osteotomy gap to the
final desired length separating the two bone segments progressively. The application of
tensional stress caused by the separation of the bone fragments creates a dynamic mi-
croenvironment [39] that stimulates changes at the cellular and subcellular level [90].
These changes result in the evolution of the tissue types within the callus and the gener-
ation of the woven bone.

e Consolidation. The consolidation period begins after the callus has achieved the desired
length and the distractor is removed. Therefore no traction forces are applied through
the callus during this period. During the consolidation phase callus completes its ossifi-
cation and the woven bone tissue begins to organize as mature bone tissue. Although the
production of bone tissue begins during the distraction phase, the bony bridging of the
callus is completed during this phase [148].

e Remodeling. It consists of the complete remodeling of the newly formed bone under
the application of full functional loading. During this period, the cellular bony activity
is focused on the reorganization of the callus woven bone structure with the aim of re-
covering the shape and mechanical properties of the initial bone. For example, both the
cortical bone and marrow cavity are restored during this phase that usually takes more
than a year. Although the main activity of remodeling is observed after the consolidation
phase, the remodeling of the newly formed bone begins at the completion of distraction
and continues throughout the consolidation period [120].

2.2.2 Tissue types during distraction osteogenesis

From the initial clotting in the osteotomy gap after the surgery, different tissue types grow
within the callus. These tissue types are mainly connective tissues which are generated from
undifferentiated mesenchymal cells in the marrow and the periosteum [58]. Connective tissues
are comprised in the major structural parts of the body (bone, tendons, ligaments...) providing
and maintaining form in the body. For example, they allow organs to resist stretching and tear-
ing forces. Besides, connective tissue has an important role in providing a medium for oxygen
and nutrients to diffuse from capillaries to cells, and carbon dioxide and waste substances to
diffuse from cells back into circulation.

The structure of the connective tissues is composed of ground substance, cells and fibers.
The extracellular matrix of the connective tissues consists of different combinations of protein
fibers (collagen, reticular and elastic), most of which are collagen fibers and ground substance
[89]. The morphophysiological characteristics of the tissues depend on the extracellular matrix
that is the main component of the connective tissues. It explains the capacity of providing and
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maintaining form in the body of connective tissues over other tissue types. Of the more than 20
types of collagen thus far identified, types I to III are found mainly in connective tissues [69].

Among the different types of connective tissues (cartilage, tendons, ligaments, bone and
the adipose tissues as well as skin, blood and lymph [35]) the following sections deal with
those that are involved in the distraction osteogenesis process. On the one hand, those tissues
that appear within the distraction callus during the distraction osteogenesis process: woven
bone and soft tissues (mainly cartilage, fibrous and granulation tissues). On the other hand, the
bone, since the woven bone tissue within the callus develops to reach the properties of mature
bone at the end of the process. In addition, the original bone segments form the boundary of
the distraction callus.

Bone.

In the case of bone, components of the extracellular matrix are calcified (bone matrix). This
fact makes bone tissue to be characterized by its rigidity and high resistance to both tension
and compression. Moreover, Julius Wolf stated in the 19" century that bone may adapt to
the load stimulus. If loading on a particular bone increases/decreases, the bone will remodel
itself over time to form/miss new bone. Therefore, the bone tissue is capable of repairing
structural damage through the process of remodeling [151]. For example, in fracture healing,
distraction osteogenesis or loss of bone due to diseases. Mechanosensitive cells within the bone
(osteoblasts, osteoclasts and osteocytes) allow these processes of remodeling and repairing.
Another significant characteristic of bone is that it is a vascular tissue. It determines some of
its functions in the human organism. Major functions of the bone follows: support, protection,
mineral storage, blood cell production (hematopoiesis) and locomotion through the attachment
of muscles.

The bone tissue can be classified into compact / cortical bone and cancellous / trabecular /
spongy bone (Fig. 2.4) attending to its structure. The cortical bone is found in the diaphysis of
the long bones or shaft of the bone and outer layer of the trabecular bone. At the macroscopic
level, it seems a compact and continuous solid. However, at the microscopical level, it may be
observed that it consists of lots of osteons with a lamellar organization around the Haversian
channels (Fig. 2.4). On the other hand, the trabecular bone is found in the epiphysis of the
long bones. The trabecular bone structure consists of large, open spaces surrounded by thin,
anastomosing plates of bone. These plates of bone are called trabeculae. Therefore, this type
of bone is not as dense as cortical bone. Trabecular bone is highly vascular and frequently
contains red bone marrow which fills the spaces among trabeculae. With the exception of the
articulating surfaces, both types of bone are completely enclosed by the periosteum, a tough,
highly vascularized and innervated fibrous tissue really important in the healing of bone during
distraction osteogenesis (Fig. 2.4) [39, 183].

According to the tissue level, bone may be classified in three categories: primary bone,
secondary bone and woven bone. Primary bone can exist in cortical and trabecular bone. Unlike
woven bone, primary bone must replace a preexisting structure, either a cartilaginous model
or previously deposited woven bone. Secondary bone is only deposited during remodeling and
replaces primary cortical or trabecular bone. Therefore the woven bone is the bone tissue that is
generated during biological processes in which new bone tissue has to extend to areas without
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Figure 2.4: Long bone structure, a) human tibia, b) epiphysis, ¢) diaphysis [146]

bone because it can be deposited without a preexisting membrane, bone or cartilaginous model
[112].

Woven bone.

The woven bone can be found in a fracture callus and in areas undergoing active endochon-
dral ossification. In addition, it is the bone tissue that appears during the ossification of the
distraction callus. Therefore it is the bone tissue of most interest for this Thesis. The woven
bone follows a cancellous bone structure, i.e., trabeculae that surrounds spaces of soft tissue.
Trabeculae of woven bone are generated rapidly as a disorganized arrangement of collagen
fibers and osteocytes. The disorganized pattern decreases the mechanical properties of woven
bone compared with the primary or secondary bone. Furthermore, the cell to bone volume
ratio is high because the main purpose of the woven bone is to provide a temporary and rapid
mechanical support, such as following traumatic injury.

Chemical analysis of this bone type has revealed lower content of mineral and water, and
higher of collagen compared with normal bone [53] (see Fig. 2.5). These lower portions of
mineral also decrease the mechanical properties of woven bone compared with the cortical
bone as the disorganized pattern cited above. Manjubala et al. [109] showed that the level
of the structural density, the mechanical properties and the mineral content of the woven bone
generated during bone healing increase with time and similar trends may be expected in distrac-
tion osteogenesis. Therefore, the evolution of these parameters among others are related with
the recovery of the stiffness and the load bearing capacity in limbs intervened where these pro-
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cesses are carried out. In addition, they are direct results of the mechanobiological mechanism
that rules the production of bone tissue during these processes.
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Figure 2.5: Volumetric composition of the woven bone () within a distraction callus compared
with mature compact bone (C) of the same animal: mineral, v, collagen, v, and water v,, [53].

The development of the woven bone tissue is carried out by means of intramembranous
or endochondral ossification. The main difference between both types of ossification is the
presence or not of cartilage. During the intramembranous ossification, the mesenchymal cells
differentiate directly into osteoblasts that later secrete bone tissue. The new bone tissue is
generated from an ossification center which appears in a richly vascularized mesenchymal
membrane within the fibrous connective tissue. The endochondral ossification consists of the
synthesis of bone on a mineralized cartilage scaffold. Currently, there is not consensus about
the type of ossification that is carried out in the distraction callus: endochondral [92, 173],
intramembranous [9, 9, 32, 39] or both [11, 45, 49, 51, 79].

Soft tissue

Since there is not consensus about the type of ossification that is carried out in the distraction
callus, the soft tissue types and the order in which they appear within the callus during the
distraction osteogenesis process is controversial. In this section the main soft connective tissues
that may appear within the distraction callus are introduced assuming that the woven bone
within the distraction callus could be generated by intramembranous, endochondral ossification
or both: cartilage, fibrous and granulation tissue.

Cartilage has intermediate mechanical properties between dense connective tissue and
bone. It is suitable for both tension and compression loads. It is composed of specialized
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cells called chondrocytes and chondroblasts that produce a large amount of extracellular ma-
trix composed of collagen fibers, abundant ground substance rich in proteoglycan and elastin
fibers. This structure makes the cartilage tissue tough and flexible at the same time. In general,
these properties are necessary in the locations of this tissue type e.g., joints. Here the cartilage
absorbs shock during walking and avoids the wear of the bones. Cartilage does not contain
blood vessels (avascular) or nerves (aneural). It receives by diffusion from the blood vessels
located in the connective tissue membrane surrounding it [110]. Therefore, compared to other
connective tissues, cartilage grows and repairs slower.

Fibrous connective tissue consists of a high concentration of elastic fibers and small spaces
with liquid. This tissue type has relatively high tensile strength and great elasticity. The cells
of fibrous connective tissue are mostly fibroblasts, irregular, branching cells that secrete strong
fibrous proteins as an extracellular matrix. Within the distracted gap during the distraction
osteogenesis process, the two different types of fibrous tissue usually appear: loose and dense
connective tissue [81]. The loose connective tissue appears at early stages of the process such as
the latency phase. The main difference between both types of tissue is the greater consistency
of the dense connective tissue due to the amount and the order of the collagen fibers.

Granulation tissue is a loosely organized connective tissue that forms on the surface of a
wound during the healing process. This tissue replaces the clot that appears after the osteotomy
at the beginning of the latency phase in distraction osteogenesis. Granulation tissue consists of
tissue matrix supporting a variety of cell types, most of which can be associated with different
functions: formation of extracellular matrix, operation of the immune system, vascularization...

2.2.3 Monitoring and assessment of the callus growth

Most of the studies about distraction osteogenesis assessed the maturation of the callus tissue
by means of radiographies and histologies [7, 9, 11, 38, 45, 45, 49, 51,78, 79, 90, 92, 105, 123,
124, 148, 182]. The study of Ilizarov [78, 79], which is considered the basis of the distraction
osteogenesis, used both methods to report his main conclusions: maximum preservation of
the periosseous and intraosseous soft tissues enhanced bone formation; the new bone formed
parallel to the tension vector even when the distraction is performed perpendicular to the bone’s
mechanical axis; 1 mm per day was found to be the optimum distraction rate in canine tibia
(0.5 mm and 2 mm per day were also analyzed); and the bone grows mainly by means of
intramembranous ossification although some endochondral ossification focuses may also be
found. These results reported by Ilizarov were corroborated after by studies that measured
forces [8, 167], displacements [31] or used computational models [3, 16, 142] which will be
treated in the section below.

The type of ossification was also analyzed in other histological studies but no consensus
was established. This way, some authors found only endochondral ossification within the callus
[92, 173], whilst intramembranous ossification [9, 9, 32, 39] or a combination of both [11, 45,
49, 51, 79] was reported by others. The difference in the mode of ossification found could be
due to the differences in loading conditions as well as the variety of fixations used. Loépez-
Pliego [105] pointed out that the fixator employed is different according to the animals type.

Monolateral mini-fixators used in most small animals favor the increase of mobility in
the regenerate, increasing the appearance of endochondral ossification foci. Aronson et al.
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[9] found differences in the alignment of collagen bundles, subsequent ossification and axial
rigidity of the callus for groups of animals that used different fixators. However, all groups
fully bridged the experimental gap by intramembranous ossification with similar volume of
bone tissue.

The conditions of the experiments in literature vary and different contributions of in-
tramembranous and endochondral ossification to the development of the distraction callus have
been reported. Thus, different types of soft tissues and orders of appearance have also been
found. Few histological studies provided quantifiable distribution of tissue types over the dis-
traction osteogenesis process [11, 45, 51, 105]. Fig. 2.6 shows results of these studies for
comparison. It may be observed approximately linear increase of woven bone percentage and
decrease of soft tissue (sum of cartilage and fibrous tissue) percentages. Little or no amounts
of cartilage were found. It implies prevalence of intramembranous ossification. Aronson et
al. [11] used rats and reported high percentages of woven bone during the first days compared
to the rest of studies in dogs (Fink et al. [45]) and sheep (Garcia et al. [51, 105] and Lépez-
Pliego [105]). It could be explained because in small animals, ossification takes place earlier
than in bigger animals. These differences could make small animal models inappropriate to
approach human model studies. In addition some of the studies have been carried out with
only 2 or 3 time points of evaluation [45, 51] making their outcomes not useful for validating
computational models which try to understand the mechanobiology of the process and pre-
dict the amounts of callus tissue with time [16, 85, 140—145]. More outcomes of quantifiable
callus tissue distribution along the entire process would contribute to improve computational
models and compare with mechanical aspects from other experimental estudies in distraction
osteogenesis.

Tissue segmentation from computerized tomographies (CT) is an alternative method to his-
tology which allows quantifying the proportion of bone tissue volume within the callus. Claes
et al. [28] demonstrated the feasibility of fracture healing stimulation by the temporary appli-
cation of distraction and compression using this method to quantify the bone tissue volume.
Other studies measured the bone volume from CT to analyze the effect in callus ossification
of applying different substances during fracture healing [74, 103] and during bone lengthen-
ing [87]. Kontogiorgos et al. [93] evaluated the structure and material properties of native
mandibular bone and those of early regenerate bone, produced by bone transport. Regarding
distraction osteogenesis in long bones, Richards et al. [148] used rabbits for measuring the
increase of bone within the callus at four time points from the end of the distraction phase to
3 weeks after. They reported that the highest increase of bone volume takes place after the
distraction phase. The first week after distraction the bone volume of the callus increased more
than 150% whilst after the first week of consolidation the increase of bone volume was under
20%. Morgan et al. [117] reported, at the same time, the evolution of bone volume within the
callus and the vascular development until the end of the consolidation phase using CT images.
They found that the increase with time of the volume of the mineralized tissue in the regener-
ate was correlated with the vessel volume, and occurred primarily during consolidation. The
potential of callus volume quantification from CT could provide more findings for the research
of the distraction osteogenesis process. For example, none of the works above measured the
bone callus volume after the end of the consolidation period. It could be interesting to know
how the callus volume decreases during bone remodeling. In addition, the evolution of bone
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Figure 2.6: Tissue type distribution within callus during the distraction osteogenesis process
reported in literature in sheep (Garcia et al. [51] and Lépez-Pliego [105]), dogs (Fink et al.

[45]) and rats (Aronson et al. [11]).

tissue volume with time was not correlated with mechanical parameters of the same experi-
ments (callus stiffness, force through the callus, callus mechanical properties etc). It would
provide information to validate and improve computational models [16, 85, 140—-145] which

allow perfecting clinical applications.
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2.3 Mechanics of distraction osteogenesis

Since clinical and experimental observations demonstrated that bone is a strain-sensitive tissue
that reacts to the mechanical environment [95, 150], many studies about the processes which
involve bone regeneration, such as fracture healing or distraction osteogenesis, have focused on
analyzing and characterizing the mechanical parameters involved. This section deals with the
mechanical aspects of the distraction osteogenesis process. On the one hand, existing fixation
technologies are described. The properties of the fixator have high influence in the mechanical
environment within the distraction callus. In addition, instrumentation of the fixator allows
monitoring in vivo some mechanical parameters involved in distraction osteogenesis. On the
other hand, findings of works which have studied the mechanical aspects are reported. Exper-
imental works measured these mechanical parameters and assessed the material properties of
the callus using different methods (mechanical testing of ex vivo samples, in vivo monitoring,
numerical analysis ...). Moreover, computational models proposed different mechanobiology
theories about the effects of mechanical loading on tissue differentiation, growth, adaptation
and maintenance.

Despite all these experiments performed, consensus about the optimal mechanical environ-
ment for distraction osteogenesis, as well as the quantitative rules that govern the mechanobi-
ology of the process have yet to be established.

2.3.1 Fixation technologies for distraction in limbs

The evolution of the distractors (fixation technologies for distraction) has been linked to the
history of the distraction osteogenesis process. The application of traction forces in broken
bones has been used since ancient times [134]. Rudimentary external distractors have been
used. First distractors applied traction force in limbs without fixing any piece to the bone seg-
ments. For example, the Malgaigne’s external skeletal clamp, 1847 [156]. In 1905, Codivilla
used osteotomy and fixation to calcaneus to perform distraction of legs in one step (up to 8 cm)
(Fig. 2.7 [33]). This single phase lengthening was complicated by serious nerve lesions and
persistent and uncontrollable convulsions [33].

Later, various methods of limb lengthening were used but resulted in high complication
rates until the 1950s, when the Russian Ilizarov developed the distraction osteogenesis tech-
nique. He designed a new distractor which consisted of two metal rings fixed to the proximal
and distal bone segments of the osteotomy by means of pins (Fig. 2.8). This type of distractor
is still used today. Ilizarov established the first protocol of distraction osteogenesis (5- to 7-day
latency period, followed by a distraction rate of 1 mm per day performed in four increments of
0.25 mm) and the principles of the process (see section 2.2.3) [78, 79].

After the Ilizarov design, other distractors appeared with the aim of simplifying the tech-
nical application and implantation. For example, that was the case of the Wagner’s design
(1971) [174]. He proposed a monolateral distractor technically simpler but offered no major
advantages regarding early mobilization of the patient and distribution of forces through the
distraction callus. Other possible configurations are distractor with half-pins frames [128] or
intramedullary rods [20]. All these different designs of distractor, including Ilizarov, are used
today and exhibit advantages or disadvantages according to the concrete application. The latest
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Figure 2.8: Ilizarov apparatus design [78, 79].

designs allow applying gradual mechanical forces and movements of bone in any plane (frontal,
sagittal or transverse) or direction (axial, angular, translational, rotational or any combination).
Furthermore, there are distractors able to cross active joints [37] and generate motion in two or
three planes at the same time (Taylor Spatial Frame).

Apart from the possible configurations for distractors, some improvements were aimed to
the instrumentation of these apparatus. Instrumentation of distractor allows monitoring in vivo
mechanical parameters involved in the distraction osteogenesis process such as the forces or
displacements through the distraction callus or its stiffness. Some techniques have been applied
to measure interfragmentary displacements [31, 55] and forces in fracture healing [62], bone
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transport [20], and bone lengthening [7, 46, 55, 177] processes. In other cases, both force and
displacement measurements were combined to estimate the callus stiffness. Torsional [180],
bending [43, 68, 149], and compressive [4, 29, 36, 41] loads were experimentally applied in
bone healing [36, 68, 149] or limb lengthening [4, 43, 180] but not in bone transport experi-
ments.

Methods of estimation the callus stiffness are currently in study since the cited methods
above present different drawbacks. For example, some of them do not allow measuring the
callus stiffness during real load conditions e.g., during gait [4, 36, 43, 68, 149, 180], present
risk of bone misalignment during measurements [43, 68, 149] or were not calibrated before
using in patients. Although instrumented fixators have shown to be useful in monitoring the
status of the callus, none of the designs existing are used today in clinical application for
different reasons. First, they are expensive and unconformable for patients. Second, their use
is complicate for clinicians. Finally, since the instrumentation increases the volume of the
fixator, it complicates the use of other method of evaluation of the callus such as radiographies
or computerized tomographies.

2.3.2 Mechanical behavior of the callus tissue during the distraction phase

During the distraction phase, traction force is applied through the callus at each step of distrac-
tion to separate the bone segments. At the time when the bone segment is displaced, a peak
of traction force is achieved and after, force relaxation takes place (Fig. 2.9). Some works in
the literature measured both the distraction peak force required to move the segment and the
posterior relaxation [2—4, 8, 18, 18-20, 54, 55, 72, 96, 172, 177]. However, it has not been es-
tablished if the force decreases totally or until a residual value that is the pre-distraction force
of the next step of distraction. The maximum peak force value achieved at the end of the dis-
traction phase and the main data about some of the works in literature are shown in Table 2.1
for comparison.
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Figure 2.9: Typical temporal variation of force during incremental distraction in human tibia

[55].

Table 2.1: Comparison of the values of peak distraction force at the end of the distraction
period (MPF) reported by different studies in bone lengthening (BL) or bone transport (BT).
The specie of the study, the distraction rate (R) and the total length distracted (L) are indicated.
(MPF) values were normalized by the total length distracted (M PFy).

Author Application | Species L R MPF MPF;,
(mm) | (mm/day) (N) (N/mm)
Gardner et al. [55] BL Humans 58.5 0.75 370 6.3
Aarnes et al. [2] BL Humans 45 1 300 /400 8.9
Aronson et al. [8] BL Dogs 28 1 140 5
Hyodo et al. [72] BT Dogs 36 1/2 200/250 | 5.5/6.9
Brunner et al. [20] BT Sheep 20/45 1 300/400 | 7.8/17.5
Wee et al. [177] BL Sheep 38 1 550 144
Waanders et al. [172] BL Rabbits 9 0.75 45 5

Distraction forces in humans were measured in a few studies [3, 55]. Gardner et al. [55]
measured forces in two male subjects who underwent single tibial diaphyseal lengthening.
Forces peaked at 370 N approximately after 6.2 and 5.5 cm of total distraction using three 0.25
mm increments each day. Pre-distraction force and force after 15 minutes relaxation were also
measured obtaining values of 200-250 N and around 350 N at the end of the distraction period.
Aarnes et al. [3] compared high and low distraction frequencies in two patients ( 0.25 mm x
4 in the first leg and 1/1440 mm once every minute in the other). They found that the peak
distraction force decreased for high distraction frequencies. At the last day of distraction, the
peak distraction force was 400 N for the low frequency case versus 300 N approximately for
the high frequency case.

Distraction forces measured in tibias of sheep provided similar values to those obtained in
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human experiments. For example, Brunner et al. [20] measured forces of 300-400 N in sheep
tibias at the end of bone transport and Younger [184] recorded peak forces of 285 N in average.
Higher values were reported by Wee et al. [177] in bone lengthening experiments exceeding
500 N after the end of the distraction phase.

Lower forces are required to distract rabbit and dogs tibias. Waanders et al. [172] measured
an averaged distraction force ranging from 8 to 45 N for peak values, from 4 to 30 N for post-
distraction values and from 3 to 20 N for pre-distraction values. In the case of dogs, maximum
residual peak force values around 140 N were reported by Aronson and Harp [8]. Hyodo et
al. [72] reported values closer for bone transport experiments, achieving around 200 N for a
distraction rate of 1 mm per day and around 250 N for a distraction rate of 2 mm per day.

Although these experiments provided useful outcomes, different animal characteristics,
surgical techniques, fixator types, latency periods and distraction rates make difficult the com-
parison among different studies. Currently, many questions about the forces involved in the
distraction phase have not been answered. For example, it has not been determined the origin
of the reaction force after each step of distraction. Some studies reported that the distraction
forces are primarily due to the elongation of the callus tissues [8, 18, 177, 185]; however, other
studies have reported that the surrounding muscles and soft tissues are the primarily responsi-
ble of the distraction forces [2, 54, 55, 122]. As is explained in section 2.1.1, the applied load
to move the bone transportable segment in bone transport should be lower than in bone length-
ening because in the second case, the elongation of the distraction callus implies the elongation
of the soft tissues of the limb. Therefore, those works that measure the traction forces during
the distraction phase in bone lengthening applications [2, 3, 8, 18, 18, 19, 54, 55, 96, 172, 177]
should be differentiate from those that measure distraction forces in bone transport application
[20, 72]. In the case of bone transport, only two studies were found by the author [20, 72].
These studies did not provide the contribution to the distraction forces of the callus traction
and the compression of the tissues in the gap. Therefore, force through the callus tissue dur-
ing each step of distraction cannot be determined although distraction force was measured and
forces of the surrounding tissues to the callus were considered negligible in the case of bone
transport. Knowing the contribution of the callus traction to the distraction force measure-
ments would be very useful to characterize the mechanical behavior of the callus tissue from
distraction force measurements in vivo. Another controversial point about the distraction force
during the distraction phase is whether there is a residual force before each step of distraction
or there is a total relaxation of traction force before the next step of distraction. As far as the
author knows, although Reina-Romo et al. [144] estimated numerically the effect of these hy-
pothetical residual forces after each distraction step, the experimental works carried out did not
provide enough continuous measurements between two distraction steps to assess the residual
forces [20, 172].

2.3.3 Evolution of the distraction callus mechanical properties

The evolution of some mechanical parameters involved in the distraction osteogenesis process
such as the force through the callus or the callus stiffness have been determined experimen-
tally. Both ex vivo and in vivo studies have been carried out. The former provided mechanical
properties of callus samples tested mechanically. The second monitored the force involved in
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the process and the callus stiffness using instrumented fixators.

Ex vivo assessment of the callus mechanical properties during the process

Ex vivo studies which were carried out with the aim of measuring mechanical properties of
the distraction callus consist of testing the whole intervened bone using conventional material
testing techniques such as compression tests, three point bending tests or torsion test [10, 11,
47, 123, 167, 175]. Ohyama et al. [123] obtained the load-deflection and relaxation curves
of the callus at different time points. They detected the increase of stiffness with time as well
as the time-dependent behavior of the callus tissue. Aronson et al. [10] assessed the tensile
stiffness, the three point bending to failure and the energy to failure evolution with time in a
rat model of distraction osteogenesis. They detected that the callus reached a maximum level
of stiffness during the consolidation and later, the stiffness decreased at the same time that the
volume of the callus decreased due to bone remodeling. However, the failure parameters always
increased during the process. More recently, Floerkemeier et al. [47] compared different types
of the callus stiffness evaluation methods (compression, bending and torsion tests) and they
observed differences within the increase of stiffnesses during consolidation depending on the
type of stiffness assessed. This fact should be considered in the assessment of the callus load-
bearing capacity from stiffness measurements.

Although these studies provided interesting findings in the evaluation of the callus mechan-
ical properties, they are limited. For example, it is not posible to reproduce in the lab the same
loading conditions and physiological environment of the callus tissue in vivo. Moreover, for
early stages of the ossification process the distraction callus does not have enough stiffness to
place and fix it in a material testing machine for macroscopic experiments. The influence of the
loading conditions and the physiological environment of the sample are negligible if the mea-
surements are focused on the local mechanical properties of a point of the sample. Nanoinden-
tation technique allows determining elastic modulus and contact hardness of materials point by
point with a high spatial resolution [125]. Moreover this technique could provide results from
little samples unlike conventional tests with material testing machines which required larger
and stiffer samples. Nanoindentation studies reported new data about the nanoscale mechani-
cal properties of the callus during fracture healing [5, 97, 98, 109]. Although they found high
scattering, Leong and Morgan [97] obtained the elastic modulus of the different tissue types
within the callus during fracture healing in rats 35 days after fracture (Table 2.2). Manjubala
et al. [109] reported, for the woven bone tissue of the callus during bone healing in sheep, the
mean values of the elastic modulus evolution with time, the spatial variation with the distance
from the cortex periosteum and the heterogeneity by means of elastic modulus maps among
others. They found that the mean elastic modulus of the woven bone increases with time from
5-6 to 11-12 GPa (Fig. 2.10). Fig. 2.10 also shows that the increments of elastic modulus were
slower with time. It may be observed in Fig. 2.10 and Table 2.2 that for the same time point
(35 days after surgery), there is not coincidence in the experimental values of elastic modu-
lus reported by Manjubala et al. [109] and Leong and Morgan [97]. This may be due to the
different animal models and fixations used; nevertheless, more studies should be carried out.
Furthermore, as far as the author knows, nanoindentation was not applied in the evaluation of
the mechanical properties of the callus tissues during the distraction osteogenesis process. It is
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expected that the evolution of the mechanical properties of the tissue within the callus varies
between fracture healing and distraction osteogenesis since these processes present different
mechanical environment and stimuli.

Table 2.2: Elastic modulus (E) ranges of the different tissue types within the callus during
fracture healing 35 days after fracture reported by Leong and Morgan [97]

Tissue E (MPa)
Granulation tissue 0.61-1.27
Chondroid tissue 1.39-4.42

Woven bone 26.92 - 1010.00

12

11r 1

10t 1
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Figure 2.10: Evolution of the mean elastic modulus of the woven bone within a fracture callus
[109].

In vivo assessment of mechanical parameters during distraction osteogenesis

Besides the difficulties for simulating the real loading conditions and the physiological environ-
ment of the callus tissue in vivo, the ex vivo studies in general have a main limitation: they re-
quire the sacrifice of animals to obtain samples. Therefore, ex vivo experiments are non-viable
for assessing the evolution of the callus stiffness or other mechanical parameter in clinical ap-
plications. In addition, using ex vivo techniques increases the costs of the experiment since a
group of animals at each time point of evaluation is required. As a solution for the drawbacks of
the ex vivo experiments, instrumented fixators were used for in vivo monitoring of different me-
chanical parameters involved in the processes of fracture healing [29, 36, 62, 68, 68, 149, 159]
and distraction osteogenesis [1-4, 8, 18-20, 31, 41, 43, 46, 54, 55, 72,96, 113, 115, 116, 166,
172, 177, 180].



2.3. MECHANICS OF DISTRACTION OSTEOGENESIS 47

Knowing the distribution of force between the callus and the fixator during consolidation
in distraction osteogenesis or fracturing healing allows evaluating the progress of ossification.
In vivo models of fracture healing have measured forces through the fixator during healing
[4, 46, 62]. Grasa et al. [62] reported in sheep that force through the fixator is about the ground
reaction force in the intervened limb after surgery and decreases under 10 % of the initial value
approximately 40 days after surgery. It means that 90 % of the initial force is loading the
callus at this moment. Similar evolution of force is expected during the consolidation phase of
distraction osteogenesis. Nevertheless, as far as the author knows, the forces through the callus
during the consolidation phase for distraction osteogenesis have not been previously evaluated.
The inter-fragmentary movements during the consolidation phase of distraction were evaluated
by Claes et al. [31] to examine the effect of the stiffness of the fixator on reducing the time
for maturation of the callus. They found that flexible fixations which permit interfragmentary
movements below 2mm may favor the ossification.

Among the parameters to be measured to obtain the mechanical properties of the callus,
the stiffness has been the most frequently studied. The callus stiffness is defined as the force
or torque applied to the callus divided by the displacement or angle induced, respectively. In
vivo studies have assessed the stiffness of the callus and of the total affected limb both in bone
lengthening [4, 43, 181] and fracture healing [29, 36, 68, 149]. They used different devices that
allow measuring torsional, [181] bending [36, 43, 68, 149] or axial [4, 29, 36] stiffness of the
callus. The study of Cunningham et al. [36] was among the first works that evaluate the callus
stifftness during fracture healing. This work reported an increase of the axial stiffness from 150-
350 N/mm to 1000-1400 N/mm between 2 and 11 weeks post fracture in the intervened human
tibia. The increase of axial stiffness corresponded with an increase of bending stiffness from 3-
6 Nm/deg to 16-21 Nm/deg in the same time period. Hente et al. [68] found values of bending
stiffness of the same order in human tibial fractures (10-40 Nm/deg at 11 weeks post fracture).
Richardson et al. [149] determined a bending stiffness of 15 Nm/deg in the sagittal plane as
indicator of union in human tibial fractures. This work also reported a comparison among
previous stiffness measurements in literature in fracture healing and suggested the temporal
evolution of bending stiffness (Fig. 2.11). According to this figure, during the consolidation,
the stiffness increases and overcomes the stiffness of the intact tibia which is achieved after.
In the case of bone lenthening, Dwyer et al. [43] found unions when bone bending stiffness
reached 15 Nm/deg in human tibias and 20Nm/deg in human femurs. The study reported
exponential increased of bending stiffness after the end of leg lengthening. Different rates
of stiffness increase could be observed since the lengthening varied from 30 to 85 mm. For
example, for the tibia lengthening cases, 15 Nm/deg was achieved between 9 and 29 weeks
after the end of distraction (Fig. 2.12). Aarnes et al. [4] compared the load-share ratio between
the bone and the fixator in human tibia lengthening. None of the patients experienced fracture
after removal of the fixator when the load-share ratio dropped below 10 %, that corresponded
with an axial stiffness of 1000 N/mm approximately.

The works described have reported that the assessment of the callus stiffness is a method
capable of providing information about the process. However, more studies are necessary in the
case of distraction osteogenesis. For example, the particularities of the bone transport process
during consolidation have not been analyzed since all the studies carried out in long bone were
about leg lengthening. Furthermore, the evolution of the callus stiffness with time is unknown
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Figure 2.11: [149] Changes in fracture stiffness during the healing of tibial fractures.
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Figure 2.12: [43] Best-fit plots of the increase in tibial stiffness (Nm/deg) with time in 13
patients during bone lengthening.

at the end of the distraction osteogenesis process and the curve proposed by Richardson et
al. [149] (Fig. 2.11) was not validated. Moreover the devices that were used have some
drawbacks. For instance, they do not measure the callus stiffness under real load conditions
in patients, e.g., during gait. Knowing the callus stiffness under real load motion conditions
is useful for estimating the real load sustained by the callus because the callus presents a non-
linear viscoelastic behavior [20, 55]. Additionally, the risk of bone misalignment exists in
bending cases [36, 43, 68, 149]. Finally, most of these studies did not provide any calibration
data for their respective devices.

The methods viewed to assess callus stiffness and load-share between the callus and the
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fixator, implied the use of an instrumented fixator. Using a unique instrumented external fixa-
tor for each patient is not always viable in clinical routine since it is too expensive, complicates
the surgery and may be uncomfortable for the patient. Therefore, some works in the litera-
ture have tried to evaluate mechanical parameters during the callus ossification without using
instrumented fixators. Macri et al. [108] studied changes in the gait during the bone healing
process but did not measure forces, thereby preventing a quantitative assessment. Seebeck et
al. [159], in a study of bone healing in sheep, used a force platform to measure the ground re-
action forces of the limbs during the bone healing process. The study reported that all animals
unloaded the operated and overloaded the contralateral hind limb. Therefore, gait analysis was
proposed as a valuable tool for monitoring the course of the callus ossification. However, as
far as the author knows, the evolution of gait conditions during distraction has not been studied
and has not been practiced in clinical cases to assess load bearing capacity.

2.3.4 Computational methods in distraction osteogenesis

Computational methods have been used for studying the maturation of the callus tissue both in
fracture healing and distraction osteogenesis. Interpretation and analysis of experimental out-
comes have been performed by means of numerical methods. In addition, mechanobiological
models have been developed to predict the evolution of the callus and to analyze the effect of
different biomechanical factors on the outcome of the process.

Computational models of distraction osteogenesis

Computational models have been developed to predict results of the distraction osteogenesis
process and analyze different biomechanical factors that may influence the maturation of the
callus: vascular supply [6, 30, 161, 162], latency period [17], rate of distraction [85, 142],
frequency of distraction [16, 75] or stiffness of the fixator [140].

Fracture healing and distraction osteogenesis proceses share the same cellular healing pro-
cess [88, 94]. Therefore, most existing models of distraction osteogenesis are based on existing
models of fracture healing. First computational models analyzed how the geometry, material
properties and loading conditions at a specific time point affect the mechanical environment
around the osteotomy [15, 23, 26, 91, 102, 118, 157]. Later evolutive models were capable
of predicting the spatial and temporal tissue differentiation patterns based on the existing dif-
ferentiation theories such as the model presented by Prendergast et al. [138]. Idelsohn et al.
[75] analyzed the influence of different distraction frequencies. Other studies predicted the
tissue distribution during the entire period of distraction under different rates and frequencies
of distraction [85]. In addition, Boccaccio et al. [16, 17] studied the influence of the rate of
distraction and the latency period duration in human mandible distraction osteogenesis. They
determined a maximum latency period of 1 week to avoid premature bony union and an opti-
mal distraction rate of around 1.2 mm/day. Furthermore, although only in bone healing, it has
been analyzed the effect of vascularization [6, 30, 161, 162], the effect of growth factors [13],
angiogenesis and directed cell migration [56, 57]. Some of these models were compared with
experimental results and demonstrated their potential therapeutical value [57].

Other recently models based on the mehanoregulation theory of Gémez-Benito, Doblaré
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and Garcia-Aznar [40, 52, 59] have been applied to distraction osteogenesis [140-145]. These
models predicted forces in the interfragmentary gap, analyzed the influence of the distraction
rate [142] and the fixator stiffness [140]. The stress accumulation during limb lengthening was
also studied [144].

Predictions of computational models of distraction osteogenesis are useful and necessary
to understand the process and improve the clinical applications. However, the existing com-
putational models assumed too many inputs and they can not be used as a guaranteed tool.
For example, constant values for the mechanical properties of the tissues within the callus are
assumed. However, it is known that the callus tissue is heterogeneous and each tissue type
varies its properties with time during the process of distraction osteogenesis or bone healing
[97, 109]. Therefore, experimental studies should be performed to provide new inputs to the
computational models. For instance, no works about spatial and temporal variations of the cal-
lus mechanical properties during distraction osteogenesis may be found in the literature. On the
other hand, the computational models need to be validated with experiments. Many computa-
tional models have not been validated because experimental techniques do not allow measuring
some of the mechanical parameters that these models use as input or output. Therefore, to fa-
cilitate validation it is important to plan computational works thinking in experimental ones
and vice versa.

Analysis of experimental outcomes by means of numerical methods

Numerical methods increase the possibilities of the experimental studies and allow obtaining
inputs for computational models. For example, using finite element analysis, stress and strain
fields could be provided from in vivo experiments that measure forces (e.g. [20, 72]) if the
geometry of the distraction callus is also evaluated be means of computerized tomographies
[148].

Prediction of the bone tissue mechanical properties by means of CT images based finite
element analysis has been assessed for reliability in the literature. Harp et al. [66] demon-
strated that the stiffness of tubular bones, cortical and cancellous, can be accurately predicted
by quantitative CT images. The bone mineral content in a fracture callus from CT images was
correlated with experimental measurements of callus stiffness in a previous work [12]. The
CT images finite element analysis method consists of obtaining the estimation of the stiffness
of a bone tissue specimen using a finite element model which imports both three dimensional
geometry mesh and material properties of each element (depending on the grey scale) from
CT images. This method has been used in previous studies in mature bone tissue [27, 63],
reconstructed bones [163], trabecular bone [119, 169], osteoporotic bone [121] and fracture
callus [161]. In the last case, the method to assess fracture stiffness using computed tomog-
raphy and finite element analysis was developed and validated with plastic phantoms tested
experimentally in four point bending and torsion. Finite element model predictions of callus
rigidity correlated significantly better with experimental torsional rigidity than other common
measures of healing progress such as callus area, bone mineral density, or area moment of in-
ertia. However, as far as the author knows, CT images based finite element analysis has not
been used to estimate de stiffness of the callus during the distraction osteogenesis process.
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Biomechanical factors of distraction osteogenesis

Sections above show that the distraction osteogenesis process must be studied from a biological
or mechanical point of view since both aspects have influence on the process. Therefore, during
the application of distraction osteogenesis there are multiple mechanical and biological factors
that affect to the quality and quantity of the regenerated bone that have to be taken into account
by the clinicians. The main biomechanical factors are summarize below:

Vascular supply. The angiogenesis has an important role in the growth of the callus
[7, 79]. It has been shown that the blood supply to the tissues within the gap after an
osteotomy comes from the periosteum and the bone marrow [76, 79]. Some authors have
indicated that the periosteum is the major contributor to osteogenesis during distraction
[39, 183].

Duration of the latency period. Experimental outcomes showed that a latency period
ranged from three to ten days after the osteotomy improve the formation of bone [7, 179].
Variations in the duration of this phase affect the later ossification of the callus.

Rate of distraction. 1t is the total displacement carried out per day of distraction. In
general there is consensus about a distraction rate of 1 mm/day is suitable for bone
formation[7, 79, 79, 80], although the appropriate rate of distraction may vary according
to the particularities of the process.

Frequency of distraction. It is the number of increments per day into which the rate
of distraction is divided. Distractors that allow high frequency of distraction favor the
formation of bone within the distraction callus.

Age of the patient. The youth of patients promotes the ossification in the regenerate. Dur-
ing a distraction osteogenesis experiment in rats, Aronson et al. found higher amounts
of mineralized bone in the younger rats than in the elder ones [10].

Length of the distraction callus. The greater the length of the callus, the longer the time
that the callus is loaded with traction stimuli and the stiffer the tissues within the callus at
the end of the distraction phase. In addition, the time needed for treatment will be greater.
If certain limits value for the length of the distraction callus are exceeded, depending on
the particularities of the process, non-union may take place.

Tissue-related factors. The properties of the tissues involved in the distraction process
(bone and soft tissues) vary depending on the bone intervened, the distraction site or the
animal specie where the distraction is applied. These parameters associated to the tissues
involved in the process are also important factors that affect the quality of the forming
distraction regenerate.

Stiffness of the distractor. The mechanical environment within the distraction callus
depends on the stiffness of the fixations among other factors. Therefore, the stiffness of
the distractor affects the development of the distraction callus [31]. It depends on the
number, length, and diameter of the fixation pins, the rigidity of the distraction device,
the material properties of the device, etc.
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o Orientation of the distraction. The regenerate within the distraction callus is always
formed along the axis of the applied traction [78]. It should be taken into account spe-
cially if the distraction device or the distraction site does not allow that the distraction

follows the anatomical axis of the bone segments.



Chapter 3

Design of the animal experiments

This Chapter explains the general terms of the animal experiment carried out during this thesis:
the animals selection, the distraction osteogenesis application, the surgery process, the main
magnitudes measured during the experiments and how the ex vivo samples were collected.

These experiments require the participation of an interdisciplinary team of mechanical en-
gineers of the department of Mechanical Engineer and Manufacturing of the University of
Seville, orthopaedics surgeons of the department of Orthopaedic of the Academic Hospital Vir-
gen del Rocio of Seville and veterinarians of the department of Animal Medicine and Surgery
of the Veterinary Hospital of the University of Cérdoba. In this hospital, the animals were
cared and the surgeries and the measurements in vivo were carried out. Ex vivo mechanical
experiments, design, manufacturing and calibration of the distractor were carried out in the
laboratory of the department of Mechanical Engineering and Manufacturing of the University
of Seville. Last but not least, nanoindentation experiments were carried out at the department
of Mechanical, Energy and Materials Engineering of the University of Extremadura.

3.1 Animals selection

This Thesis used big animals to work with conditions as close as possible to human models.
According to Lopez-Pliego [105], the differences between the distraction systems used and
their anatomical characteristics (with different load distribution to human) make small animal
(rats, mouses, rabbits...) models inappropriate to approach to human model studies. Sheep
was chosen among big animals because they are docile and inexpensive. In addition, the sheep
metatarsus, which was the bone selected to carry out the distraction osteogenesis process, has
a very thin layer of surrounding soft tissue. A thin layer of soft tissue contributes to obtain
accurate measurements of force through the callus (see Chapters 5 and 6).

Animals selected for this study (Fig. 3.1 A) met the following requirements: female Merino
sheep, skeletally-mature, 3-5 years old, 35-70 kg body weight (BW), metatarsal length of at
least 14 cm (Fig. 3.1 B) and a minimal diameter of 10 mm in the thinner area. A total of
11 animals were used. Animals without those requirements, with wounds or scars of previous
injuries, bone deformities affecting the gait, local or systemic infections that could complicate
the postoperative period and previous surgeries on the limbs were excluded.

53
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Figure 3.1: Animals selection. (A) Group of selected sheep for experiments. (B) Checking the
approximate length of the metatarsus.

The welfare of the animals was guaranteed by the experimentation ethics committee of
the University of Seville and the supervision of the veterinarian team of the University of
Cérdoba. Veterinarians also trained animals to ensure welfare conditions and that animals had
a controlled behavior during the in vivo force and stiffness measurements (see Chapters 5, 6
and 9). During a week before surgery, a similar weight to the distractor was placed in the future
intervened limb and the procedures of monitoring during the distraction phase (sheep lying on
the floor) and during the consolidation phase (gait tests) were simulated (see section 3.4.2).

3.2 Bone transport protocol

Among the different applications of the distraction osteogenesis process (see section 2.1), bone
transport was chosen in these experiments. Bone transport was selected over the rest of ap-
plications due to its particularities (see section 2.1.1). It does not involve limb lengthening,
therefore gait analysis may be carried out. In addition, it allows the study of distraction force
since the force due to elongation of the surrounding tissues may be negligible with respect to
the force through the distraction callus [20]. Furthermore, some aspects that affect the bone
transport application are unknown or not enough studied as far as the author knows, such as
the contribution to the distraction force of callus traction and docking-site compression or the
influence of ossification in the recovering of gait conditions.

The complete bone transport process (see Fig. 3.2) began with a latency period of a week
after surgery. From the seventh day after surgery, the distraction phase (Fig. 3.2 A) was carried
out, moving the bone transportable segment (2) 1 mm each day for 15 days to fill the defect
(3), of 15 mm length. After distraction, the consolidation phase (Fig. 3.2 B) was performed,
until the distraction callus (1) was completely ossified. During this phase another callus was
generated in the docking-site (3), i.e., the compressive union between the bone transportable
segment and the distal segment of the original bone. After consolidation of the distraction and
the docking-site calluses, the distractor was removed, and bone remodeling continued. The



3.3. SURGERY 55

time of the distractor removal was decided according to the force and stiffness measurements,
to the X-ray controls and to the experience of the orthopedics surgeons and veterinarians that
have collaborated in this experiment. The time of the distractor removal varied for each animal,
being 153 + 44 days from surgery. This variation was due to individual geometries of the bone
and peculiarities of the callus maturation process for each sheep.

(A) (B)

Proximal

Distal

Figure 3.2: Scheme of the bone with the distractor: (A) during the distraction phase and (B)
during the consolidation phase. (1) Distraction callus (¢ = 15 mm); (2) bone transportable
segment (d = 25 mm); (3) docking site [116]

3.3 Surgery

A standard bone transport surgery was performed for each animal using general anesthesia
to implant an Ilizarov type distractor instrumented with load cells in the right hind metatarsus.
The fixator consisted of two circular aluminum frames (Fig. 3.2). The two frames were fixed to
the bone by Schanz screws (two bicortical and one unicortical 4 mm in diameter for the distal
and proximal frames) and to each other by two pairs of bars. One pair of bars (guide bars)
joined the two frames, and the other pair (mobile bars) had a threaded nut system to permit the
movement of the bone fragment. The mobile bars were connected to the transportable bone
fragment through two bicortical Steinmann pins 3 mm in diameter. On each bar, one or two
load cells were added to measure the forces (see more details about the distractor in Chapter
4).

Before the first intervention, surgeons, veterinarians and engineers repeated the procedure
ex vivo until mistakes and unforeseen were overcome. A total of 5 surgery simulations were
performed. The aims of the ex vivo surgery training were: to know in detail the anatomy of
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the intervened limb, to optimize the pin drill, to establish the best protocol for the assembly
of the distractor, to practice different methods for the osteotomy procedure, to avoid future
complications and to learn the use of the designed surgical devices.

These surgical devices were the distractor described in Chapter 4 and a device designed to
drill and direct the Steinmann pins and the Schanz screws of the distractor (Fig. 3.3). This
device for directing pins and screws consists of two edges where two bearings can be moved
and positioned at each point where a pin has to be drilled. Each bearing has guiding tubes to
get an exact drilling trajectory. Before pins are drilled, the limb is fixed to the auxiliary tool’s
frame on proximal and distal ends and also in the middle one so that limb cannot move.

To ensure the fast before surgery and minimize problems of regurgitation and postoperative
bloat, solid food and water were avoided 36 hours and 6 hour prior of surgery respectively. The
complete surgery process lasts 4 hours approximately and consists of the following steps:

Figure 3.3: Auxiliary tool used during surgery: (a) edges; (b) bearings; (c-e) proximal, distal
and middle limb fixation respectively.

o Anesthesia induction and monitoring (see Fig. 3.4 A). First, the animal was immo-
bilized and its external jugular venous was catheterized. After, it was premedicated
using dexmedetomidine (Dexdomitor® 0.5 mg/ml; Orion Pharma, Espoo, Finland), bu-
torphanol (Torbugesic® 1%, Fort Dodge, Girona, Spain) and cefazolin (Kurgan® 1 g;
Normon, Madrid, Spain). 15 minutes later, endotracheal intubation and anesthesia induc-
tion using propofol (Propo fol — Lipuro® 1%; BBraun VetCare, Barcelona, Spain) were
carried out. Anesthesia was maintained using isoflurane to an inspired concentration of
1.4% - 1.5% (Isof10®; Esteve, Barcelona, Spain). The monitoring during the surgery
included electrocardiography, pulse oximetry, capnography / capnometry, invasive blood
pressure (using the femoral artery of the left leg), body temperature, and anesthetic gases
analysis.



3.3. SURGERY 57

e Surgical approach. The animal was placed in right lateral decubitus, holding the left leg
with a bandage, leaving the right leg placed on a side table, with the medial face exposed
to surgeons. Once the animal was disposed, surgeons marked in the limb the location
where the distractor had to be implanted according to the animal anatomy particularities
(tendons and vessels location, size of the bone etc), the location of the osteotomies and
the initial wound. After dissection by planes was performed with cold scalpel, using
electrocautery in case of bleeding, the metatarsus is separated from all the soft tissues
around it (see Fig. 3.4 B).

Before, the limb was shaved and cleaned up with soap and water, isolating the hoof with
a self-cohesive bandage. The surgical field was isolated from the rest with the help of
sterile drapes. The whole procedure was carried out under strict aseptic measures.

(A) (B)

Figure 3.4: Images during the anesthesia induction (A) and after the surgical approach (B)

e Fixation of the limb. The limb was fixed to the device designed to drill and direct the pins
and the screws of the distractor. This device holds the limb applying a controlled pressure
in the ends of the limb by means of two adjustable plates. The limb was protected with
foams. In addition, the fixation of the limb to the device was ensured by a screw drilled
in the segment that was removed after creating the 15 mm defect (see Fig. 3.5 A).

e Drilling of screws and pins. Once the limb was fixed to the device for drilling and
directing the pins and the screws, those were drilled from distal to proximal since the
metatarsus has a smaller diameter in the distal region. The use of the auxiliary tool al-
lows drilling the fixator’s Schanz screws and the Steinmann pins in the correct direction.
Therefore, the bone overloading due to correction of trajectory was avoided. Fig. 3.5
shows the limb after the first Schanz screw was drilled (B) and after all, 6 Schanz screws
and 2 Steinmann pins were drilled (C). To facilitate the operation, the Schanz screws, 4
mm in diameter, were drilled after predrilling with a 3.5 mm pin and the Steinmann pins,
3 mm in diameter were also pre-drilled with 2.5 mm.

o Assembly of the fixator. The pieces of the distractor were assembled to the pins and
screws fixed before (Fig. 3.6). Firstly, the proximal and distal circular frames of the
fixator were fixed to the proximal and distal sets of Schanz screws. Secondly, the bars
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Figure 3.5: Image after the fixation of the limb to the device director of pins and screws (A),
after the drilling of the first Schanz screw (B) and after the complete process of drilling (C).

of the fixator were assembled to the proximal and the distal frames. Thirdly, the mobile
bars were fixed to the Steinmann pins. Finally, all the screws that join the different pieces
were inspected and fixed. During the surgery, bars without load cells were mounted since
load cells do not support the sterilization process for pieces which are used during the
surgery. One week later, at the end of the latency period, the surgery bars were replaced
by other with load cells which may be connected to the acquisition system. During the
change of each bar the stiffness of the fixation is guaranteed by the connection of the
other three bars.

Figure 3.6: Assembly of the fixator.

Osteotomies. Once the bone was fixed to the distractor, osteotomies are carried out us-
ing an oscillating saw guided by a tool also designed for this case (Fig. 3.7 A). Three
osteotomies were made resulting in two small bone fragments in the mid diaphysis. The
distal bone fragment was retired, creating the defect, and the proximal, the bone trans-
portable segment, fixed to the distractor before cutting. Thus, there were two focus
areas during the bone transport process: the distraction callus and the docking site (Fig.
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3.2). The former, the distraction callus, represents the distance created by distracting the
proximal osteotomy whilst the latter, the docking-site, is the gap or the callus of union
(depending on the phase, distraction or consolidation respectively) between the bone
transportable segment and the most distal segment of the metatarsus (Fig. 3.2). Fig. 3.7
B shows the bone after osteotomies were carried out and the defect was created.

Before each osteotomy, the periosteum located at osteotomy area was cut using a perios-
teotome and rolled up with the aim of separating 2 - 3 mm. This method was followed to
avoid damage in the periosteum tissue because of the high temperature in the cutting area
of the oscillating saw. It was also used in other works [31] to preserve the periosteum.
Some authors have indicated that the periosteum is the major contributor to osteogenesis
during distraction [39, 183].

Figure 3.7: Image during the first osteotomy (A) and after the three osteotomies were carried
out (B)

o Stitching of the wound. (3.8 A) After osteotomies were carried out, the area intervened
was cleaned with saline solution and the skin was stitched. The area of the wound was
covered with an insulating elastic bandage and another bandage was used to cover the
distractor.

e Reanimation. (3.8 B) Finally, the animals were moved to a reanimation area where they
were under control of the veterinarian team until they were free from some effect of
anesthesia.

3.4 Experiments planning

This section aims to summarize the planning of the experiments carried out during this thesis.
Both in vivo and ex vivo tests were carried out; therefore the design of the experiment dur-
ing the animal life and after sacrifice is explained. The different tests and measurements that
were performed during the experiments may be classified as mechanical monitoring, clinical
monitoring and numerical analysis. The mechanical monitoring includes the following mea-
surements: in vivo distraction force, in vivo force through the callus and the fixator during
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Figure 3.8: Sewing of the wound (A) and one of the animals just after the reanimation process

(B)

gait, in vivo gait analysis, in vivo stiffness estimation and elastic modulus via nanoindenta-
tion ex vivo. In the case of the clinical monitoring, it includes: radiographies, angiographies,
histologies, composition analysis, CT images and 3D reconstruction. The numerical analysis
was used for the estimation of the callus stiffness based on CT images and 3D reconstruction.
These tests and measurements were used in the following Chapters according to their particular
aim: calibration of in vivo force and stiffness measurements (Chapter 4); in vivo force moni-
toring during the distraction phase and x-rays (Chapter 5); 3D callus reconstruction from CT
images, in vivo force and stiffness monitoring (Chapter 6); elastic modulus measurements via
nanoindentation and micrographies of ex vivo samples (Chapter 7); numerical analysis using
3D callus reconstruction from CT images (Chapter 8); and gait analysis (Chapter 9). Moreover,
other measurements were performed which were not used in this Thesis but were part of other
studies, e.g., histologies [105], angiographies or analysis of composition [53]. Tables 3.1 and
3.2 include the complete planning of the experiments. The different tests and measurements
carried out for each animal and each time point are explained briefly in the next sections and
more details may be found in their corresponding Chapters. For each week or day of the pro-
cess, the tests and measurements that were performed are detailed. The week or day in which
each animal was sacrificed is also indicated.

3.4.1 Harvest of samples for ex vivo studies

10 of the 11 animals were sacrificed (using T-61® intravenously) interrupting the bone trans-
port process at different stages: 17, 22, 29, 36, 37, 51, 79, 98, 161 and 525 days after surgery
(see Tables 3.1 and 3.2). In these cases, to avoid misalignment of the bone segments, the dis-
tractor was removed only after the limb with the fixator from each sacrificed animal was frozen.
Once, free of fixations, computerized tomography images of the limb were obtained. Later, the
distraction and the docking-site calluses were harvested from each limb and divided for using
in histology, Ca composition and nanoindentation studies. The limbs were cut in the longitu-
dinal direction as it is indicated in Fig. 3.9 dividing it in three pieces: a half for the histology
study, a quarter for nanoindentation studies and the remaining quarter for composition studies.
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Table 3.1: Planning of the experiments for animals sacrificed until 51 days after surgery. S, ani-
mal sacrifice. Clinical monitoring: X, x-rays; A, angiographies; H, histologies; C, composition
analysis; T, CT images. Mechanical monitoring: Fy, in vivo distraction force measurement;
Fy,, in vivo force through the callus and the fixator measured during gait; K,, in vivo stiffness
estimation from force measurements; Fy), in vivo gait analysis; E, ex vivo nanoindentation
measurement of the callus elastic modulus. Numerical analysis: K,,, estimation of the callus
stiffness based on CT images

Time after Sheep code
surgery 9 7 8 6 3 11
&
5| weekl X X X X X X
<
= day8 Fd X,Fd X,Fd,A X,A X
day 9 X, Fd Fd Fd, Fg
day 10 F,
day 11 Fy
day 12 Fd, Fg Fd
o day 13 Fd
2 day 14 Fy
g | dayl5 Fy Fy
.g day 16 Fy Fy Fy. Fy
day 17 X,I:’S]’(fl Fd Fd
day 18 Fd Fd Fd, Fg
day 19 Fd Fd
day 20 Fy
day 21 X Fy X X
day 22 SSH T,K, | X,F,; X
day 23 Fy, Fg, K,
week 4 Fo, K, X, A
g X,S,H | X,S,H,C
.% week 5 T.K, T.E.K, X, A X
= [ week6 S.H,C,T.K, X
% week 7 X
O X,S,H,C
week 8 T.E.K,

The pieces of the limb were stored frozen at -80°C until each test was carried out.

3.4.2 Mechanical monitoring
In vivo stiffness and force measurements

The force through the distraction callus and the fixator were monitored during the distraction
and the consolidation phases. In addition, the distraction callus stiffness was estimated from
the force measurements at the time points indicated in Tables 3.1 and 3.2:
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e [n vivo distraction force measurements. Daily force measurements were performed dur-
ing each step of distraction. These tests consisted of monitoring continuously (100 pps)
the force through the load cells of the fixator. Different forces were calculated from these
measurements: the force through the callus and the force through the docking-site dur-
ing the movement of the bone transportable segment, and the posterior force relaxation
(see more details about how forces were measured, the acquisition system and results in
Chapters 4 and 5). A minimum of 8 force relaxation measurements were performed per
animal in 7 of the animals during the 15 days of distraction (see Tables 3.1 and 3.2). The
duration of each test varied between 10 and 50 minutes depending on animal conditions.
During data acquisition, the animals were in a lying sideway position with their limbs
immobilized. These measurements allowed obtaining a model of the distraction callus
tissue behavior (Chapter 5).

o Force through the callus and the fixator during gait. For 9 of the 11 animals, gait tests

Table 3.2: Planning of the experiments for animals sacrificed from 51 days after surgery, (A)
latency and distraction phases, (B, next page) consolidation and remodeling phases. S, animal
sacrifice. Clinical monitoring: X, x-rays; A, angiographies; H, histologies; C, composition
analysis; 7, CT images. Mechanical monitoring: Fy, in vivo distraction force measurement;
F,, in vivo force through the callus and the fixator measured during gait; K,, in vivo stiffness
estimation from force measurements; Fg, in vivo gait analysis; E, ex vivo nanoindentation
measurement of the callus elastic modulus. Numerical analysis: K, estimation of the callus
stiffness based on CT images.
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week 5 X, A X, Fy, Kg, Fp X X, Fy, Kq, Fp
week 6 X, A F, K, X X, F,, Ky, Fp X, Fp, Ko, Fpo | X, Fy, K, Fip
week 7 X, F,, K, X, Fg, Kg, Foo X, Fp, Ko, Fpo | X, Fy, K, Fo
week 8 X, F,, K, X A, Fy, K, Fo X, Fo, K, Fo Fo, Kq, Fio
week 9 F,, K, X Fo, Kq, Fo X, Fy, Ky, Fyo
week 10 | X, A, Fg, K, X X, A Fy, Ko, Fpp | X, Fy, Ky, Fpp Fo, K, Fio
week 11 X Fg, Kg, ng Fgg X, ng
week 12 g’?’g’g X X, Fg, K, Fo» Fo, K, Foo X, Fp

& [ week 13 Fyo

o) X, A S, H

"é’ week 14 T.E.K, X, Fp

L week 15 A X X, Fp

e week 16 X

g week 17 Fy

g= week 19 X, A X

2 | week 20 X, T,K,

% week 21 X Fy

8 week 22 X X
week 23 S,H,T,E, K,
week 25 X
week 26 X
week 28 X Fp
week 29 X
week 30 X T, K,
week 32 X
week 34 X
week 35 Fp
week 36 X
week 37 Fyp
week 40 X, T, K, Fy
week 41 Fyp
week 45 X T, K,
week 48 Fp
week 49 X
week 54 X
week 55 T, K,
week 60 Fgo
week 68 T,K,
week 75 S, H,E

were carried out three times per week a maximum of three times a week since distrac-
tion began (see Tables 3.1 and 3.2). As it may be observed in Tables 3.1 and 3.2, it
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Indentation

Composition

Histology
= Indentation surface:

Figure 3.9: Distribution of the limb pieces to obtain the different samples for the ex vivo studies
carried out (histology, composition and indentation).

was not possible to repeat the tests every week for all animals because of animals lim-
itation and equipment availability (see more details in Chapter 6). Each gait test (Fig.
3.10) consisted of measuring the ground reaction force (GRF) and the force through the
fixator in the test before the fixator removal. Afterwards, the rest of forces involved in
the bone-fixator system while the sheep was walking (force through the callus, force
through the docking-site) were estimated as described in Chapter 4. For a complete set
of measurements, the animal had to tread at least 10 times with the intervened limb on
the force platform. Mean forces of 5 valid treads were obtained. A tread was considered
valid if the force data was measured when the sheep walked at 2-4 km/h [42, 115, 116].
More details about the methods for in vivo force measurements during gait are included
in Chapters 6. In Chapter 6 in vivo force measurements during gait were used in the as-
sessment of the force through the callus and through the fixator during the consolidation
phase, before the distractor removal.

e Invivo callus stiffness assessment during the consolidation phase. The stiffness of the

callus has been assessed during the consolidation phase from the in vivo force measure-
ments (see results in section 6). In Chapter 4 the methods to calculate stiffness from
force measurements are explained.

Gait analysis. In Chapter 9, GRF measurements were used in gait analysis during the
complete process of bone transport. In this case, gait tests were performed even after the
distractor was removed to collect the GRF measurements. See more details in Chapter 9

Ex vivo measurement of the callus mechanical properties

Nanoindentation tests were performed to obtain the elastic modulus of the woven bone. It was
carried out in distraction and docking-site calluses samples harvested from sacrificed animals
in which most of the callus tissue was ossified (35, 50, 79, 98, 161 and 525 days after surgery;
see Tables 3.1 and 3.2). See methods and results of the nanoindentation experiments in Chapter

7.
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Figure 3.10: Sheep during a gait test [115]: (1) force platform; (2) wooden platform; (3)
instrumented fixator; (4) A/D converter for the load cells signals.

3.4.3 Clinical monitoring
X-ray study

Radiographies were performed to control the maturation of the callus and validate other results
such as force distribution, callus stiffness, callus volume etc. The frequency of the x-rays was
once per week since the surgery to 8-9 weeks after, once per two weeks from 8-9 to 14-15
weeks after surgery and once per month from 14-15 weeks after surgery (see Tables 3.1 and
3.2). To ensure that the callus growing was being balanced, x-rays were performed in two
different views: from anterior to posterior and from lateral to medial.

Vascularization study

Evolution of the vascularization in the intervened limb was assessed by means of angiogra-
phies. Angiographies consisted of performing radiographies while a contrast substance is in-
jected to the vessels of the intervened limb. Angiographies were done at different time points in
some of the animals (see Table 3.1 and 3.2). The quantification of the level of vascularization
of the distraction callus and the docking-site was not an objective of this Thesis.
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Histological and composition study

Although they were not aims of this thesis, it is worth mentioning that samples from all animals
of the experiments carried out for this thesis were used for a histological study [105] and some
of them for a composition study (sheep 3, 6, 11 and 2: 35, 37, 50 and 79 days after surgery)
[53] (see Table 3.1 and 3.2).

CT and 3D reconstruction

CT images of the intervened limb were taken at different moments of the process to assess
the state of maturation of the callus with time. The resolution of the CT images was 200-300
um/voxel. The callus 3D reconstruction was obtained from CT images by segmentation, using
the software MIMICS® (Materialise, Leuven, Belgium). The total volume was quantified as
well as the external and the internal callus volumes for the distraction callus (see Chapter 6).
Furthermore, the percentage of bone and soft tissue volumes within the callus were assessed
(see Chapter 8). CT images were performed both in vivo and ex vivo (see Tables 3.1 and 3.2).
CT images could not be performed in vivo in limbs which had the fixator installed due to the
reflections of the metallic parts. To carry out CT images before callus was ossified completely,
nine animals were sacrificed interrupting the process at different stages (17, 22, 29, 35, 37,
51, 79, 98, and 161 days after surgery). The other two animals were studied after the callus
had been totally ossified and the distractor had been removed. Hence, it was not necessary to
sacrifice these animals and various CT images in vivo could be taken at different time points
(137,205, 277, 311, 379 and 471 days after surgery).

3.4.4 Numerical analysis

The 3D reconstruction of the distraction callus was also used to create finite element models
(see Chapter 8). Material properties were assigned to the elements of these models using
different methods and the callus stiffness was estimated for each time point of CTs (see Tables
3.1 and 3.2).



Chapter 4

Distraction osteogenesis devices to
monitor force and callus stiffness in
VIVO

This Chapter is based on a paper published: J] Mora-Macias, E Reina-Romo and J Dominguez.
Distraction osteogenesis device to estimate the axial stiffness of the callus in Vivo. Medical
Engineering & Physics, 37(10):969-78, 2015. It includes the design and the calibration of the
distractor used in the experiments carried out and in the measurements of force and stiffness of
the distraction callus reported in the Chapters below.
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Chapter 5

In vivo study of force relaxation during
distraction

In this Chapter a model of the callus tissue behavior during the distraction phase is proposed
based in the experiments in vivo. These results are included in a paper published in literature: J
Mora-Macias, E Reina-Romo and J Dominguez. Model of the distraction callus tissue behavior
during bone transport based in experiments in vivo. Journal of the Mechanical Behavior of
Biomedical Materials, 15(61):419-430, 2016.

68



Chapter 6

In vivo mechanical characterization of
the distraction callus during bone
consolidation

This Chapter reports the measurements of forces through the fixator and the callus stiffness
in vivo during the consolidation phase of the bone transport process. The evolution of the
bone volume of the callus at different stages is also presented. These outcomes allow relat-
ing quantifiable biological aspects (callus volume and tissue production rate) with mechanical
parameters (callus force and stiffness) using data from the same bone transport experiment
(Chapter 3). All these results, included in this chapter, were published: [115]: In vivo me-
chanical characterization of the distraction callus during bone consolidation. J Mora-Macias, E
Reina-Romo, M Lépez-Pliego, MA Girdldez-Sénchez and J Dominguez. Annals of Biomedical
Engineering, 43(11):2663-74, 2015.
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Chapter 7

Spatial and temporal variations of the
callus mechanical properties via
nanoindentation

In previous Chapters the evolution of the distraction callus stiffness, the force through the
callus in vivo and the volume of the woven bone during the bone transport process have
been provided. To understand the mechanobiology mechanisms that rule these macroscopic
parameters it is necessary to know the mechanical properties of the callus tissue at a smaller
scale. The aim of the work presented in this Chapter is to characterize the spatial and temporal
variations of the woven bone within the docking-site and distraction calluses by means of
nanoindentation experiments. The results presented here are based on a paper submitted for
publication: J] Mora-Macias, A Pajares, P Miranda, J Dominguez and E Reina-Romo. Spatial
and temporal variations of the mechanical properties of the woven bone during bone transport.

7.1 Introduction

From its introduction by Ilizarov [78, 79], distraction osteogenesis has been studied by means
of histology and radiography studies [7, 9, 11, 38, 49, 78, 79, 92, 124]. These works evaluated
the callus tissue types, the ossification modes and other parameters such as angiogenesis within
the callus. It was demonstrated that the differentiation and the stiffening of the tissues within
the distraction callus depend on the mechanical environment [95, 150]. Therefore, knowing
the evolution of the callus mechanical properties and tissue types over time contributes to
understand the mechanobiology of the new bone regeneration and optimizes the application
of distraction osteogenesis in clinical practice by means of numerical models [85, 140-145].
Macroscopic mechanical properties of the distraction callus have been studied in the litera-
ture both ex vivo [47, 123] and in vivo [4, 20, 31, 43, 72, 113, 115, 116]. Ex vivo studies
[47, 123] have provided values of the stiffness of the distraction callus at different time points
during the process. In vivo studies also provided the evolution of the callus stiffness with
time [4, 43, 113, 115, 116] although measurements were limited to the time of the distractor
removal. In addition, these studies reported the increase of the force through the callus and
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the woven bone tissue volume with time during the consolidation phase. Some of the in vivo
studies carried out focused on other mechanical aspects such as the force relaxation within
the callus tissue during the distraction phase [20, 72, 113, 115, 116] or the influence of the
interfragmentary displacement [31]. Still all methods used in these works do not provide infor-
mation on the material properties of the distraction callus through the stages of the bone tissue
regeneration at a microstructural level. In addition, they do not allow obtaining local variations
of the mechanical properties within the callus tissue.

Nanoindentation technique allows determining the elastic modulus and contact hardness of
materials point by point with a high spatial resolution [125]. It has been applied successfully to
assess the mechanical properties of biological tissues [127], both soft tissues [61, 126, 168, 186]
and hard tissues [5, 21, 97, 98, 107, 109, 129, 147, 152—154, 164, 165]. These studies carried
out in bone have provided some findings about the influence of nanoscale heterogeneity in bone
strength [164, 165], the bone permeability changes [154] or the values of elastic modulus of the
callus in bone healing [5, 97, 98, 109]. In the last case, Leong and Morgan [97] measured the
elastic modulus of the tissues within the callus during fracture healing. Although they obtained
the elastic modulus for different tissue types, the results presented high scatter and the study
only used one time point during the bone healing process. Manjubala et al. [109] reported,
for the bone tissue of the callus during bone healing, the mean values of the elastic modulus
evolution with time, the spatial variation with the distance from the cortex periosteum and the
heterogeneity by means of elastic modulus maps among others.

As far as the author knows, no mechanical properties of callus tissue were assessed via
nanoindentation during distraction osteogenesis. Information about spatial and temporal vari-
ation of the local elastic modulus and hardness of the callus during distraction osteogenesis
could contribute to clarify controversial or unknown aspects in literature about distraction os-
teogenesis. For example, it is unknown the contribution of the increase of the bone tissue
volume within the callus and the mechanical properties of the callus tissues to the increase of
the macroscale callus stiffness during the process. On the other hand, in the particular case
of bone transport, as far as the author knows, most of the studies about mechanical parame-
ters assessment have been focused on the distraction callus and not in the docking site callus
[20, 31, 72]. However, docking site is known to be a frequent source of problems because of
the difficulty of its consolidation [51, 73, 111]. Therefore, the aim of this work is to assess
the spatial and temporal variations of the elastic modulus of the woven bone tissue within the
distraction callus during the bone transport process carried out in the experiments described in
Chapter 3. Bone transport was applied in sheep and callus samples were evaluated via nanoin-
dentation at different time points of the process and different regions of interest within each
specimen.

7.2 Materials and methods

7.2.1 Sample preparation

The samples used in this study came from the above mentioned bone transport experiments
carried out (see Chapter 3, [113, 115, 116]). During these experiments, animals were sacrificed
at different time points and a quarter of the intervened bone (right metatarsus) cut in longitu-
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Figure 7.1: (A), (B) and (C), cortical bone, distraction callus and docking site samples from
the quarter of the intervened limb designed for nanoindentation experiments. (D), (E) and (F),
surface for nanoindentation within the cross section (parallel to frontal plane) of the area of
cortical bone, distraction callus and the docking site. (G), (H) and (I), indentation surface of
samples embedded en the resin cylinder of 25 mm in length and diameter.

dinal direction was preserved for indentation experiments by freezing at -80 °C. Since the aim
of this study was the characterization of the woven bone, only specimens in which the most
of the tissue within the callus had been ossified were used (35, 50, 79, 98, 161 and 525 days
after surgery). For each animal, two woven bone samples were needed from the two focuses
of woven bone generated during bone transport: the distraction and the docking site calluses.
In addition, a cortical bone sample from the proximal bone segment was also obtained for con-
trol measurements. Therefore, three segments of bone were extracted from the quarter of the
limb selected for nanoindentation tests: one from the distraction callus, another one from the
docking-site and the cortical bone samples (see Figs. 7.1 A, B and C). Fig. 7.1 shows in the
frontal plane the piece (plane of indentation) of the limb corresponding to the cortical bone
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sample (5 mm in length, Fig. 7.1 D), the piece of the callus sample (15 mm in length, Fig. 7.1
E) and the docking-site sample (5 mm in length, Fig. 7.1 F).

For each piece, a 2 mm width sheet in the surface of the piece parallel to the frontal plane
was extracted and embedded in an Epofix® (Struers, California, US) resin cylinder. Figs. 7.1
G, H and I show a scheme of the indentation surface of each sample after embedding in the
resin cylinders 25 mm in diameter and 25 mm in height. These surfaces were polished with
carbide papers (P600 to P4000) and diamond slurry (from 3 to 0.25 um). Colloidal silica slurry
(0.04 um) was used for the final polishing step. The samples were cleaned ultrasonically with
distilled water between each polishing step. The total process of sample preparation took 3
days from thawing. Fig. 7.2 shows pictures of the three type of samples for one of the animals
(161 days after surgery) after the polishing process was completed.

(A) B) ©

Figure 7.2: (A) cortical bone, (B) distraction callus and (C) docking-site samples of the sheep
sacrificed 161 days after surgery.

7.2.2 Nanoindentation measurements

Instrumented indentation (Nanotest, Micro Materials Ltd. Wrexham, UK) was performed to
determine the reduced elastic modulus (E,) and hardness (H) of the cortical and woven bones
using the Olive Pharr method [125] (see more details in Appendix A). The indentation tests
were performed at ambient laboratory conditions using a Berkovich diamond indenter. The
load was increased monotonically at a rate of 0.5 mNs~! to a maximum load of 5 mN and
held for 40 s before unloading at 0.5 mNs~! rate. The load-depth data were processed using
Oliver and Pharr method [125] to determine E,. The accuracy of the nanoindentation equip-
ment was evaluated by means of indentation in fused silica, whose mechanical properties are
homogeneous and do not vary with time. Differences in these measurements were evaluated to
be below =+ 2 % for E,.

Distribution of indentations in the cortical bone, distraction and docking-site calluses fol-
lows. For the tests carried out, distance between indentations was chosen according to the
minimum trabecula thickness of the new bone tissue of the callus. It was evaluated by means
of the histology images obtained from samples of the same experiments. For example, Fig. 7.3
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A shows the histology images of different areas of the woven bone within the distraction callus
17 days after surgery [105]. Fig. 7.3 B shows quantitatively how the width of the trabeculae
in the distraction callus increased with time after surgery [105]. The lowest values of trabecula
thickness were measured for samples harvested before 50 days after surgery. The mean values
of trabecula thickness were above 50 um. Therefore, a distance between indentations of 50 m
was established to ensure that an aceptable number of indentations were carried out in woven
bone and no in porous areas.

Trabecular size (um)

0 50 100 150 200 500 550
Days from surgery

Figure 7.3: (A) Trabeculae thickness of regenerate 17 days after surgery. 40X magnification:
(a) Proximal area, (b) Distal area, Pe: periosteum, To: woven bone trabeculae, Hc: compact
bone, oim: intramembranous ossification focus [105]. (B) Quantification of the woven bone
trabeculae thickness in the callus tissue of all the harvested samples [105].

Indentation experiments distribution and duration for the three types of samples of each
sheep (cortical bone, distraction callus and docking site samples) are detailed in Fig. 7.4 and
Table 7.1. A matrix of 16 x 16 indentations (750 x 750 pum) was performed in the cortical bone
sample (A). In the callus sample two indentation lines were done in transverse and in longitu-
dinal direction with distance between each indentation and between lines of 50 um. Lines in
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longitudinal direction were positioned following the cortical bone orientation, approximately
among 3 and 7 mm from the central axis of the limb (B1). Lines in transverse direction were
positioned approximately between 2 and 4 mm from the proximal end of the callus (B2), which
is about a quarter of its total length. In addition, three matrices of 16 x 16 indentations (750 x
750 um) were performed: in the middle of the section (B4), a quarter from proximal (B3) end
and a quarter from distal end (B5). In the docking site sample two indentation lines were done
in transverse direction just between two bone fragments, with distance between each indenta-
tion and between lines of 50 um. (D1). Furthermore, a matrix of 16 x 16 indentations (750 x
750 um) was performed just between the two cortical bone fragments in longitudinal direction
(D2), in the exterior of the callus (some millimeters from cortical bone external diameter).

The time necessary to carry out the experiments is included in Table 7.1. Cortical bone
sample (A) could be carried out in approximately 1 day, distraction callus samples (B1-B5)
would need approximately 6 days and docking site samples 2 days. Results reported in Ap-
pendix A showed that the time-dependence of the nanoindentation measurements of E, and H
in bone and woven bone specimens prepared following the described procedure is not signifi-
cant in the time needed for experiments (A maximum of 10 days taking into account the sample
preparation and the duration of the indentation tests) compared to other factors of variation such
as the heterogeneity of the tissue.
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Figure 7.4: Distribution of indentations in (A) cortical bone samples, (B) distraction callus
samples and (C) docking site samples. P: proximal; D: distal; the dash-dot line represents the
axial edge of the limb.
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Table 7.1: Size, number of indentations and duration for each area of indentation.

Area | Size (um x um) | Matrix | Indentations | Hours
A 750 x 750 16 x 16 256 21.33
B1 15000 x 50 301x2 602 50.17
B2 7500 x 50 151x2 302 25.17
B3 750 x 750 14x 14 196 16.33
B4 750 x 750 14x 16 224 18.67
B5 750 x 750 14x 16 224 18.67
Dl 7500 x 50 151x2 302 25.17
D2 750 x 750 16x 14 224 18.67

7.2.3 Data processing

E, of indentation lines with position were represented to analyze spatial variations. Besides,
maps of E, in matrix indentations were used to see and characterize the mean value of het-
erogeneity of the tissues. The heterogeneity in each matrix was also evaluated by means of
the mean value and the coefficient of variation of indentations in each matrix. Moreover, the
mean and the standard deviation of E, of all indentations at each time point in distraction and
docking site calluses specimens were evaluated and correlated with time to see temporal vari-
ations. All the measurements carried out in woven bone were compared with the mean of all
indentations in cortical bone for all time points and specimens, which was used as control or
reference value.

It is known that the woven bone has lower mechanical properties than cortical bone. There-
fore, the evolution with time (¢) of the mean values of E, of the woven bone in distraction callus,
docking-site callus and fracture callus [109] should be correlated with functions that allow an
asymptotic increase from values of E, of the woven bone initially generated to values close to
cortical bone (Ecp). For example, the exponential expression

E,=Ecg—a-e 7 (7.1)
is used in this analysis, where a and b are the fitting coefficients, 79 is the number of days
after surgery when the consolidation period started (21 days in the case of this experiments: 7
days of latency phase and 15 days of distraction phase). The goodness of each correlation was
estimated by means of the coefficient of determination (R?).

7.3 Results

For each animal sacrificed at a given time point, nanoindentation measurements of the E, were
obtained for samples of cortical bone, woven bone in the distraction callus and in the docking-
site callus. For each type of sample, E, values obtained in linear and matrix indentations are
presented. Linear indentations are presented directly over the indented areas. Matrix indenta-
tions are presented as maps of £, and as mean value =+ the standard deviation to see spatial or
temporal correlations.
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7.3.1 Control measurements in cortical bone

Indentation matrices carried out in cortical bone (A) reported mean values of E, between 16
GPa and 21 GPa (Fig. 7.5). The mean value for all the time points was 18.2 GPa, which
was used as reference for comparison with woven bone E, measurements. The coefficient of
variation of the results of each indentation matrix was between 9% and 14% (Fig. 7.5).

Indentation maps of the 750x750 pm matrices in cortical bone also represent the scatter
in measurements that is a result of the material heterogeneity. Fig. 7.6 shows the indentation
maps in cortical bone for three of the samples analyzed. Similar results of scatter with respect
to mean values were obtained in the rest of samples.

r

E (GPa)

35 50 79 98 161 525
Days from surgery

Figure 7.5: Mean values of E, + the standard deviation of indentation matrices in cortical bone
in the different samples.

7.3.2 Spatial - temporal variations of the distraction callus mechanical proper-
ties

Fig. 7.7 shows the evolution with time of the mean values of E, of all indentations carried out
for each time point (lineal and matrix indentations). E, values of the woven bone increased
with time from 7 GPa 35 days after surgery to 14 GPa 525 days after surgery approximately,
close to the mean E, of cortical bone, 18.2 GPa. This graph shows that the rate of increment
of the mean E, of the woven bone per unit of time decreases with time. During the first weeks
of the process the mean E, increased quickly, from 7 GPa 35 days after surgery to 8 GPa 50
days after surgery, an increase of 1 GPa approximately in 2 weeks. After the sixth month from
the surgery, E, increased from 11 GPa 161 days after surgery to 14 GPa 525 days after surgery
approximately. 17 weeks were needed for 1 GPa of increase of E, approximately. According
to the fit carried out using equation 7.1, values of 95% of the mean E, measured in the cortical
bone would be reached 1033 days after surgery.
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Figure 7.6: Detail of the micrographies in the matrix indented and the corresponding E, map
for the sheep sacrificed 35 (A), 161 (B) and 525 (C) days after surgery.
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Figure 7.7: Experimental E, mean values = the corresponding standard deviation in the distrac-
tion callus versus time. E, experimental values were fitted versus time using equation 7.1 (Ecp
=18.2 GPa; 1y = 21 days; a = 10.2 GPa; b = 418.9 s). Mean value of the control measurements
in cortical bone is also represented (dotted line).

Differences in the evolution of E, with position, from proximal to distal, were reported
by the mean values of E, in the indentation matrices performed for each time point. Fig.
7.8 shows the mean values of E, with their corresponding standard deviation for proximal
(B3), central (B4) and distal (B5) matrices beside the same values for the matrix performed in
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cortical bone. Increase of E, from proximal to distal positions were found for measurements
161 days after surgery; nevertheless, a decrease trend was found for measurements 79 days
after surgery. Other different trends were observed for the rest of animals, e.g. 50 days and
525 days after surgery samples reported higher values of E, in the central matrix. Therefore
no conclusions in the spatial variation of E, could be obtained. Fig. 7.8 also shows that the
standard deviation in matrices of the distraction callus were higher than in cortical bone. The
value of the coefficient of variation of matrices in the distraction callus may vary depending on
the measurement between 18% and 60% for most of the cases.

25

E (GPa)
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Figure 7.8: Mean values of E, & the standard deviation of indentation matrices in the distrac-
tion callus of the different samples (see Fig. 7.4). Values are presented beside values in cortical
bone.

Indentation maps of the 750x750 pum matrices in cortical bone also represent the spatial
scatter in measurements. Fig. 7.9 shows the indentation maps in cortical bone for three of the
samples analyzed (35, 161 and 525 days after surgery). Maps show an increase of E, with time,
also observed in Fig. 7.8. Levels of scatter seem to be similar and independent of spatial and
temporal variations. Similar results of coefficient of variation with respect to mean values were
obtained in the rest of samples.

Micrographies of the callus sample show qualitatively the evolution of the ossification state
of the callus (Fig. 7.10). 35 days after surgery (second week of consolidation) high porosity
level may be observed between the trabeculae of woven bone, which presents a disorganized
structure. 161 days after surgery some organization of the woven bone structure may be ap-
preciated and the porosity level is lower in the longitudinal line that joins the cortical segments
around the callus. 525 days after surgery, with the medular channel finished (see Chapter 6),
some millimeters of tissue with similar appearance to cortical bone may be observed in the
external perimeter of the callus which decreased in diameter considerably (see Chapter 6). The
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rest of micrographs shows similar trends. Linear indentations in distraction callus (B1 and B2)
show that the areas of high porosity correspond with lower levels of mechanical properties (Fig.
7.10). However, no spatial variation trends may be established because the reorganization and
the production of the woven bone (and therefore the level of porosity and E,) seem unrelated
with the location within the callus.

For example, in Fig. 7.10 A, 35 days after surgery, it may be observed for B1 that E,
decreased from values around 10 GPa close to the proximal cortical bone segment to values
around 5 GPa close to the porous in the center of the callus. However, different trends were
observed in the evolution of E, with respect to the position in the direction proximal to distal.
Whilst in Fig. 7.10 A it may be observed a slight decrease of E, from the proximal to the distal
area of the callus, the opposite trend is observed in Fig. 7.10 B.

Fig. 7.10 B also shows the relationship between porosity and E,, now attending to the
longitudinal line between distal and proximal cortical bone segments, where it may be observed
an area of reorganization of the woven bone structure. This area seems to provide higher values
of E, than indentations close to the axial edge of the limb or the exterior perimeter (see B2 in
Fig. 7.10 B). Nevertheless, different trends were also observed in linear indentations from the
axial edge of the limb to the exterior perimeter. For example, according to Fig. 7.10 C. E,
values from the interior to the exterior of the callus approximately do not vary.

7.3.3 Spatial - temporal variations of the docking-site callus mechanical proper-
ties

As in the case of the distraction callus, mean E, of the docking-site callus increases with time.
Fig. 7.11 shows mean values £ standard deviation versus time. The mean value of E, increases
from 8 GPa 35 days after surgery to 15 GPa 525 days after surgery, approximately. In general,
it may be observed that the increment of the mean E, decreases with time. According to the
fit carried out using equation 7.1, values of 95% of the mean E, measured in the cortical were
reached 943 days after surgery.

Fig. 7.12 compares the values obtained in all indentation matrices for each time-point:
proximal, central and distal distraction callus; docking-site callus and cortical bone. In general,
the mean values of all indentations in the docking-site callus presented slight higher values of
E, than these values in the distraction callus.

Coefficients of variation of results were similar to results in woven bone of distraction
callus: 20% - 40%. Maps of matrix indentations show with detail the spatial scatter of the
indentation matrix measurements (Fig. 7.13).

E, measurements in the docking-site did not provide significant trends with location within
the callus either (Fig. 7.14). The same relation between porosity and E, may be observed, e.g.
Fig. 7.14 C. As it was seen in the distraction callus, the spatial proliferation and the porous
density of the woven bone were different depending on each individual. However, attending to
the more developed calluses (Fig. 7.14 B and C), higher values of E, and more appearance of
mature woven bone were found in the external area of the callus.
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7.4 Discussion

The increase of the mechanical properties of the woven bone is one of the factors that con-
tributes to the increase of stiffness of the distraction callus during distraction osteogenesis.
This study has characterized the local elastic properties of the woven bone during bone trans-
port. The results reported allow knowing spatial and temporal evolution of E, in the distraction
and the docking site calluses. Comparison with data of previous studies carried out in fracture
healing callus [97, 109], where different mechanical conditions may appear, is also carried out.

The results of the temporal variation of mean value of E, provided, show that it increased
with time both in the distraction and the docking-site calluses (see Figs. 7.7 and 7.11) from 7
GPa to 15 GPa approximately. Properties of the woven bone generated during fracture heal-
ing were measured [97, 109] and may be compared with these values obtained in this Thesis.
Leong and Morgan [97] carried out indentation experiments in samples from fracture healing
in rats. They reported values of E, of the woven bone of 27-1010 MPa 35 days after fracture,
well under the values measured in this study, ranging between 4 and 18 GPa, approximately.
The difference in the animal species could explain these variations since Manjubala et al. [109]
reported similar range of values of E, (2-18 GPa) of woven bone in fracture healing in sheep
compared with results of this Thesis. Both the distraction and the docking-site calluses pre-
sented rates of increment of E, with time slower along time. It means that the increase of
mechanical properties of the woven bone has important contribution to the macroscopic in-
crease of the callus stiffness measured in previous Chapters, apart from the increase of the
callus volume also observed.

Normalization of the E, measurements in woven bone at each time point with the mean
value of measurements in cortical bone (18.2 GPa) provides information about the recovery
of the mechanical properties within the callus. Mean values of the E, of cortical bone mea-
sured (16-21 GPa with a coefficient of variation between 9% and 14%) were consistent with
those reported in literature for cortical bone using similar sample preparation and measurement
techniques [153]: 20.1 GPa with 19.4 % of coefficient of variation. Fig. 7.15 shows the evolu-
tion of E, mean values normalized with the mean value of measurements in cortical bone (E?)
for the distraction and docking-site calluses versus time. For the distraction and docking-site
calluses, mean value of E? with time shows the increase observed in Figs. 7.7 and 7.11 for
absolute values of E,. For the distraction callus, it was observed that E? values were close to
39% 14 days after the end of the distraction. E? values were increasing slower with time to
79% 500 days after the end of the distraction period. A similar increase was observed in the
case of the docking site callus. However, E° values remained above values in distraction callus
specially at the beginning of the process (about 48%, 14 days after the end of the distraction,
and 81%, 500 days after the end of the distraction period). E” values using the same reference
(18.2 GPa) obtained by Manjubala et al. [109] in fracture healing in sheep are also shown in
Fig. 7.15. As for distraction and docking site calluses, it may be observed that the E? ratio of
increment with time decreases along time. Nevertheless, some differences may be appreciated.
First, the increase of mechanical properties was faster, specially at the beginning of the process
(from 29%, 14 days after fracture, to 60%, 42 days after fracture). This fact caused that the
values of E, of the woven bone reached similar values to those measured in cortical bone faster
in fracture healing cases. According to the fits carried out in Fig. 7.15, values of E, in the
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woven bone of 95% of the mean E, measured in the cortical bone were reached after 185 days
of consolidation in fracture healing versus 1012 and 922 days of consolidation (distraction and
docking-site calluses respectively) needed in bone transport. Second, E? values 14 days after
fracture are clearly lower than values after the same time from the end of the distraction period
for the woven bone generated during bone transport. These facts may be explained attending to
the differences in the mechanical conditions and in the evolution of the ossification in the dis-
traction, docking-site and fracture calluses. On one hand, it may be suggested that the slower
increase of E in the distraction and docking site calluses may be related to the presence of
traction stimuli that does not exist in the case of fracture healing. On the other hand, the high
level of EY at the beginning of the process in the distraction and docking-site calluses could
be caused by the presence of a distraction period (15 days in this experiment). During the dis-
traction period the stiffness of the tissues within the distraction and the docking-site calluses
increase (see Chapter 5) and, it has been shown that, although bony bridging is achieved during
the consolidation phase, ossification starts before the end of the distraction period during the
bone transport process (see Chapter 6).

Table 7.2: Parameters of the curve fit carried out in each case of Fig. 7.15

EN%)=Ecs—a-e~ 5 | Ecg (%) | to | a(%) | b(s)
Fracture 100 0| 8.6 | 65.1
Distraction 100 0| 56.2 | 4189
Docking-site 100 0| 464 | 414.6

Manjubala et al. [109] reported variations of E, with the distance from the bone cortex
(from the periosteum to the exterior perimeter of the callus) in a fracture healing callus. They
found that E, slightly increases near the periosteum. In this study, variations of E, in two
directions within the distraction callus were analyzed: from the axial edge of the callus to the
exterior perimeter and, in longitudinal direction, from proximal to distal (see Figs. 7.10 and
7.8 for longitudinal direction). These results provided different trends in spatial variation of E,
which presented lower values in more porous areas. In one hand, interindividuals differences
in the distribution of the local mechanical properties during the process would explain these
different trends since samples at each time point were taken from different animals. On the
other hand, it could also be assumed that spatial distribution of the mechanical properties vary
with time for the same specimen. At the beginning of the process, it is expected that the woven
bone close to the cortical bone segments has higher values of E, because results in other studies
[92, 148], and this experiment [115] (see Chapter 6) showed that the ossification begins close
to the cortical bone segments. In fact, higher values of E, are observed close to the cortical
bone segments for the first time point analyzed (see Figs. 7.10 A and 7.8). However, from 50
days after surgery this trend was not kept. For example, 50 days after surgery and 525 days
after surgery the central area of the callus had higher values of E, than proximal and distal
areas, closer to cortical bone segments (see Fig. 7.8). It would mean that from a period of time
lower than 50 days, the value of E, does not depend on the age of the tissue. If variation of
local mechanical properties is associated to angiogenesis as is suggested in literature [57, 117],
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according to both hypothesis above, it could be assumed that the growing of the blood vessels
may vary particularly for each animal or that spatial distribution and growing of blood vessels
vary with time for the same specimen. In fact, the growing and developing of the blood vessels
with time have been demonstrated for one of the animals intervened in this study. Fig. 7.16
shows angiographies carried out at different time points for the sheep number 2 (see Tables
3.1 and 3.2). It may be observed in the different images the increment of size and number
of the blood vessels with time. This increment has been quantified by means of the index
of vascularization (Fig. 7.16). The index of vascularization at each time point is the area of
blood vessels within the callus divided by the total area of the callus at each time point. The
areas were measured in number of pixels in each radiography and the mean value between both
radiographies was used at each time point.

Results of this work also show the level of heterogeneity of the woven bone. Figs. 7.9
and 7.13 show that E, in the distraction and docking site calluses may vary from 1 to 20
GPa. The coefficient of variation for mean values was around 18-60% considerably higher
than values in cortical bone (9-14%). The heterogeneity is important in order to understand
the mechanical behavior of bony tissues. It has been demonstrated that heterogeneity may lead
to higher energy dissipation before fracture and thus influence the toughness [164]. However,
many computational studies in literature have considered homogeneous mechanical properties
for the woven bone [85, 141-143]. The obtained data may be used to rule the building of
heterogeneous meshes of elements in computational models.

Although the outcomes provided by this study are rewarding, there are some limitations
associated to the methods employed. Firstly, the methods used for the evaluation of E, from
indentation measurements [125] assume linear elastic behavior. However, the tissue within the
callus could present viscoelastic behavior specially during the distraction phase (see Chapter
5). The viscoelastic behavior depends on other mechanical parameters that were not assessed
because this work is focused on the woven bone where the influence of the viscoelastic behav-
ior is not significant compared to the soft tissues. Secondly, the need of using different animals
for each time point introduces a source of variation in measurements. For example, it did not
allow distinguishing if the E, spatial variations found are due to the time or to the interindivid-
uals differences. Finally, higher number of animals would allow more statistically significant
conclusions of this study; however, no more than 6 samples could be included in the study due
to funding limitations.

This work clearly shows that the mean E, of the woven bone increases during the bone
transport process. The rate of increment with time decreases along time both in distraction
and docking-site calluses. The rate of increase of E, is similar in the case of the distraction
callus with respect to the docking-site callus. Both the distraction and the docking site calluses
present lower increments of E, with time than values observed in fracture healing calluses.
Furthermore, no repeated relations between E, and position within the callus were found. These
results will be useful to characterize the mechanical behavior of the callus tissue during the
distraction processes directly used for comparison with new experiments or by means of the
incorporation of material properties data in computational models. Knowing the mechanical
properties of the material and the mechanical response allows understanding the mechanisms
of bone formation and their differences depending on the mechanical particularities of each
process: bone transport, bone lengthening, fracture healing...
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Figure 7.9: In cortical bone samples, detail of the micrographies in the matrix regions indented
(B3, B4 and B5) and the E, maps (below) in the distraction callus for the sheep sacrificed 35
(A), 161 (B), and 525 (C) days after surgery.
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Figure 7.10: Micrographies of the callus samples with values of E, in linear indentations for the
sheep sacrificed 35 (A), 161 (B), and 525 (C) days after surgery. P, proximal side; E, external
side with respect to the axial axis of the limb; B1 and B2, regions of the linear indentations;
B3, B4 and BS5, regions of the indentation matrices.
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Figure 7.11: Experimental E, mean values + the corresponding standard deviation in the
docking-site callus versus time. E, experimental values were fitted versus time using equa-
tion 7.1 (Ecp = 18.2 GPa; 1y = 21 days; a = 8.4 GPa; b = 414.6 s). Mean value of the control
measurements in cortical bone is also represented (dotted line)
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Figure 7.12: Mean values of E, £ the standard deviation of the indentation matrices in the
docking-site callus of the different samples. Values are presented beside values in cortical

bone and distraction callus.
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Figure 7.13: Detail of the micrographies in the matrix regions indented (D2) and its corre-
sponding E, maps (below) of the callus for the sheep sacrificed 35 (A), 161 (B), and 525 (C)
days after surgery.
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(A)

Figure 7.14: Micrographies of the docking-site callus samples with values of E, in line inden-
tations for the sheep sacrificed 35 (A), 161 (B), and 525 days after surgery. P, proximal side;
E, external side with respect to the axial axis of the limb; D2, region of the linear indentation;
D1, region of the indentation matrix.
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Figure 7.15: Normalized average values of E,, represented as percentage of the mean value of
the cortical bone (E?), measured in the distraction and the docking-site calluses, versus time.
Data for fracture callus obtained by Manjubala et al. [109] are also shown. Note that time scale
was referred to the end of the distraction phase (for distraction and docking site calluses) or
to the fracture to allow comparison among all the cases during the consolidation phases. The
curves of fit carried out in each case according to equation 7.1 were also normalized (divided by
the mean E, value of cortical bone and using 7y = 0, since time scale is referred to the beginning
of the consolidation in both periods and no to the surgery) and represented in the figure. The
values of the parameters in each case are reported in Table 7.2
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Figure 7.16: Angiographies carried out at different time points for the sheep number 2. Images
in two projections were taken at each time point: medial - lateral (ML) and plantar dorsal
(PD). To facilitate the visualization the vessels are indicated in red. The graph represents the
area of blood vessels compared to the total area of the callus in each time point (index of
vascularization).



Chapter 8

CT images based finite element
analysis for the prediction of the callus
stiffness

This chapter aims to provide estimations of the callus stiffness using computational methods
based on experimental data: computerized tomography (CT) images. It demonstrates that in
silico models combined with CT images can be very useful to improve current clinical protocols
and for future finite element models. The contents of this Chapter are included in a paper
submitted for publication: J Mora-Macias, M Lépez, J] Dominguez and E Reina-Romo. Finite
element versus experimental mechanical characterization of the distraction callus.

8.1 Introduction

As in the fracture healing process, during distraction osteogenesis [78, 79], the woven bone
grows within the distraction callus rapidly with a disorganized pattern, with the aim of pro-
viding temporary, rapid mechanical support. Assessment of the mechanical properties of the
distraction callus is important for evaluating the clinical evolution of the distraction osteoge-
nesis process. The increasing stiffness of the tissues within the callus through the process
represents the mechanical stability of the distracted bone. Therefore, information about the
mechanical properties increase rate of the callus will help to identify an endpoint of healing
and may contribute to improve current treatment strategies. This is of great importance since in
the field of distraction osteogenesis surgeons still lack of established instructions to correctly
define the specific patient planning of the process.

Several techniques have been developed to quantify bone healing in mechanical terms.
However, existing methods for assessing these callus mechanical properties are subjective and
have some limitations. X-rays and manual clinical examinations, commonly used in daily
clinical routines have proven to be inexact [132, 133, 176] and are not able to provide suf-
ficient quantitative information. Assessment of the distraction callus stiffness in vivo using
instrumented fixators provided suitable estimations of callus stiffness [4, 43, 46, 113, 115] (see
Chapter 6). However, it is not always convenient or possible to use external and instrumented
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fixators. In addition, with the last method, stiffness measurement cannot be provided after
distractor removal. On the other hand, methods to evaluate the callus mechanical properties
ex vivo in animal experiments such as nanoindentation [97, 109], or mechanical testing of the
whole specimen [47, 123] involve that a group of animals has to be sacrificed for each time
point of evaluation.

Non-invasive methods have been used to assess the stiffness of the callus in vivo, such
as high resolution magnetic resonance [101], quantitative ultrasound [139] and computational
tomography (CT) images based finite element analyses [161]. Unlike the other techniques,
prediction of the bone tissue mechanical properties by means of CT images based finite element
analysis has been assessed for reliability in the literature. Harp et al. [66] demonstrated that the
stiffness of tubular bones, cortical and cancellous, can be accurately predicted by quantitative
CT images. The bone mineral content in a fracture callus from CT images was correlated
with experimental measurements of callus stiffness in a previous work [12]. The CT images
finite element analysis method consists of obtaining the estimation of the stiffness of a bone
tissue specimen using a finite element model which imports both three dimensional geometry
and material properties of each element (depending on the grey scale values) from CT images.
This method has been used in previous studies in mature bone tissue [27, 63], reconstructed
bones [163], trabecular bone [119, 169], osteoporotic bone [121] and fracture callus [161].
However, as far as the author knows, CT images based finite element analyses have not been
used to estimate the stiffness of the callus during the distraction osteogenesis process.

Segmentation of CT images may also provide information about the tissue types percent-
age within the callus (soft and hard tissues) since they could be differentiated by the level of
grey scale. The bone tissue volume within the callus during distraction osteogenesis has been
quantified from CT images in previous studies [115, 148]. However, as far as the author knows,
these studies did not report the hard and soft tissue volume percentage. The percentages of cal-
lus tissue types were reported by histological studies in fracture healing [28] and bone transport
[51]. Nevertheless, histological studies provide data from a determined area which may be not
representative of the total callus volume since it is very irregular [115]. In addition, both studies
did not report percentage of tissue types after 12 weeks of consolidation.

The aim of this work is to provide an estimation of the distraction callus stiffness during the
process of bone transport by means of CT images based finite element analyses. It was possible
to estimate the callus stiffness until 69 weeks after surgery, increasing the time range of in vivo
measurements reported in the literature [115]. Finite element models were obtained from the
CT images carried out during an experiment in merino sheep [115]. Two different approaches
were used to assign the elements mechanical properties. In the first case, mechanical properties
were assigned manually to a model divided in four zones: hard tissue, soft tissue, cortical
bone and bone marrow. Mechanical properties of the hard tissue was taken from a previous
nanoindentation study of woven bone (Chapter 8 of this Thesis). In the second case, the elastic
properties of each element were assigned depending on the level of Hounsfield Units (HU),
regardless its location [161]. The segmentation of the CT images allows obtaining the volume
of different tissue types within the callus. These data of tissue volume have been compared
with values obtained from histological studies until 69 weeks after surgery [105].
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8.2 Material and methods

8.2.1 Three dimensional models of the metatarsus

Figure 8.1 shows the stages followed to predict numerically the stiffness of the distraction
callus. Firstly, an experiment of bone transport has been carried out in the metatarsus of 11
female merino sheep [115, 116] (see Tables 3.1 and 3.2 in Chapter 3).

TACs 3D Models

Experiment l
HU- Simulations ‘

¢,

Manual segmentation simulations

Meshing

Figure 8.1: General scheme followed to predict the stiffness of the distraction callus

To be able to follow the whole process of bone consolidation, distraction calluses were
imaged with a CT scanner at different time points of the healing process (see Tables 3.1 and
3.2 in Chapter 3). The resolution of the CT images was 200-300 um/voxel. 9 sheep were
sacrificed interrupting bone transport at different stages during the distraction and the consoli-
dation phases: 17, 22, 29, 35, 37, 51, 79, 98 and 161 days after surgery (to avoid the artifacts
caused by the metallic parts of the distractor). The remaining two sheep were studied during
the remodeling phase, after the distractor was removed and the callus had completely ossified.
Therefore, these animals were not sacrificed and several CT were performed in vivo on them
(137, 205, 277, 311, 379 and 471 days after surgery).

3D models were generated in the commercial program Mimics® from the 15 CT's ob-
tained. From them, meshes were created in Ansys ICEM® using tetrahedral element type c3d4
and simulations were carried out in ABAQUS®. Each model had a total number of elements
between 100000 and 500000 depending on the volume of the models which vary due to the
interindividual differences and the time point in which CT were taken (see Fig. ?? in Chapter
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6). Meshes with different type and size of element were generated from the 3D model of the
sheep number 2 (79 days after surgery). Displacement between the ends of the callus caused
by the same axial load in these different meshes were obtained to analyze the sensitivity of the
model to the type and size of element (Fig. 8.2). It may be observed that similar results were
obtained increasing the number of elements (or decreasing the size) or using the element type
¢3d10, with more nodes. The mechanical behavior of the tissues was assumed linear elastic.
The mechanical properties were assigned, as afore said, by two different ways: by manual
segmentation or according to the Hounsfield Units (HU) [161] (Fig. 8.3). All materials were
assumed to be linear, elastic and isotropic.
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202354 /c3d4  723825/c3d4 202354/ c3d10
Elements: number / type

Figure 8.2: Displacement between the ends of the callus caused by the same axial load for
meshes with different type and size of element, generated from the 3D model of the sheep
number 2 (79 days after surgery).

8.2.2 Mechanical properties assignment: manual segmentation

Two different cases were analyzed in the manual segmentation (see Fig. 8.3): assuming con-
stant mechanical properties taken from the literature, case 1, or variable mechanical properties
for the hard tissues of the callus according to those obtained from nanoindentation studies
performed in bone samples of woven bone in the same experiment (see Chapter 7), case 2.
Case 1. In the first case, constant mechanical properties taken from numerical studies
of distraction osteogenesis were assigned to the different volumes manually segmented in the
commercial program Mimics®: hard tissue, soft tissue, medullar tissue, and cortical bone. The
soft tissue region was assumed to be mainly granular tissue [105] and was assigned an elastic
modulus of 2 MPa and a Poisson coefficient of 0.13 [144]. The Young’s modulus of the hard
tissue of the callus was selected to be E=1000 MPa with a Poisson’s ratio of v=0.29 [144].
The mechanical properties of the cortical bone were considered homogeneously distributed
(E=17000 MPa, v=0.30) [112] as well as those of the medullar tissue (1 MPa, v=0.05) [144].
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Figure 8.3: Scheme of the simulations carried out during this work. (A) Case 1: constant
properties are assumed. (B) Case 2: relationship between days from surgery and hard callus
tissue elastic modulus is optimized. (C) Case 3: relationship between the elastic modulus of
the tissues and the level of HU according to Shefelbine et al. [161]. (D) Case 4: relationship
between the elastic modulus of the tissues and the level of HU is optimized.

Case 2. In the second case, it was assumed the same constant values of elastic modulus for
the soft and the medullar tissues. However, the elastic modulus of the hard tissue of the callus
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and the cortical bone were taken according to previous nanoindentation tests obtained from the
same experimental study (see Chapter 7). In this study, the woven bone elastic modulus was
observed to vary with time during the process (see Chapter 7). It should be taken into account
that the segmented volume corresponding to hard tissue involves both the trabeculae of woven
bone and the spaces between them that contain tissue of very low stiffness. According to the
maximum level of porosity of the hard tissue observed in these results (see Chapter 7, Fig.
7.10), it has been assumed that the hard tissue elements (woven bone and the space among
trabeculae) could have a minimum elastic modulus of 50 MPa.

A simple bilinear evolution of the hard tissue elastic modulus with time was proposed (Fig.
8.3, case 2). This evolution depends on 5 parameters: Ei, E», E3, E4 and t,, (see Fig. 8.3,
case 2). These parameters were chosen within a range in concordance with indentation results
(see Chapter 7), from, the minimum value of 50 MPa considered above (maximum porosity
and minimum elastic modulus of the woven bone) to the maximum value of 15000 MPa (no
porosity and maximum elastic modulus of the woven bone). An optimization process was
carried out to select the bilinear evolution of the hard tissue elastic modulus with time that
minimizes the error between the callus stiffness predicted by the model and the callus stiffness
measured in vivo [115]. A total of 328 cases were analyzed for different combinations of the
E\, Ey, E5, E4 and 1, possible values (Table 8.1). These values were chosen assuming that for
each time point the value of elastic modulus of the hard tissue elements (woven bone and the
space among trabeculae) may vary between the value corresponding to the maximum level of
porosity and the value of the elastic modulus of the woven bone at this time point. E; is the
elastic modulus of the hard tissue in the first days after surgery. According to experiments of
this Thesis (Chapter 6, [105]), very small and porous amounts of hard tissue may be found until
21 days after surgery, therefore values from 50 MPa (the minimum established above) to 1000
MPa (minimum values obtained for woven bone in Chapter 7, 35 days after surgery, Fig. 7.7)
were assumed for E,. For E4 absence of porosity was assumed, therefore the elastic modulus
of the hard tissue should be the same as that measured in woven bone trabeculae at the end of
the process, 15000 MPa (see Chapter 7). ¢,, represents a change of trend in the evolution of the
elastic modulus of the hard tissue. This change of trend may be motivated by an increase of the
woven bone elastic modulus (Fig. 7.7, Chapter 7) and a reduction of the porosity (Fig. 7.10).
Values between 21 and 250 were used for #,,, according to the higher rates of increment of the
elastic modulus of the woven bone and reduction of the porosity observed in Chapter 7. Values
between E;| and E4 were assumed for E; and E3 taking into account the possible values of 7,
and the results of Chapter 7 (Fig. 7.7). For each combination of parameters, the callus stiffness
was predicted for each time point. The values of callus stiffness predicted were correlated
linearly with results in vivo until 80 days after surgery (Fig. 8.4 A). Best correlations were
selected according to, firstly, the accuracy of the predictions (deviation from the ideal slope of
the linear fit (m=1)) and secondly, how well is the data fit (coefficient of determination, R?).
Fig. 8.4 A shows the linear fits for the six cases with optimal values of deviation and coefficient
of determination.



8.2. MATERIAL AND METHODS 97

Table 8.1: Parameter values of the bilinear evolution of the hard callus tissue taken in the
optimization process (case 2) in the manual segmentation.

Parameter Values
E; 50, 100, 150, 200, 500 and 1000 MPa
E, 500, 700, 900, 1000 and 1500 MPa
E; E2, E2 x 2, 1000 and 5000 MPa
E,4 15000 MPa
tw 21, 28, 30, 49, 70, 80, 100, 170 and 250 days

8.2.3 Mechanical properties assignment: HU segmentation

Also, two different cases were considered (see Fig. 8.3). First, the elastic modulus was lin-
early scaled to the HU level according to literature [161] (case 3). Second, the HU level -
elastic modulus relationship was optimized based on the in vivo measurements of stiffness (see
Chapter 6) (case 4).

Case 3. The relationship elastic modulus-gray value used by Shefelbine et al. [161] was
adapted by extrapolating the gray values to HU (expressed as a percentage of the maximum
HU level in each CT) (Fig. 8.3, case 3). Soft tissue (gray values < 48, HU < 36%) had a
constant elastic modulus of 50 MPa. Hard tissue elastic modulus depends on the gray value/HU
linearly, increasing from 50 MPa (gray value = 48, HU = 36%) to 18 GPa (gray value = 127,
HU = 95%). In addition, to take into account the cortical bone (not modeled by Shefelbine et
al. [161]), elements with HU level above 95% of the maximum HU level, were considered to
be fully mineralized and were assigned the same elastic modulus as the the cortical bone (18
GPa).

Case 4. The following parameters were optimized (Fig. 8.3, case 4): elastic modulus of
the soft tissue (Ey), the minimum elastic modulus of the hard tissue (E,,) and the percentage
of the HU level that separates the soft tissue and the hard tissue (g). Like in the manual seg-
mentation case, the optimization consisted of calculating the values of the different parameters
and selecting the combination that provided the most accurate results compared to the in vivo
measurements of stiffness (see Chapter 6 [115]). The optimization analyzed 336 combinations
for the values in Table 8.2. These values were chosen according to experimental results. It has
been shown in Chapter 5 [114] that the mean elastic modulus of the soft tissue within the callus
during the distraction phase increases from 0 to 15 MPa; therefore, values between 1 and 20
MPa have been used for E; in the optimization process. E,, values were between the assumed
value of the elastic modulus corresponding to the maximum level of porosity, 50 MPa, and
the minimum value of the elastic modulus of the woven bone according to Chapter 7, 5 GPa.
An elastic modulus value according to nanoindentation experiments (Chapter 7) was used for
the cortical bone (18 GPa) and was also considered the maximum elastic modulus of the hard
tissue. Finally, a range of values was used also for g since, according to CT images, the HU
level that separates the soft tissue and the hard tissue may vary between 18 and 36%. Fig.
8.4 B shows the linear fits for the six cases with optimal values of deviation and coefficient of
determination.
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Figure 8.4: Predicted and experimental callus stiffness correlations with optimum values of
slope (m) and coefficient of determination (R?) in case 2 (A) and case 4 (B).

Table 8.2: Parameter values of the bilinear evolution of the hard callus tissue bone taken in the
optimization process in the HU segmentation (case 4).

Parameter Values
E; 1,5,7.5, 10, 12.5, 15 and 20 MPa
E, 100, 600, 800, 1000, 1200, 1400, 1600, 2500 and 5000 MPa
g 18, 20, 22, 24, 26, 28, 30, 31, 31.5, 32, 32.2, 32.5, 33, 34, 36 %
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8.2.4 Loading and boundary conditions

Simulations were performed in Abaqus®. Boundary conditions of the model consisted of
constraining the distal segment of the bone (Fig. 8.5 A). The loading conditions consisted of a
force applied to the proximal segment according to the values measured experimentally in vivo
in Chapter 6 for each day of the distraction process [115] (Fig. 8.5 B):

gA) (B)

[

10 20 30 40 50 60 70 80

Days from surgery

Figure 8.5: (A) Scheme of the loading and boundary conditions; (B) In vivo loading values
versus time (in days) after surgery [115]. The points are experimental values of the force
through the callus (f,;) with respect to the body weight (BW) and the line represents the fit of
these values with time.

8.3 Results

In this section the predicted stiffness of the callus at different time points according to the four
cases presented above is reported. The predicted callus stiffness until 80 days after surgery is
compared with the in vivo values reported in Chapter 6 to evaluate the accuracy of each method.
Finally the volume of the soft and hard tissues measured with the manual segmentations is also
reported.

8.3.1 Mechanical properties assignment: manual

Case 1. The callus stiffness predicted assuming constant mechanical properties by this method
for each CT image is shown in Fig. 8.6 A. Results predicted an increase of the callus stiffness
from 0.5 to 70 KN/mm during the bone transport process. However, callus stiffness predictions
values are not well correlated with in vivo experimental values measured until 80 days after
surgery, R? = 0.6255 (Fig. 8.6 B).
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Figure 8.6: (A) Callus stiffness estimation from CT images based finite element using manual
segmentation and the material properties used by Reina-Romo et al. [144] for each tissue type
of the callus. The time points for each sheep are represented with a different color: sheep
number 5 (green), sheep number 10 (blue) or the rest of the sheep which were evaluated at one
time point (red). The callus stiffness values obtained from fitting the in vivo measurements are
also represented by the dotted line. (B) Correlation between stiffness measurements in vivo
and the stiffness predicted by the model until 80 days after surgery (data within the rectangle
in (A)).

Case 2. For the method that considers mechanical properties of hard callus tissue variation
with time and defines the properties by optimization, the best correlation was obtained for £
= 100 MPa, E; = E5 =700 MPa and E4 = 15000 MPa and ¢,, = 80 days (See Fig 8.7 A). The
callus stiffness values predicted by the model for the optimum material properties are shown
in Fig. 8.7 B. In this case the model predicted that callus stiffness increases from 0.4 to 100-
300 KN/mm after 300 days from surgery approximately. These predicted values are correlated
with experimental values measured until 80 days after surgery (Fig. 8.7 C). The optimization
process got slope of fit close to 1 (Fig. 8.7 C) and increased the determination coefficient value
(R?) from 0.6255, in case 1 (Fig. 8.6 B), to 0.8769 (Fig. 8.7 C).

8.3.2 Mechanical properties assignment: HU

Case 3. Fig. 8.8 A shows the predictions of callus stiffness values obtained using the HU -
elastic modulus relation according to Shefelbine et al. [161]. Results predicted an increase of
the callus stiffness from 0.4 - 1 kN/mm to 50-180 kN/mm during the bone transport process.
Also, callus stiffness predictions values are well correlated with experimental values measured
until 80 days after surgery, showing a slope close to 1 and a determination coefficient of 0.9719
(Fig. 8.8 B).

Case 4. After applying the optimization of the parameters that relate the elastic modulus
of the different elements of the model with the HU level, the best correlation was obtained for
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Figure 8.7: (A) Relationship between the hard callus tissue woven bone elastic modulus and
the days from surgery after the optimization process in the manual segmentation; (B) Callus
stiffness estimation from CT images based finite element after optimization of the mechanical
properties of the callus tissue types. Each time point is represented with different colors de-
pending on the sheep used for CT: sheep number 5 (green), sheep number 10 (blue) or the rest
of the sheep which were evaluated at one time point (red). The callus stiffness values obtained
from fitting of the in vivo measurements are also represented by the dotted line. (C) Correlation
between stiffness measurements in vivo and the stiffness predicted by the model (data within
the rectangle in (B)).

E,, =12.5 MPa, E; = 800 MPa and g = 31.5. The callus stiffness values predicted by the model
for the optimum material properties are shown in Fig. 8.9 A. In this case the model predicted
that callus stiffness increase from 0.1 - 0.2 to 140 - 150 kN/mm after 300 days from surgery
approximately. These predicted values are correlated with experimental values measured until
80 days after surgery (Fig. 8.9 B). The optimization process increased the determination coef-
ficient value from 0.9719 in case 3 (Fig. 8.8 B), to 0.9979 (Fig. 8.9 C) for values of stiffness
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Figure 8.8: (A) Callus stiffness estimation from CT images based finite element using HU
segmentation according to the elastic modulus of tissue - grey scale law proposed by Shefelbine
et al. [161]. Each time point is represented with different colors depending on the sheep used
for CT: sheep number 5 (green), sheep number 10 (blue) or the rest of the sheep which were
evaluated at one time point (red). The callus stiffness values obtained from fitting of the in
vivo measurements are also represented by the dotted line. (B) Correlation between stiffness
measurements in vivo and the stiffness predicted by the model (data within the rectangle in

(A)).
until 80 days after surgery.

8.3.3 Volume of soft and hard tissue within the callus

Fig. 8.10 shows the evolution of the callus tissue proportions (hard and soft tissue) from quan-
tifying the manual segmentation volumes quantification. It may be seen that the percentage
of hard tissue increased from approximately 50 - 60% at the end of the distraction process to
90-100% from 100 days after surgery. The opposite trend was followed by the soft tissue.

8.4 Discussion

In this work, the mechanical properties over time of the distraction callus have been evaluated
in silico based on CT images. Two different approaches have been used to assign the mechan-
ical properties to the tissues developed within the distracted callus: manual segmentation or
based on the level of HU. Manual segmentation works with homogeneous sets of elements
which represent the different tissue types: medullar tissue, cortical bone, soft and hard callus
tissue. This approach has been traditionally used in mechanobiological studies of distraction
osteogenesis and bone healing [59, 85, 140, 141, 145]. However, this is a strong assumption
since tissue types within the callus may appear mixed and mechanical properties may vary
significantly in the same tissue. Maps of elastic modulus determined in Chapter 7 show the
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Figure 8.9: (A) Relationship between the hard callus tissue elastic modulus and the HU level
after the optimization process; (B) Callus stiffness estimation from CT images based finite el-
ement after the optimization of the elastic modulus - HU level relation. Each time point is
represented with different colors depending on the sheep used for CT: sheep number 5 (green),
sheep number 10 (blue) or the rest of the sheep which were evaluated at one time point (red).
The callus stiffness values obtained from the fit of the in vivo measurements are also repre-
sented by the dotted line. (C) Correlation between stiffness measurements in vivo and the
stiffness predicted by the model (data within the rectangle in (B)).

heterogeneity of these tissues within the distracted callus at a given instant of the process. In
addition, the mechanical properties of all tissue types within the callus increase during the
distraction phase, as suggested previously [78, 114] (see Chapter 5). This drawback may be
solved with the HU segmentation since this method allows assigning an elastic modulus to each
element depending on its HU level and regardless its location. In addition, this method takes
into account the variation of elastic modulus with time for all elements.

The results of callus stiffness using manual segmentation have shown acceptable level of



104 CHAPTER 8. CALLUS STIFFNESS VIA FINITE ELEMENT ANALYSIS

100+ o, O o] O .
O
o 80r O O a o A
e 60} & 1
v O Softtissue
3 O Hard tissue
8 40} @ g
“w“ @]
(e} O
EQ 20} O e} Q0 (S
o
o]
o © ©7 g o C .
0 100 200 300 400 500

Days from surgery

Figure 8.10: Proportion of soft and hard tissue within the callus from manual segmentation.

correlation if the elastic modulus of the hard tissue of the callus is considered variable with
time, case 2 (Fig. 8.7 C). However, if constant properties for the callus tissues are assumed
with time, results have low level of correlation, case 1 (Fig. 8.6 B). Also, in this case, stiffness
values predicted at the end of the process for sheep n°5 (277, 379 and 471 days after surgery)
are similar to those obtained at the beginning of the process (Fig. 8.6 A).

Proportions of soft and hard tissue of the callus from manual segmentation (Fig. 8.10)
are in concordance with histological results carried out with samples of the same study [105].
Lépez-Pliego [105] provided the proportion of soft and hard callus tissue within the callus from
quantification of the corresponding area in histological images (Fig. 8.11). According to both
results the callus is 80-100% hard tissue since 100 days after surgery; however, the increase
of stiffness continued until 200-400 days after surgery (Figs. 8.7 B, 8.8 A, 8.9 B). These
results and the low level of correlation obtained if constant properties for the callus tissues are
assumed, suggest that the hypothesis about the woven bone elastic modulus increment with
time and reduction of the porosity of the hard tissue of the callus could be right.

Callus stiffness predictions using HU segmentation (cases 3 and 4) have shown more accu-
rate results than using manual segmentation (cases 1 and 2) and the corresponding determina-
tion coefficient between numerical stiffness and in vivo measurements increases up to 0.9719
(Fig. 8.8 B) and 0.9979 (Fig. 8.9 C). Lower values of stiffness at the end of the process (50-180
kN/mm approximately) were obtained compared with predictions using manual segmentation
(150-300 kN/mm). It can also be observed in all the cases studied that the stiffness decreases
after achieving a peak value after at 200-400 days after surgery approximately (Figs. 8.6 A, 8.7
B, 8.8 A, 8.9 B). This has been suggested previously in other works in literature [10]. How-
ever, more time points after 471 days after surgery are necessary to consider this suggestion as
a definitive result.

Results of the callus stiffness estimations show significant values of scatter for all the cases
analyzed (Figs. 8.6 A, 8.7 B, 8.8 A, 8.9 B), especially at the end of the process. This scatter is



8.4. DISCUSSION 105

©)
100 O Hard tissue
o O Soft tissue
80+ o e
2 6o} o ¢
n [}
=
©
o | [e]
5 40 o o
X o
20+ © o
o]
(o]3 8
0 50 100 150 200 500 550

Days from surgery

Figure 8.11: Lopez-Pliego, [105]: (A) Histological image of the distraction callus 98 days after
surgery, Masson trichrome, 10X. (B) Color map from (A) for quantification of the proportion
of soft (blue) and hard (red) callus tissue. (C) Proportion of soft and hard tissue area within the
callus from all the histological images carried out at different time points.

due to the inter-individual differences during the process. For example, Figs 8.6 A, 8.7 B, 8.8
A and 8.9 B show that the volume of the callus, for sheep n°® 10, is twice the callus volume of
sheep n° 5 around 300 days after surgery. Scatter between stiffness predictions for both sheep
decreased considerably if the callus stiffness value is divided by the corresponding value of the
average callus area (Figs. 8.12 A and 8.12 B).

Despite the experimental and computational results being similar, this work presents sev-
eral limitations and assumptions that, at least, have to be revised in order to know their impli-
cations. Firstly, in the manual segmentation procedure, only four different tissue types have
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Figure 8.12: Callus stiffness estimation divided by the average area of the callus. Each time
point is represented with different colors depending of the sheep used for CT: sheep number 5
(green), sheep number 10 (blue) or the rest of the sheep which were evaluated at one time point
(red). The callus stiffness values obtained from the fit of the in vivo measurements divided by
the fit of the average area measurements are also represented by the dotted line. (A) Manual
segmentation; (B) HU approach.

been differentiated: the soft callus tissue, hard callus tissue, cortical bone and bone marrow.
Secondly, all tissues were assumed to be linear, elastic and isotropic. Also, callus stiffness
was evaluated under the small deformation assumption. Finally, numerical values have been
compared against experimental data until day 80 after surgery.

As far as the author knows, this model is the first to evaluate the stiffness of the callus
computationally during distraction osteogenesis. This can be very useful to improve current
clinical protocols and for future in silico models.



Chapter 9

In vivo gait analysis during bone
transport

The evolution of the gait conditions during the bone transport process are analyzed in this
Chapter by means of measuring the ground reaction force during gait of intervened and healthy
sheep from the surgery to more than one year later. The outcomes reported here are based on
a published paper [116]: J Mora-Macias, E Reina-Romo, J] Morgaz and J] Dominguez. In vivo
gait analysis during bone transport. Annals of Biomedical Engineering, 43(9):2090-100, 2015.
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Chapter 10

Closure

10.1 Summary

The aim of this Thesis was to quantify and relate quantifiable biological parameters (the bone
tissue volume and its distribution in the distraction callus, proportion of different tissue types...)
with mechanical parameters (the force through the fixator and through the callus, the mechani-
cal properties of the callus tissue during the process...) during the complete distraction osteoge-
nesis process. Bone transport experiments were carried out in 11 sheep by an interdisciplinary
team of mechanical engineers, orthopaedics surgeons and veterinarians. The experiments con-
sisted of the implantation of the distractor in animals which followed the same distraction
protocol: 7 days of latency after surgery, 15 days of distraction with a rate of 1 mm per day,
the consolidation phase until the distraction callus was completely ossified and the remodeling
phase. Different mechanical parameters were monitored in vivo by means of the instrumenta-
tion of the fixator. Each animal was sacrificed at different time points (17, 22, 29, 35, 37, 51,
79, 98, 161 and 525 days after surgery) to obtain samples for ex vivo experiments along the
process.

The distractor used was designed, calibrated and tested in preliminary in vivo experiments.
This distractor allowed measuring callus stiffness in vivo during the experiments at any time
under real load conditions during the distraction and consolidation phases of the bone transport
process. In vivo measurements during the distraction phase provided the force relaxation of the
callus tissue and the contribution of the callus traction and the docking-site compression to the
distraction force. In addition, an experimental band was provided for the residual force value
after each step of distraction from models of mechanical behavior of the callus tissue. During
the consolidation phase, the callus stiffness, the force through the callus and the volume of the
callus were monitored. Moreover, nanoindentation experiments were carried out in the har-
vested samples completely ossified to assess the spatial and temporal evolution of the elastic
modulus of the woven bone tissue generated during the bone transport process. Furthermore,
a numerical analysis of the experimental results was also carried out. It consisted of a finite
element analysis based on the computed tomographies for predicting the stiffness of the dis-
traction callus. Finally, the gait conditions during bone transport were assessed by means of
analyzing the ground reaction force measurements (peak force, mean force and impulse).
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10.2 Discussion

A comparison among the evolution with time of the different mechanical parameters assessed
during the bone transport process in the different Chapters of this Thesis follows. The exper-
imental in vivo measurements of force through the callus and the callus stiffness, the woven
bone volume of the callus (see Chapter 6), the woven bone volume production rate, the mean
elastic modulus of the woven bone within the callus (see Chapter 7) and the gait symmetry
based on the peak value of the ground reaction force (see Chapter 9) are represented together
in Fig. 10.1. A correlation of the callus stiffness values obtained using finite element analysis
based on computed tomography assigning the mechanical properties of the tissues within the
distraction callus according to the level of Hounsfield Units (see Chapter 8) is also represented
in Fig. 10.1. Parameters are normalized to allow comparison.

Table 10.1: Equations in which are based the curves in Fig. 10.1 which are the normalizations
of these reported along the different Chapters of this work.

Woven bone volume within the distraction callus 1+e,0?&2_(,,42) -1 H,O%)S(,f(,,ﬂo)
Woven bone production rate E‘fj:ﬁ; (?626813?2 - (ﬁ‘jf;%;’fifﬁ;;ﬁf ))2
Callus stiffness (numerical results) %
Callus stiffness (in vivo results) 0.054¢0-004
Force through the callus 0 +e’0-1578(”28'99) + 7 +670_0§2(t—68.70)
Mean elastic modulus of the woven bone 100 — 56.04¢0-0024-=21)
Gait symmetry 100 — 41.23¢~0-00397

Fig. 10.1 shows that the force through the callus, the callus stiffness and the elastic modu-
lus of the woven bone within the callus increased after the distraction phase following different
rates and reaching the reference values for healthy animals after 90, 250 and 500 days from
surgery respectively. The volume of the callus increased achieving a maximum value of ap-
proximately 5 times the volume of a similar section of metatarsus 90 - 150 days after surgery.
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Figure 10.1: Evolution with time of the normalized values of the force through the callus, the
callus stiffness (in vivo and numerical), the woven bone volume within the callus, the woven
bone tissue production rate, the mean elastic modulus of the woven bone and the gait symmetry
based on the peak value of the ground reaction force. The force through the callus was normal-
ized to the mean value of the internal force that is the total force through the metatarsus (see
Chapter 6), i.e. the sum of force through the distraction callus and through the fixator. The ax-
ial callus stiffness and woven bone volume were normalized to the values of a healthy segment
of a metatarsus with the same length (see Chapter 6). The evolution with time of the reduced
elastic modulus of the woven bone was normalized with the mean reduced elastic modulus of
the cortical bone (18.2 GPa) (see Chapter 7). Since tissue production rate in healthy conditions
is zero, their experimental values were normalized to the maximum value of tissue production
rate. Finally the gait symmetry index values were scaled considering 100% as healthy condi-
tions (see Chapter 9). The equations in which are based the curves of this figure, which are
the normalizations of these reported along the different Chapters of this work, are included in
Table 10.1

The maximum value of the woven bone production took place above 50 days after surgery. The
recovery of the gait conditions was more progressive than other mechanical parameters ana-
lyzed. Gait conditions reached values close to healthy animals after 300 days from surgery. The
analysis of all these mechanical parameters together allows obtaining additional information:

e It seems that the mechanical parameter that is related with the production of woven
bone tissue during the consolidation phase is the force through the callus and not the
callus stiffness or the elastic modulus of the woven bone. Maximum values of bone
tissue production rate were achieved during the period of time when the force through
the callus was below those produced in healthy conditions. Furthermore, the maximum
callus volume was reached just after the total recovery of load bearing capacity and
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after this moment it began to decrease. However, at the moment of maximum callus
volume the callus stiffness was under 20% and the elastic modulus was far from the
values of cortical bone. This fact means that the x-ray monitoring, which only provides
information of the callus volume, must be used with caution in clinical applications.

e The contribution of the increase of the elastic modulus of the woven bone to the increase
of the callus stiffness is low compared to the effect of the increase of the callus volume. It
may be observed in Fig. 10.1 that just after the recovery of the stiffness in the intervened
limb, the elastic modulus of the callus is over 65% of the elastic modulus of the cortical
bone, only 20% more than at the beginning of the process. It was still 80% after 80 days
from surgery. However, during the period of time in which the callus stiffness reached
healthy values (0-200 days after surgery), the volume of the callus increased from zero
to 4 o 5 times the value of a cortical bone segment of similar length.

e The reorganization of the woven bone structure and the reduction of the porosity have
an important role in the increase of the callus stiffness, specially from 100 days after
surgery. Once achieved the maximum value of the callus volume, approximately 100
days after surgery, the volume began to decrease. However, the callus stiffness contin-
ued increasing until approximately 250 - 300 days after surgery while the mean elastic
modulus of the woven bone increased only 10%. On the other hand, from 250 - 300 days
after surgery, the callus volume significantly decreased; however, the callus stiffness is
approximately constant and the mean elastic modulus of the callus increased only ap-
proximately 20% in 200 days. These experimental facts may not be explained without
the woven bone structure reorganization, the reduction of the porosity and/or the varia-
tion of the heterogeneity of the mechanical properties. In fact, it has been demonstrated
that the variation of the heterogeneity of the material properties of the bone affects the
mechanical properties [164].

e The recovery of the gait symmetry conditions took place after the stiffness recovery. It
steps up the conclusion of the Chapter 9 about the possibility of using gait analysis as an
alternative method to control distraction osteogenesis or bone healing. If gait symmetry
conditions are recovered, it means that the stiffness of the leg has been recovered before.
This fact makes the gait symmetry criterium a safer method compared to the observation
of the callus volume in x-rays since it may be seen that the maximum level of callus
volume is reached before the level of callus stiffness was recovered.

10.3 Conclusions

The major conclusions of this Thesis may be formulated as follows:

e The instrumented distractor developed and calibrated shown in Chapter 4, has allowed
the mechanical characterization of the bone transport process by means of the experi-
ments carried out in this Thesis. Devices with similar characteristics provide compre-
hensive control of the distraction osteogenesis applications since they allow monitoring
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the force and the callus stiffness during the time that the distractor is implanted in the
patients.

An experimental band was provided for the relaxed forces values after each step of dis-
traction from models of viscoelastic behavior of the callus tissue (see Chapter 5). Ac-
cording to these models, the residual force 24 hours after each distraction step reached
a maximum value of 71.6 N, and the peak distraction force increased with days of dis-
traction from 7-34 N to 41-246 N. The maximum residual force values that were pre-
dicted are much lower than those measured during bone lengthening in the literature
[177]. These results may show the influence of the surrounding soft tissues during bone
transport compared with bone lengthening cases of distraction osteogenesis. Moreover,
experimental measurements showed that distraction force through the docking-site was
negligible with respect to the distraction force through the callus at each step of distrac-
tion.

During the consolidation phase of the bone transport process, the period of maximum
ossification took place from 20 to 70 days after surgery, where the maximum bone tis-
sue production rate was achieved and the volume of the woven bone within the callus
increased from zero to 80% of their maximum values (see Chapter 6). This period also
coincided with the recovery of load sustained by the intervened limb (from 3 to 12% to
60 to 70%). However, this period of maximum ossification corresponded to low callus
stiffness values. The callus stiffness increased exponentially from the end of the distrac-
tion phase but did not achieved values above 10% of stiffness in healthy conditions until
70 days after surgery.

Therefore, it can be concluded that callus volume is a good indicator of the load bearing
capacity of the intervened limb but not of the stiffness. It means that usual examinations
by means of radiographies may predict the load bearing capacity but not the recovery
of stiffness in the intervened limb. The higher callus stiffness increase takes place after
maximum callus volume is achieved and once load bearing capability is recovered (see
Chapter 8), i.e. during the bone remodeling phase.

Nanoindentation measurements in Chapter 7 showed that the mean elastic modulus of the
woven bone generated during the bone transport process in the distraction and docking-
site calluses increases with time (from 7 GPa, 35 days after surgery, to 14 GPa, 525 days
after surgery approximately, which is 77% of mean elastic modulus of cortical bone).
This increase was slower with time both in distraction and docking-site calluses (0.5
GPa per week to 0.05 GPa per week approximately). Woven bone generated during the
bone transport process presented lower increments of elastic modulus with time than
values reported for fracture healing cases [109]. During fracture healing the period of
time needed to reach 95% of the mean value of elastic modulus of the cortical bone is
approximately 20% relative to the same magnitude for the woven bone of the distraction
callus and docking-site. It could be due to the absence of traction stimuli. Furthermore,
different spatial variations of elastic modulus within the callus were found for different
stages of the process.
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¢ Finite element analysis based on computed tomographies are useful in predicting the cal-
lus stiffness during distraction osteogenesis (see Chapter 8). Results of the application
of this technique using the level of Hounsfield Units to assign the mechanical properties
of the tissues within the distraction callus have shown more accurate results than using
manual segmentation. Manual segmentation studies with homogeneous sets of elements
has been traditionally used in mechanobiological studies of distraction osteogenesis and
bone healing [59, 85, 140, 141, 145]. Therefore, in silico models combined with com-
puted tomographies images may be very useful to improve current clinical protocols and
for future finite element models. Results reported the increase of the distraction callus
stiffness from 0.1 - 0.2 to 140 - 150 kN/mm (which is in the order of stiffness of the
healthy metatarsus) after 250 days from bone transport surgery approximately.

e Gait analysis could be used as an alternative method to control distraction osteogene-
sis or fracture healing evolution (see Chapter 9). Gait parameters obtained from ground
reaction force measurements (peak force, mean force and impulse) decreased in the in-
tervened limb and, most significantly, increases in the other limbs due to the intervention.
During the consolidation, these gait parameters approached the normal values of healthy
animals. By means of the evolution of these parameters the status of ossification within
the callus could be estimated and the appropriate time to remove the fixator could be
determined. Furthermore, gait analysis has advantages over other methods that allows
mechanical assessment of the process because it provides quantitative data and does not
require instrumented fixators.

10.4 Original Contributions

The main contributions of this Thesis are listed in the following points:

e A new instrumented distractor that allows force and callus stiffness monitoring during
bone transport has been designed and calibrated.

e Two models of the distraction callus tissue viscoelastic behavior during the distraction
phase of bone transport based in experiments in vivo were provided: assuming total
force relaxation and assuming the existence of residual force. Experimental bounds were
provided by these models for the force. It was shown that the distraction force due to the
compression of the docking-site was negligible with respect to the distraction force due
to the traction of the callus at each step of distraction.

e Experimental in vivo measurements of force, callus stiffness and callus volume during
the consolidation phase of the bone transport process.

e Spatial and temporal variations of the elastic modulus in the woven bone generated dur-
ing the bone transport process within the distraction and docking-site calluses.

e Estimation of the distraction callus stiffness by means of finite element analysis based
on computed tomographies during bone transport. This technique was applied using the
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level of Hounsfield Units to assign the mechanical properties of the tissues within the
distraction callus and using manual segmentation.

Monitoring of the recovery of the gait conditions (peak, mean and impulse of ground
reaction force in the intervened limb) along the process of bone transport.

Comparison of the evolution of the experimental data above said (force relaxation, forces
through the callus, callus stiffness, callus volume, bone tissue production rate, elastic
modulus of the woven bone within the callus and recovery of gait conditions), all of
them obtained from the same bone transport experiment.

10.5 Future work

The possible improvements in the field of the distraction osteogenesis are innumerable since the
mechanobiology of the process is not totally understood today. New findings will be necessary
to provide instructions in clinical applications adaptable to the particularities of each case and
not only based on the clinical experience. Computational models based on experimental data
may contribute to make possible a tool able to predict the evolution of the process of distraction
osteogenesis in different situations. Therefore, experimental and computational works should
be developed in the next years and some of them could use the data provided in this Thesis as
an extension of the work carried out. Some of the lines of research which could be developed

follows:

1. Future experimental works:

e This work provided data about the evolution of the local mechanical properties of

the woven bone during distraction osteogenesis. Although, the force relaxation
of the tissues within the callus during the distraction phase has been reported, the
evolution of the local mechanical properties of each type of soft tissue within the
distraction callus was not studied. More exhaustive mechanical characterization
of the soft tissue within the distraction callus at different time points are needed
to complete experimental database about distraction osteogenesis, specially during
the distraction phase. For example, nanoindentation experiments like experiments
carried out in the woven bone in this Thesis may be carried out.

Results of this Thesis showed that the tissues within the callus increase their me-
chanical properties with time. It means that for a different duration of the distrac-
tion phase, the tissues within the callus may have different mechanical properties
than those here obtained and so may change the force boundary conditions. This
fact could have consequences in the evolution of the ossification during the con-
solidation phase. Therefore, similar experiments to those performed in this Thesis,
with longer distraction phase, could report interesting data, especially the study of
the force relaxation after each step of distraction.

Although the outcomes of this work allowed comparing some mechanical param-
eters measured during bone transport with similar parameters measured in bone
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lengthening experiments (e.g. the effects of the elongation of the surrounding soft
tissues in the force through the callus), the varying conditions of the experiments
in the literature make difficult to obtain more conclusions. Bone lengthening ex-
periments which follow the same mechanical and animal conditions that the exper-
iments carried out in this Thesis could provide useful information about the me-
chanical differences between the distraction osteogenesis process applied in bone
lengthening or in bone transport.

e This work and others in the literature have focussed on the mechanic elastic proper-
ties of the woven bone; however, under certain conditions the mechanical behavior
of the woven bone may not be assumed totally linear elastic, specially for young tis-
sue. Therefore, future works focused on the evolution of the viscoelastic properties
of the woven bone are necessary.

e More detailed and quantifiable experimental monitoring of the angiogenesis dur-
ing the distraction osteogenesis process is necessary to determine how this process
affects to the increase of the stiffness, the increase of the elastic modulus, the re-
duction of the porosity and the reorganization of the woven bone reported in this
Thesis.

2. Future computational works:

The conclusions of this Thesis and the experimental data obtained may be applied to
improve computational works in distraction osteogenesis [85, 86, 141-144, 146] or to
generate new models. Specifically, the aspects that could be studied or added in the new
computational works follows:

e Specific computational works about the distraction phase may be developed or im-
proved incorporating experimental data of force relaxation provided in Chapter 5.

e Chapter 8 shows that results of finite element models using heterogeneous mate-
rial properties according to the level of Hounsfield Units are more accurate than
those which use manual segmentation. New computational models in distraction
osteogenesis should take into account the level of gray scale measured experimen-
tally by means of monitoring with x-rays or computed tomographies to assign the
mechanical properties of the callus.

e Apart from the increase of the callus volume and the callus mechanical properties,
results of this Tesis showed that the reorganization of the bone structure, the re-
duction of the porosity and/or variations of the heterogeneity of the woven bone
contribute to the increase of the callus stiffness. Results of this Thesis may be used
in the validation of models of the consolidation phase of the distraction osteogene-
sis which propose different hypothesis about the contribution of these factor in the
distraction osteogenesis process.
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Appendix A

Temporal variations of nanoscale
mechanical properties in the same
sample

The present Appendix studies the temporal variations during 60 days of the mechanical prop-
erties measured by nanoindentation tests performed at ambient and dry conditions in cortical
bone and woven bone embedded and polished samples. This work was carried out to ensure
that the duration of the experiments of the Chapter 7 does not affect the reliability of the data of
woven bone elastic modulus measured. The outcomes presented in this Appendix come from
a paper submitted for publication: J Mora-Macias, A Pajares, P Miranda, ] Dominguez and
E Reina-Romo. Time-dependence of nanoscale mechanical properties of cortical and woven
bone.

A.1 Introduction

Ex vivo macro-mechanical experiments have been carried out to determine bone tissue me-
chanical properties both in mature bone [24, 187] and woven bone [47, 123]. More recently,
nanoindentation was introduced to determine the mechanical properties of biological tissues
[5, 21, 61,97, 98, 104, 107, 109, 126, 127, 129, 147, 152, 152, 153, 164, 165, 168, 186]. This
technique has also been widely used in bone tissue [5, 21, 97, 98, 107, 109, 126, 129, 147,
152, 152, 153, 164, 165] since it allows more versatility than conventional macro-mechanical
experiments [24, 47, 123, 187].

Mechanical experiments with bone require sample preparation and manipulation during
the duration of the experiments. During prolonged testing it is required to store the bone
specimens, which can be made in different mineral solutions or ambient conditions. It has been
determined that the elastic modulus of bone specimens soaked in normal saline significantly
diminishes 2.4% after 10 days, whereas the elastic modulus of those soaked in calcium-buffered
saline did not change significantly in four point bending test [64]. On the other hand, a 10%
decrease in stiffness during the first 24 h post mortem was detected in compression test for
samples at ambient conditions [100]. However, the influence in mechanical properties of bone
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specimen storage time at ambient conditions during nanoindentation experiments has not been
studied yet.

Nanoindentation in embedded and polished bone specimens have reported important infor-
mation about the spatial and temporal variations of elastic modulus in bone healing [5, 109],
bone permeability changes [154], variations due to age [147] or the influence of nanoscale het-
erogeneity in bone strength [164, 165]. Some of these nanoindentation tests can take hours or
even days if the number of indentations is high. Some works in literature compared results of
experiments under different conditions [21, 129, 153]. However some of the existing studies
did not provide any data about the temporal variation of the mechanical properties of bone
specimens in ambient conditions during the tests.

This study seeks to assess the temporal variations of bone mechanical properties (reduced
elastic modulus and hardness) evaluated via nanoindentation at dry conditions in the same sam-
ple. Cortical and woven bone specimens prepared by embedding in epoxy resin and polishing
have been used.

A.2 Material and methods

A.2.1 Sample preparation

The cortical bone specimen was obtained from the tibia mid-diaphysis of one of the sheep of
the study (see Chapter 3) by cutting transversally. The woven bone sample came from the 15
mm distraction callus generated by bone transport in a sheep sacrificed 161 days after surgery
[113, 115, 116]. See more details about the bone transport experiments in Chapter 3. All
samples were preserved by freezing at -80 °C. After thawed and dried in ambient conditions,
2 mm width sheets were cut from the cortical and woven bone specimens, embedded in resin
(Epofix®, Struers, California, US) and polished with carbide papers (P600 to P4000) and di-
amond slurry (from 3 to 0.25 um). Colloidal silica slurry (0.04 um) was used for the final
polishing step. The samples were cleaned ultrasonically with distilled water between each pol-
ishing step. The total process of sample preparation took 3 days from thawing. Figs. A.l
and A.2 show optical micrographs (Epiphot 300, Nikon, Japan) of the sample surface and the
location of the region where indentations were carried out, for cortical and woven bone respec-
tively.

A.2.2 Nanoindentation measurements

Instrumented indentation (Nanotest, Micro Materials Ltd. Wrexham, UK) was performed to
determine the reduced elastic modulus and hardness of the cortical and woven bones. The
indentation tests were performed at ambient laboratory conditions using a Berkovich diamond
indenter. The load was increased monotonically at a rate of 0.5 mN s~! to a maximum load of 5
mN and held for 40 s before unloading at 0.5 mN s~! rate. The load-depth data, after correction
for the effects of machine compliance, were processed using Oliver and Pharr method [125] to
determine the reduced elastic modulus and the hardness. The hardness (H) is determined from
the peak load (P,4,) and the projected contact area (A), obtained from the plastic depth and the
indenter geometry, using the equation:
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Figure A.1: Optical micrographs of (A) the complete cortical bone specimen (composite im-
age) obtained from the cross section of the tibia; (B) a larger magnification of the region marked
by a rectangle in (A) to show the indented area (square).

H = Py /A. (A1)

The reduced elastic modulus is calculated from the expression:

S /n
E. =—4/—, A2
2\/,4 (A.2)

where S is the experimental stiffness of the contact (slope of unloading curve in the region
between 20 and 95% of the maximum load) and E, is the reduced modulus defined by:

=t (A3)
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Figure A.2: Optical micrographs of (A) the complete specimen of the distraction callus and (B)
high magnification of rectangular region in (A), with the indented region marked (square). The
woven bone tissue was created between proximal (P) and distal (D) cortical bone segments.
Half of the longitudinal section is represented, between the edge of the limb, internal callus (1),
and the periosteal zone, external callus (E).

with E and v Young’s modulus and Poisson’s ratio and the s and i subscripts denoting the spec-
imen and indenter material respectively. Since the property of the bone is largely anisotropic,
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the effective Young’s modulus (E;) cannot be derived in this experiment and therefore we report
E, here.

Nanoindentation measurements were carried out in the cortical bone specimens in the re-
gion shown in Fig. A.1 at five time points (1, 10, 20, 30 and 64 days). For each time point, a
total of 100 indentations were performed in four matrices of 5 x 5 indentations and size 600 x
600 um.

A total of 256 indentations were performed in the woven bone specimens in a 16x16 in-
dentations matrix of size 750 x 750 um for each time point. Four time points were assessed
(1, 8,37 and 67 days, periods between time points depended on availability of nanoindentation
equipment) in the region shown in Fig. A.2.

Positions of indentation matrices were varied ~25 yum from one time point to the next in
order to avoid the plastic deformation areas generated in previous indentations. Samples were
stored at room temperature between each time point.

To ascertain the accuracy of the nanoindentation equipment, before starting the indentation
tests in the cortical of woven bone at each time point, a set of 6 indentations in the range 50-100
mN were performed in fused silica, whose mechanical properties are homogeneous and do not
vary with time. Differences in these measurements were evaluated to be below + 2 % for E,
and 4 4 % for H and the data did not evidence any drift of the measurements with time.

A.2.3 Data processing

The mean and the standard deviation of E, and H of all indentations at each time point were
evaluated in both specimens. The coefficient of variation of the results was obtained as the
standard deviations divided by the corresponding mean value. The significance of the differ-
ences between data corresponding to each time point and the initial value was evaluated using
Student’s t-tests.

A.3 Results

Results of the nanoindentation experiments carried out in cortical bone specimen are shown in
Fig. A.3. No clear dependence with time was observed for either E, or H. For E,, the mean
values varied between 23.1 GPa and 25.2 GPa and the coefficient of variation for each time
point was between 15 % and 20 %. The mean values of H varied between 0.84 GPa and 0.93
GPa and the coefficient of variation at each time point was between 19 % and 22 %. Results of
the Student’s t-tests performed to analyze the differences between the mean values at each time
point and the mean value at the reference time point, day 1, are shown in Table A.1. Significant
differences (p <0.05) were found between the values of E, at 20 and 30 days and the values at
the reference time point, but no between the values at 10 and 64 days and the reference. For H,
no significant differences between the values at any time point and the initial value were found.

Results of the nanoindentation experiments carried out in woven bone specimen (Fig. A.4)
presented greater values of the coefficient of variation, varying between 31 % and 46 % for E,,
and between 45 % and 81 % in the case of H. The mean values varied between 9.9 GPa and
12.1 GPa for E, and between 0.42 GPa and 0.51 GPa for H and again no trend was apparent
over time. For both E, and H, significant differences (p < 0.05) were found in Student t-tests
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(A)

E (GPa)

Odays 10days 20 days 30 days 64 days

(B)

0 days 10days 20 days 30 days 64 days

Figure A.3: Evolution with time of E, (A) and H (B) in the cortical bone sample. The error
bars indicate the mean value with standard deviation.

Table A.1: For the cortical bone specimen, p-values of the Student’s t-tests performed to ana-
lyze the differences between the mean E, and H at each time point and the corresponding value
at reference time point, 1 day (*: p-values that correspond to significant differences).

Groups whose differences were analyzed | p value for E, | p value for H
1 day - 10 days 0.0778 0.4460
1 day - 20 days 0.0028* 0.1206
1 day - 30 days 0.0267* 0.5378
1 day - 64 days 0.8388 0.1475

between the mean values at 8 and 67 days and the value at the reference time point (Table A.2).
However, no significant differences were found between the mean values at 37 days and the
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values at the reference time point.

(A)

18t

E (GPa)

0 days 8days 37 days

B)

67 days

0 days 8days 37days 67 days
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Figure A.4: Evolution with time of E, (A) and H (B) in the woven bone sample. The error bars

indicate the mean value with standard deviation.

Table A.2: For the woven bone specimen, p-values of the Student’s t-tests performed to analyze
the differences between the mean E, and H at each time point and the corresponding value at
reference time point, 1 day (*: p-values that correspond to significant differences).

Groups whose differences were analyzed

p value for E,

p value for H

1 day - 8 days 0.0000* 0.0034*
1 day - 37 days 0.6494 0.6989
0.0002* 0.0031*

1 day - 67 days




124 APPENDIX A. TEMPORAL VARIATIONS OF SAMPLE PROPERTIES

A.4 Discussion

The results of this study allow one to assess variations in nanoscale mechanical properties (E;
and H) with time of cortical and woven bone specimens prepared by means of embedding and
polishing in dry conditions.

The results of this work are in good accord with reported values in literature. Rodriguez-
Florez et al. [153] obtained similar values for E, of mouse bone tissue using similar sample
preparation and measurement techniques that were used in this work. The mean E, reported
was 20.1 GPa with a coefficient of variation of 19.4 % and the mean H was 0.74 GPa with
26.5% of coefficient of variation. Results for cortical bone show mean values of E, of 23-25
GPa with a coefficient of variation of 13-20 % (Fig. A.3 A) and mean values of H of 0.85-0.95
GPa with a coefficient of variation of 19-22 % (Fig. A.3 B). On the other hand, Manjubala
et al. [109], assessed E, and H for woven bone during bone healing in sheep. After 9 weeks
of consolidation, they reported a mean E, of 11.5 GPa with a coefficient of variation of 29.2
% and a mean H of 0.45 GPa with a coefficient of variation of 32.5%. For the woven bone
specimen studied here, 20 weeks after the end of the distraction process, the mean values of E,
were 10-12 GPa with a coefficient of variation of 32-49 % (Fig. A.4 A) and the mean values of
H were 0.42-0.51 GPa with a coefficient of variation of 45-80 % (Fig. A.4 B).

The mean values of E, and H for the different time points spanning two months did not
vary more than 10% for cortical bone and 20% for woven bone specimens. These variations
are not significant compared with the levels of the coefficient of variation of the results arising
from the heterogeneity of the cortical bone tissue (13-20% coefficient of variation for E, and
19-22% for H) and, specially, the woven bone tissue (32-49% coefficient of variation for E,
and 45-80% for H). In addition, although in a few cases Student’s t-tests indicated significant
differences (Tables A.1 and A.2), no apparent trends could be observed with time for neither E,
or H in any of the specimens analyzed (Figs. A.3 and A.4). Therefore, the variations observed
are deemed to be random and not due to a mechanical properties temporal variation. These
random differences are attributed mainly to tissue heterogeneity. Small variations in the test
conditions such as temperature or humidity could also influence the results, although these
variations are considered secondary. These are the same sources of the data scattering for a
specific time point.

To the best of the author knowledge, the temporal variation of nanoscale mechanical prop-
erties in bone and woven bone embedded and polished specimens had not been evaluated. At
the macroscale level, Linde and Sorensen [100] reported that the stiffness of the bone eval-
uated by compression tests decreased 10% after 24 hours post-mortem. The first time-point
evaluated in this study took place 3 days after specimens thawing and temporal variations of
mechanical properties was not detected. Therefore, it could be concluded that the decrease in
stiffness reported by Linden and Sorensen does not continue after 3 days post-mortem or does
not take place at the nanoscale level.

Works in literature which used embedded and polished samples of bone [153, 154, 164,
165] and woven bone [5, 109] did not report the duration of the indentation tests. The out-
comes of this study do not show time-dependence of E, and H during these experiments in dry
conditions up to 60 days. Time for mapping areas by nanoindentation may be high depend-
ing on the examinations that need to be carried out. Taking into account the outcome of this
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study, larger maps of E, and H could be safely performed in future experiments in embedded-
polished specimens and dry conditions since the increased duration of a greater number of
indentations should not affect the outcome. Such a study would provide more details about
the bone microstructure mechanical properties in larger regions, which could be beneficial to
improve statistical significance of data, and also to better characterize the heterogeneity of the
bone tissue.

A.5 Conclusions

The results reported in this study demonstrate that mean E, and H of dry embedded-polished
cortical and woven bone specimens measured via nanoindentation do not show appreciable
trend with time for more than 60 days after the 3 days sample preparation. Variations found
were random and due to the material heterogeneity. This finding justifies the validity of results
from nanoindentation experiments in the literature requiring long data gathering time which
attribute differences in E, and H to material heterogeneity. Furthermore, results obtained sug-
gest that it should be possible to increase the duration of nanoindentation experiments further
in order to map larger areas of bone and woven bone, or a given area with a greater level of
detail, without sacrificing reliability.
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El vasto mundo: un grano de polvo en el espacio.

Toda la ciencia de los hombres: palabras.

Los pueblos, las bestias y las flores de los siete climas: sombras.
El resultado de tu meditacién perpetua: nada.
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