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1. Yo, Luz Clemencia DE PAEZ, en mi condicion de apoderada de la sociedad
solicitante de la patente de la referencia, me refiero al oficio No. 08752 notificado
por fijacion en lista del 30 de mayo de 2012.

2. Mediante oficio No. 08752 se puso en conocimiento del solicitante el informe
que contiene las observaciones hechas por su Despacho sobre la presente

solicitud de patente. Las observaciones realizadas en el oficio son las siguientes:

3.1 Reivindicaciones

De manera resumida, el Examinador ha expuesto lo siguiente:

* Reivindicaciones 21, 22 y 23: este uso no es patentable de acuerdo con el
articulo 14 de la Decision 486 de la Comisién de la Comunidad Andina.

NIT. 860.041.367-3
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3.2 Analisis de patentabilidad

3.2.1 Nivel inventivo

El Examinador considera que la combinacién de las ensefianzas de los
documentos D1: WO03052091 y D2: “European Cells and Materials” afecta el nivel
inventivo de la presente solicitud.

Especificamente se afirma que la persona medianamente versada en la
materia incluiria una u otra concentracion de un péptido PTH1.34 6 un péptido de
fusidn PTH (proteinas plasmaticas), dado que este tipo de formulacién se ha
utilizado durante mas de dos décadas porque no produce rechazo inmunolégico,
segun da a conocer D2, en la formulacién de D1, llegando de tal manera a la
formulacion de la reivindicacion 1 de la solicitud.

4. Respuesta a las objeciones
De este modo y con el objeto de atender las objeciones arriba
mencionadas, se desea presentar las siguientes modificaciones, aclaraciones y

argumentos:

4.1 Modificacion de una solicitud en tramite

De acuerdo con el articulo 34 de la Decisiéon 486 de la Comisién de la
Comunidad Andina, donde se establece que la modificacion de una solicitud es
posible en cualquier momento del tramite mientras no implique una ampliacién de
la solicitud inicial, me permito presentar un nuevo pliego reivindicatorio
conformado por 20 reivindicaciones.

Asi, siguiendo las amables sugerencias del Examinador, se han introducido
las siguientes modificaciones al pliego reivindicatorio:

» Se eliminan las reivindicaciones 21, 22 y 23.
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* La reivindicacion 1 ha sido modificada incluyendo “Una formulacion
adecuada para la reparacién de fracturas 6seas que comprende”.

* lLa reivindicacibn 13 ha sido modificada incluyendo “Una matriz
complementada adecuada para la reparacion de fracturas dseas que
comprende”.

Por lo anterior, las objeciones formuladas por el Examinador en cuanto a
la patentabilidad de las reivindicaciones 21, 22 y 23, del pliego reivindicatorio se
ven superadas. En consecuencia, se solicita atentamente tener en cuenta este
nuevo pliego reivindicatorio para el analisis de patentabilidad.

4.2 Arqumentos a favor del nivel inventivo de la presente solicitud

El articulo 18 de la Decision 486 sefala lo siguiente: .

Articulo 18.- Se considerard que una invencién tiene nivel inventivo, si para una
persona del oficio normalmente versada en la materia técnica correspondiente, esa
invencion no hubiese resultado obvia ni se hubiese derivado de manera evidente del

estado de ia técnica.

Consecuentemente, una invencién se considerara inventiva si la misma no
hubiese resultado obvia a partir del arte previo, para una persona del oficio
normalmente versada en la materia. Esto a su vez implica que el Examinador a
cargo de esta evaluacién debe colocarse en el momento exacto en el que el
inventor buscaba resolver el problema técnico contemplado en la solicitud y para
el cual poseia la literatura y el conocimiento disponibles en dicho momento.

Siguiendo entonces los lineamientos de la Jurisprudencia aplicable al
analisis del nivel inventivo de una solicitud de patente, se considera que una
anterioridad o una combinacion de dos anterioridades puede afectar dicho
requerimiento de patentabilidad, si una persona medianamente versada en la
materia encuentra ensefianzas o0 sugerencias claras que, a partir de un
conocimiento medio en dicho campo, le permitan llegar de manera obvia a la
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invencién reivindicada. Adicionalmente se considera que una mejora sustancial, un
efecto inesperado o una ventaja con respecto al arte previo es un indicio de nivel
inventivo, por cuanto aporta un salto tecnoldgico en la regla técnica.

Respecto a lo anterior, el Tribunal de Justicia de la Comunidad Andina ha
expuesto en la Interpretacién Prejudicial del proceso 13-IP-2010:

“En este orden de ideas, se puede concluir que una invencién goza de nivel
inventivo cuando a los ojos de un experto medio en el asunto de que se
trate, se _necesita algo mas que la simple aplicacion de los conocimientos

técnicos en la materia para llegar a ella, es decir, que de conformidad con el

estado de [a técnica el invento no es consecuencia clara y directa de dicho
estado”.
[senalado fuera del texto]

Por lo anterior, se entiende que para que una persona medianamente
versada en la materia pudiera derivar de manera obvia una invencion, requeriria
simplemente aplicar sus conocimientos técnicos. En contraste, todo aquello que va
mas alla de la simple aplicacién de los conocimientos técnicos y que no ha sido
revelado en el estado de la técnica, debe ser considerado inventivo.

A este respecto, respetuosamente manifestamos nuestro desacuerdo con
el analisis llevado a cabo por el Examinador y con las conclusiones del mismo y
solicitamos atentamente la reconsideracion de las razones por las cuales se objeta
el nivel inventivo, con base en la siguiente informacion:

La presente invencion difiere de D1porque incorpora un material granular
que comprende un mineral de calcio dentro de un rango de concentraciéon de PTH
determinado dentro de una matriz de fibrina. Como se describe en las paginas 29
ala 31y, en las Figuras 3 y 4 de la presente solicitud, esta composicion mejora la
reparacion de defectos 6seos, en particular las fracturas de huesos que se
encuentran en nivel local. Con el fin de resaltar el campo técnico de la presente
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invencion, se han modificado las reivindicaciones 1 y 13 con el fin de indicar que
las mismas estan dirigidas "a la reparacion de fracturas éseas”.

Se presenta una copia de un articulo de revision de Dempster et al.,
Endocrine Reviews, 14(6): 690-709 (1993).

Este articulo explica en detalle el estado de la técnica de la investigacién
de PTH. En la pagina 69, columna izquierda, tercer parrafo, se describe un doble
mecanismo regulador sobre el hueso con PTH ejerce un efecto inhibidor directo
sobre los osteoclastos por una parte, y un efecto estimulante indirecto mediado
por los osteoblastos en la otra parte.

La administracién de PTH podria jugar un pape! importante dando lugar a
esos efectos, por ejemplo, cuando el PTH es aplicado intermitentemente en
inyecciones diarias, se observé un incremento en hueso esponjoso, mientras que
en la administracién continua de PTH la absorciéon de hueso esponjoso parece
ocurrir (pagina 696, parrafo D). '

Debido al complejo modo de accion del PTH, los estudios conducidos por
Dempster ef al. no han llevado a respuestas directas. Ademas, debe seiialarse
que todos los resultados de Dempster fueron obtenidos por la administracion
sistémica de PTH, por ejemplo, por infusién o inyeccion dentro del cuerpo y
parecié ser muy dependiente de la manera en la que fue administrado, el tejido
6seo, la dosis y la co-administracién de otros factores.

D1 es la primera publicacion, en la que la administracion local de PTH en
el sitio de un defecto 6seo se reporta para mostrar la formacion de hueso en
hueso esponjoso. D1 muestra esos efectos usando un modelo de deteccion
descrito en Nuss et al., BMC Muscoskeletal Disorders , 7:67-80 (2006).

En el modelo, los hoyos perforados de 8 mm de didametro y 13 mm de
profundidad son hechos en la regién proximal y distal, tanto del himero como del
féemur. En este modelo, los defectos estan rodeados por hueso esponjoso, por
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ejemplo, los defectos son creados en huesos esponjosos con una capa delgada
de hueso cortical en el borde de los defectos.

Este ambiente representa un lugar con alta actividad anabdlica que no se
expuso a ningun estrés mecanico. El modelo se usé como una herramienta de
deteccién para evaluar la biocompatibilidad y la estimulaciéon biolégica de las
sustancias analizadas. En la “Seccion de Conclusién’ los autores afirman que se
trata de un modelo seguro para el cirujano experimentado, pues reduce el
sufrimiento y el numero de animales de experimentacion, y sirve como una base
excelente para probar los mejores materiales en un modelo animal mas dificil,
donde las propiedades mecanicas juegan un papel importante como en defectos
Oseos de tamano critico de largo, como el hueso maxilofacial o craneal.

En contraste, las “fracturas 6seas” se definen en la presente solicitud
como “una discontinuidad o ruptura a través de toda la estructura del hueso
creando dos o mas segmentos distintos del hueso” (pagina 7, tercer parrafo). Al
contrario del modelo de ovejas perforadas, el modelo de defecto segmentado de 1
cm descrito en la presente solicitud representa un modelo animal mucho mas
dificil aprobado por cirujanos y autoridades regulatorias y necesario para obtener
aprobacion regulatoria para realizar ensayos clinicos en seres humanos.

A diferencia del modelo de la oveja perforada, el modelo de defecto
segmentado de 1 cm (i) representa un modelo en el cual el sitio de efecto es
inestable (el hueso se corta en dos piezas simulando la fractura) y por lo tanto, el
hueso tratado se somete a un alto estrés mecanico durante la fase de reparacion
observada, (ii) representa un defecto mucho mas grande que el del modelo de
defecto perforado; (iii) representa un defecto que requiere una formacion
sustancial de hueso cortical y (iv) representa un modelo que requiere hueso de
alta calidad que se forma de manera que el nuevo hueso es capaz de estabilizar el
sitio de la fractura.

Dempster afirma que muchos agentes, tal como el fluoruro muestra el
potencial para mejorar la masa 0sea y aunque en general se acepta que el
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tratamiento con fluoruro incrementa el volumen de hueso esponjoso en pollo,
ratones, ratas, perros y cerdos, asi como en humanos, que es dificil entre otros
debido a la mala calidad del hueso en el que se forma (pagina 696, columna
izquierda, segundo parrafo).

Teniendo en cuenta todos los resultados de PTH divergentes y poco
claras reportado en el estado de la técnica ( todos derivados de la aplicacién
sistémica), no era evidente en lo absoluto que una aplicacién local de una
formulacién de PTH en un modelo de fractura real, aun si la formulacién PTH/
fibrina/ granulo de Ca mostrara actividad biologica en el modelo de deteccién del
defecto de perforacion en la oveja como indicativo de la efectividad en reparacién
de fracturas 6seas sin presentar datos del modelo de fractura especifica como el
modelo de defecto segmentado de la oveja.

Ademas, se presenta una copia de un articulo cientifico de S. Boden
(“Overview of the Biology of Lumbar Spine Fusion and Principles for Selecting a
Bone Graft Substitute”, SPINE, Volumen 27, No 16S, paginas S26-S31) para
apoyar la opinién de que la capacidad de formacion de hueso de una formulacion,
varia dependiendo del tipo de defecto y del mismo hueso, y que no se puede
extrapolar los resultados de una localizacién anatdmica a otra (pagina 29, columna
izquierda, décima linea desde abajo): "Asi, la validacién de cualquier sustituto de
injerto 6seo en un sitio anatdbmico clinico no puede ser predictivo de su
rendimiento en otra en otra localizacién.”

A diferencia de la presente solicitud, el documento D1 no indica que la
formulacién descrita en el mismo podria ser para el tratamiento de fracturas 6seas.
En particular, no apunta hacia un rango de gran concentracion de PTH o péptido
de fusiéon de PTH.

El documento D2 no describe el uso de PTH o péptido de fusion de PTH y
en particular no tiene una concentraciéon adecuada para el tratamiento de fracturas
6seas. De hecho, mientras que D2 menciona “defectos 6seos” no se refiere a
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fracturas dseas, como tal, o diferentes requisitos para diferentes tipos de
tratamientos de defectos éseos como las fracturas 6seas.

Considerando lo anterior, es claro que la revision sistematica de las
ensefianzas de D1 y D2 no permitirian a una persona con conocimientos medios
en el estado del arte anticipar o obtener la presente invencion sin haber
desarrollado investigacion cientifica adicional.

Lo anterior es importante, toda vez que el analisis problema-soluciéon que,
en opinién de la Guia del Despacho resulta obligatorio aplicar en estos caso,
obliga a tener en cuenta una visién de conjunto de las anterioridades mas que una
simple enumeracién de diferencias sin contexto técnico y que expresamente
sefala lo siguiente, con respecto al examen de nivel inventivo:

“El examinador debe presentar los documentos relevantes que anulan el
nivel inventivo de la invencion en estudio y el examen de como las
divulgaciones previas inducen a la persona del oficio normalmente
versada en la materia a realizar la invencion sin que se hubiese
requerido de su parte investigacion alguna”.(pagina 71)

Por lo tanto, en el presente caso, con independencia de las ensefanzas
puntuales que contengan los documentos D1 y D2, es claro que el andlisis de
conjunto de estos documentos no permitiria obtener de manera obvia la presente
invencion, en el sentido de que para obtener su resultado era obligatorio efectuar
investigacion adicional. |

4.3 Conclusion
El documento D1, el documento D2 o su combinacién, no resultan

anterioridades validas capaces de afectar el nivel inventivo del proceso de la
presente solicitud.
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Por lo tanto, consideramos que el Examinador esta pasando por alto el
hecho de que el inventor en el momento de solucionar el problema técnico de la
solicitud tuvo que emplear habilidad inventiva, pues la presente invencion no
resulta de la mera extrapolacién de las ensefianzas del arte previo, como se
afirma. Se esta desconociendo el mérito investigativo empleado y que esta
aportando una ventaja al arte previo.

Dicho mérito investigativo ha sido reconocido por otra oficina de patentes
del mundo, la cual ha otorgado patente para una invencién equivalente. Tal es el
caso de Australia, patente No. AU2006204461 (B2).

5. Puesto que se ha dado respuesta a todas las objeciones formuladas por el
Examinador, se solicita atentamente proceder al otorgamiento de la solicitud de
patente. En este sentido, respetuosamente recordamos al Examinador que la
patente no podra ser negada con base en objeciones diferentes a las expuestas
en la accion oficial No. 08752, toda vez que al no haber sido trasladadas a mi
representada, dicha decision violaria tanto el tenor literal del articulo 45 de la
Decision 486 como el derecho constitucional al debido proceso. En este evento, y
con base en el inciso 2 del articulo 45, respetuosamente solicitamos al
Examinador expedir una nueva accion oficial que permita a mi representada contra
argumentar las mismas o modificar la solicitud con el fin de cumplir los requisitos
de patentabilidad.

6. Anexos

e Nuevo pliego reivindicatorio conformado por 20 reivindicaciones

o Formulario de modificaciones en solicitud pendiente

* Recibo por concepto de diez (10) reivindicaciones adicionales a la décima
por valor de $300.000

e Articulo: S. Boden. “Overview of the Biology of Lumbar Spine Fusion and
Principles for Selecting a Bone Graft Substitute”, SPINE, Volumen 27, No
18S, paginas S26-S31

o Articulo: Dempster ef al., Endocrine Reviews, 14(6): 690-709 (1993).
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¢ Articulo: Nuss et al., BMC Muscoskeletal Disorders , 7:67-80 (2006).
e Articulo: Shen et al. Fibrin Gel Structure: Influence of Calcium. Biochemical
and Biophysical Research Communications. Vol. 56(3): 793-798 (1974)

Sefior Director,

\éfol Clreriacs @éé@

LUZ CLEMENCIA DE PAEZ
C.C. 35.456.344 de Usaquén
T.P.A. No. 23.555

COLO 16023 841 002 3

-/ COLO-13936-843-001-9
SGD\LLG\ID-224148\WPC13936
No. M-2012-224148\SGD
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Espacio reservado para el adhesivo de radicacién

Industria v Comercio
SUPERINTENDENCIA

DIRECCION DE NUEVAS CREACIONES
MODIFICACIONES Y/O CORRECCIONES

1. Identificacion del Tramite '
D Error material E Modificacion a una Solicitud en tramite
E Patente de Invencién
D Patente de Modelo de Utilidad
D Registro de Disefio Industrial

D Esquema de Trazado de Circuitos Integrados

2. Datos del solicitante

Persona Natural D Persona Juridica EI

BAXTER INTERNATIONAL INC. y BAXTER HEALTHCARE S.A.

Nombre o denominacion / Nombre o razén social completa

Nombre representante legal

Tipo de empresa Micro D Pequefia D Mediana D Otra D
Documento de identificacién: DC.C. D CE. D NIT D Otro Numero
Nacionalidad/Pais de constituci6n | Direccién y domicilio del titular ] Ciudad
Estados Unidos de América One Baxter Parkway, Deerfield, lllinois 60015 Deerfield
Y Y , Y
Suiza Thurgauerstrasse 130 8152, Glattpark (Opfikon) | Glattpark (Opfikon)
Respectivamente Respectivamente Respecti\)amente
Direccién electrénica No. Fax ' Namero telef6nico
clientes@cavelier.com 2 11 86 50 3473611

D Autorizo expresamente a la Superintendencia de Industria y Comercio para que todas las comunicaciones sean enviadas a
través de la direccion de correo electrénico

P102-F17 vrl (2012-04-19)
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3. Datos del apoderado:
Apellidos y Nombre Documento de identificacion Tarjeta profesional
De Paez Luz Clemencia C.C. 35.456.344 T.P.A. 23.555
Direccion y domicilio Ciudad
Carrera 4% No. 72 -35 Bogota
Direccion electrénica No. Fax Nuamero telefénico
cavelier@cavelier.com 21186 50 347 36 11
En caso de haber presentado poder general para asuntos que se adelanten ante la Delegatura de Propiedad Industrial, sirvase
indicar el nimero de su radicacién o protocolo de poder general

4. Datos del tramite

Correccion:

Expediente No 07.080.236

Aparece

Debe ser

Modificacion:

3

Modificacion al capitulo reivindicatorio.

Presento nuevo capitulo reivindicatorio compuesto por 20 reivindicaciones y pido respetuosamente
que el examen de patentabilidad sea realizado sobre estas nuevas reivindicaciones presentadas.
Respetuosamente manifiesto que a pesar de eliminar materia del pliego reivindicatorio: originalmente
presentado, mi representada no renuncia a la-proteccion que pueda obtener sobre.dicha materia y se
reserva el derecho de presentar una-solicitud divisional que la contenga durante el tramite de la
presente solicitud, beneficiandose de la fecha de prioridad inicialmente reivindicada.

Modificacion al capitulo descriptivo.

Modificacion al resumen.

Modificacion a los dibujos.

Modificacion al solicitante.

PI02-F17 vr1 (2012-04-19)
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COLO-13936-843-001-9
COLO-16023-841-002-3 |

5. Anexos

D Poder, si fuere el caso.

E Documento que contiene las modificaciones o correcciones.

D Copia de la solicitud y sus anexos en formato magnético.

IE Comprobante de pago por 10 reivindicaciones adicionales después de la décima reivindicacion por

$300.000

6. Firma

Nombre y apellldos

LUZ CLEMENCIA DE PAEZif e

Firma -

' Wauo/

C.C. 35. 456 344 DE Usaquen :

: Tarjeta Profesuonal 23 555

SCTSDCWPCL3003\D-217703

7 %‘Z&wf/ dsr

PI02-F17 vrl (2012-04-19)



REIVINDICACIONES:

1. Una formulacién adecuada para la reparacién de fracturas 6seas que

comprende

(1) un péptido seleccionado del grupo que consiste de PTH y un
péptido de fusién PTH;

(ii) un material granular que comprende un mineral de calcio y

(iii) una composicidon capaz de formar una matriz de fibrina bajo
condiciones fisiologicas que comprenden un componente

precursor de firbinbgeno y un componente precursor de trombina,

en donde el PTH o el péptido de fusiéon de PTH esta presente en un rango de
concentracion de entre 0.01 a 2 mg/mL de matriz de fibrina o los
componentes precursores que forman la matriz, con la condicién de que
una concentracion de 0.4 mg/mL de matriz de fibrina o de los

componentes precursores que forman la matriz no esta incluida.

2. La formulacién de acuerdo a la reivindicacion 1, en donde el
componente precursor de fibrinbgeno o el componente precursor de
trombina comprende ademas una fuente de calcio.

t

3. La formulacién de acuerdo a la reivindicacion 1 o 2, en donde el péptido
de fusiéon de PTH comprende al menos dos dominios en donde el primer
dominio comprende PTH y el segundo dominio comprende un dominio

de sustrato reticulable.

AQ



10.

11.

La formulacién de acuerdo a cualquiera de las reivindicaciones 1 a 3,
en donde el PTH se selecciona del grupo que consiste de PTH4.g4, PTH1.

38, PTH1.34, PTH1.31, y PTHy2s.

La formulacion de acuerdo a la reivindicacion 4, en donde el PTH es

PTH1.34.

La formulacién de acuerdo a la reivindicacion 3, en donde el segundo

dominio comprende un dominio de sustrato de transglutaminasa.

La formulacién de acuerdo a la reivindicacion 6, en donde el dominio de

transglutaminasa comprende un dominio de sustrato de Factor Xillla.

La formulacién de acuerdo a la reivindicacion 3, en donde el péptido de
fusion PTH comprende ademas un sitio de degradacion entre el primero

y segundo dominio.

La formulacién de acuerdo a cualquiera de las reivindicaciones 1 a 8,
en donde el material granular es una mezcla de fosfato de tricalcio e

hidroxipatita.

Un kit que comprende la formulaciéon de acuerdo a cualquiera de las

reivindicaciones 1 a 9.

Un kit de acuerdo a la reivindicacién 10, en donde el componente
precursor de fibrindgeno y el componente precursor de trombina se

separan uno del otro.

\s



12.

13.

(i)
(if)
(i)

El kit de acuerdo a la reivindicacion 10 u 11, en donde el péptido de
fusién PTH comprende ademas un sitio de degradacion entre el primer y
segundo dominios, dicho sitio de degradacion es un sitio de degradacion

enzimatico o hidrolitico.

Una matriz complementada adecuada para la reparacion de fracturas
Oseas que comprende

PTH o un péptido de fusion PTH;

un material granular que comprende un mineral de calcio y

fibrina;

En donde dicho PTH o péptido de fusion PTH esta presente en un rango de

14.

15.

16.

concentracion de entre 0.01 a 2 mg/mL de matriz de fibrina, con la
condicién de que la concentracion de 0.4 mg/mL de matriz de fibrina no

esta incluido.

La matriz complementada de acuerdo a la reivindicacién 13, en donde el
PTH se selecciona del grupo que consiste de PTH1.g4, PTH1.35, PTH1.34,

PTH1-31, y PTH1_25.

lLa matriz complementada de acuerdo a la reivindicacion 14, en donde el

PTH es PTH1-34.

La matriz complementada de acuerdo a cualquiera de las
reivindicaciones 13 a 15, en donde la matriz complementada se forma

de una composicion capaz de formar una matriz de fibrina y un péptido

\b
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17.

18.

19.

20.

de fusién, que comprende el PTH en un primer dominio, y un dominio de

sustrato covalentemente reticulable en un segundo dominio.

La matriz complementada de acuerdo a la reivindicacion 16, en donde el

segundo dominio comprende un dominio de sustrato de Factor Xllla.

La matriz complementada de acuerdo a cualquiera de las
reivindicaciones 13 a 17, en donde el péptido de fusion PTH comprende

ademas un sitio de degradacion entre el primer y segundo dominios.

La matriz complementada de acuerdo a la reivindicacién 18, en donde el

sitio de degradacion es un sitio de degradacion enzimatico.

La matriz complementada de acuerdo a cualquiera de las
reivindicaciones 13 a 19, en donde el material granular es una mezcla

de fosfato de tricalcio e hidroxiapatita.
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Abstract

Background: The past years have seen the development of many synthetic bone replacements.
To test their biocompatibility and ability for osseointegration, ossecinduction and -conduction
requires their placement within bone preferably in an animal experiment of a higher species.

Methods: A suitable experimental animal model in sheep with drill holes of 8 mm diameter and
I3 mm depth within the proximal and distal humerus and femur for testing biocompatibility issues
is introduced.

Results: This present sheep model allows the placing of up to 8 different test materials within one
animal and because of the standardization of the bone defect, routine evaluation by means of
histomorphometry is easily conducted. This method was used successfully in 66 White Alpine
Sheep. When the drill holes were correctly placed no complications such as spontaneous fractures
were encountered.

Conclusion: This experimental animal model serves an excellent basis for testing the
biocompatibility of novel biomaterials to be used as bone replacement or new bone formation
enhancing materials.

Background

The use of resorbable and non- resorbable biomaterials,
such as hydroxyapatite or tricalcium phosphate, as syn-
thetic bone replacements is well established in orthopae-
dic, maxillofacial and dental surgery [1,2]. Although
autologous cancellous bone is the material of choice for
bone replacement and induction there are limitations in
relation to its use, such as limited amount of material,
additional surgical procedure, prolonged surgery and
complications of wound healing at the donor site.
Because of this there is continuous interest in the develop-
ment of new synthetic materials [3-5].

The most important aspect in the development of new
(biodegradable) biomaterials is the experimental and
clinical testing for biocompatibility [6-8]. This is closely
followed by the bioactivity, which relates to the resorp-
tion or integration of the implanted material into the sur-
rounding bone, also called “ossecintegration” and the
ability to initiate and support the apposition and integra-
tion of the new bone, in particular in comparison with
previously established materials [4].

Various animal species are used for these biocompatibility
tests, such as the mouse [9], rat [10-18], guinea pig [19],
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Figure |

The photograph shows the 8 mm special depth-regulating bit
and corresponding drill guide (1a) and the close-up (Ib) the
flattened tip of the drill bit. '

rabbit [20-23], dog [24-28] goat [29] and sheep [30-32].
Furthermore, different implantation sites and methods
have been used to examine biocompatibility issues.
Among them are intra-peritoneal [13], subcutaneous
[12,14,17,33], intraosseous such as in the mandible
[19,27], femur [11,15,24,25]), tibia [18,20,21,23,26,30],
cranial bone [28,31] and intramuscular [9,16,29] applica-
tions.

The use of sheep for orthopaedic research continues to
increase. This is due to the similarities with humans in
weight, bone and joint structure and bone regeneration
[34-36]. Although rodents may be less expensive, they
have different bone morphology. Another practical reason
is that rodents often are too small in-size to test degrada-
ble materials in bone especially in combination with
internal fixation and fracture repair [37,38]. Furthermore,
the influence of the different mechanical properties of
bone from different species awaits clarification in relation
to the outcome of these studies [39,40].

http://iwww.biomedcentral.com/1471-2474/7/67
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g@ammnbute to the standardisation of testing new and
“Biodegradable materials for use in orthopaedics, maxillo-
facial and dental surgery our research group has devel-
oped an animal model with sheep that allows the
intraosseous implantation of 8 different samples per
sheep in long bones [41,42]. This animal model facilitates
testing inter- and intra-individual differences among dif-
ferent materials while at the same time reducing overall
suffering of animals-as well as necessary numbers to sat-
isfy statistical requirements. It has been already success-
fully applied for several studies related to testing
biodegradable materials [32] and to the knowledge of the
authors has never been described before in the literature.

Methods

Instruments

In addition to routine surgical instruments, Weitlaner and
Gelpi-retractors, a periosteal elevator, pneumatic drill
(Synthes, Waldenburg, Switzerland) with an 8 mm,
slightly modified drill bit (KaVo INTrASurg 500° KaVo
Dental AG Biberach, Germany, modified by Synthes, Wal-
denburg, Switzerland) and a corresponding drill guide
were used (Fig. 1). The drill bit was modified with a spe-
cial depth-regulating device and the tip was flattened
while still having good cutting characteristics.

Biomaterials

Implanted were various cements (f-tricalciumphos-
phates, brushite, hydroxyapatite), hydrogels (fibrin-
based, polyethylene glycol} and other resorbable or non-
resorbable bone replacement materials as composites
with or without growth factors such as parathyroid hor-
mone (PTH,_,,), bone morphogenic protein (BMP-2),
transforming growth factor (TGFfS) and insulin-like
growth factor 1 (IGF-1).

Experimental animals

Used were 70 healthy ewes, White Swiss Alpine Sheep,
with an age of 2 to 5 years and a bodyweight of 53 to 80
kg. The implantation sites were the proximal part of the
diaphysis and distal epiphysis of humerus and femur (Fig.
2). This provided a total of 8 implant sites per animal. All
animal experiments were carried out according to the
Swiss Laws of animal welfare and were approved by the
Ethics Commission of the official veterinary authorities
(Authorisation Numbers: 53/2000, 139/2000, 09/2002,
176/2003, 118/2004, 14/2005, 15/2005, 90/2005).

The experimental animals were kept in stalls prior to sur-
gery. Food was withdrawn 36 hours, and water 6 hours
prior to anaesthesia. A pre-anaesthetic examination was
performed including haematology and a chemscreen con-
sisting of liver enzymes, urea, creatinine, protein, albu-
min, sodium and potassium. After recovery of the animals
from anaesthesia, they Wwéie initially kept in small groups
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Figure 2
Layout of the approaches to the implantation sites: the dot-
ted lines represent the sites of skin incisions.

in stables. After 10 days, the skin staples were removed
and the animals were allowed to join the flock on the
fields normally at 20 days after surgery. They were checked
daily for lameness and additional clinical problems. Food
and water were given ad libitum.

Surgery

Animals were sedated with medetomidine (5 ug/kg BW,
Domitor™, Orion Pharma Animal Health, Finland) and
anaesthesia was induced with ketamine (2 mg/kg BW,
Narketan® 10, Chassot GmbH, Germany) in combination
with diazepam (0.01 mg/kg BW, Valium?®, Roche, Switzer-
land) and maintained with 0.8 Vol% isoflurane (Forene®,
Abbot AG, Switzerland) in O, and an infusion of Ringer's
solution with 60 mg ketamine (Narketan™ 10, Chassot
GmbH, Germany)/litre at a rate of 10 ml/kg BW/hour.
The animals received as pre-and post-operative prophy-
laxis 30,000 IU penicillin/kg BW (Hoechst AG, Germany)
and 6 mg gentamicin/kg BW (Streuli & Co AG, Switzer-
land) intravenously twice a day. In addition, they received
subcutaneously 500 Units of equine tetanus serum as a

single application (Tetanus Serum Veterinaria AG, Zurich, -

Switzerland).

Analgesia was maintained through injection of 0.01 mg
buprenorphine/kg BW i.v. perioperatively and addition-
ally 4 mg carprofen/kg BW i.v. (Rimadyl®, Pfizer Inc., NY,
USA) postoperatively for 3 days. The area in the region of
the incisions was clipped and disinfected in the standard
manner.

http://www.biomedcentral.com/1471-2474/7/67

The animals were placed in left or right lateral recum-

- bency on the operating table with the limbs placed in a

horizontal position. The approach to the bone was always
from the lateral side (Fig. 2). It is important for the fore-
limb that the humerus is positioned parallel with the
humeral condyles being at a 90° angle to the surgery
table. Furthermore the limb should be slightly flexed to
the position that the lateral epicondyle of the humeral
condyle can be palpated easily directly under the skin. The
hind limb should be also slightly flexed such that the lat-
eral collateral ligament can be palpated through the skin,
although a slight downward inclination of the hind limb
may facilitate access to the proximal femur. Both, the fore-
and hind limbs should be additionally supported from
underneath so that they cannot be pushed down when
drilling the hole but remain stable in the prepared plane.

With all approaches an attempt was made to keep the skin
incisions and preparation of soft tissue down to the bone
as small as possible {ca. 6-8 cm in length). To facilitate
the further surgical approaches to all locations, the
wounds were kept open by means of either a Weitlaner
retractor alone or in combination with a Gelpi retractor
that was usually placed perpendicular to the already
placed Weitlaner retractor (proximal and distal femur).
The periosteal elevator was used to prepare the location of
the drill hole such that all overlying soft tissues were
removed from the bone. This facilitated the placement of
the drill guide and avoided the slippage of the drill bit ini-
tially before the drill had started to penetrate the cortical
bone. The description of the four different surgical sites is
given below. A total number of 560 drill holes were placed
(n = 560 with 70 drill holes in each location). Immedi-
ately after drilling, the holes were filled with the various
test materials. After filling the drill holes, the different
wound layers as described in the approaches were closed
separately with non-resorbable suture material (Vicryl 2/
0, Johnson & Johnson, Brussels, Belgium) and the skin
was stapled (Davis and Geck Appose ULCr, B. Braun Aes-
culap AG, Tuttlingen, Germany)

Approaches

Proximal part of humeral diaphysis (Fig. 3)

The skin incision began at the level of the acromion and
followed a slightly curved line over the shoulder joint to
the middle of the proximal third of the humerus (Fig. 3a).
After dissecting the subcutaneous fascia the acromial part
of the deltoid muscle was visible and situated between the
trapezius and the omotransversarius muscles. These mus-
cles were then retracted caudally (Fig. 3b). Beneath
appeared the tendon of insertion of the infraspinatus
muscle. A hole was then drilled into the humerus caudally
to this tendon and in the medial direction. A small vessel
without a given name of less than 1 mm in diameter and
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Figure 3

Surgical procedure at the proximal diaphysis of the humerus: The skin incision extends from the acromion to the distal end of
the tuberculum majus (Fig. 3a). The acromial part of the deltoid muscle is dislocated caudally to expose the tendon of insertion
of the infraspinatus muscle (Fig. 3b), where the hole is drilled caudally to the insertion point and distally to the unnamed vessel

(arrow) (Fig. 3c).
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crossing the bone directly above the insertion of the ten-
don served as a consistent landmark (Fig. 3c).

Distal epiphysis of the humerus (Fig. 4)

A slightly curved skin incision was made laterally, directly
over the lateral epicondyle of the humerus (Fig. 4a). After
the dissecting of the subcutaneous and deep fasciae the
lateral epicondyle giving origin to the lateral collateral lig-
ament could be palpated. An incision was made in the lig-
ament paralleling the direction of its fibres (Fig. 4b). The
drill guide was passed through the opening and the drill
hole situated exactly in the centre of the groove and the
lateral humeral condyle (Fig. 4c).

Proximal part of the femoral diaphysis (Fig. 5)

The skin incision was made directly above the easily pal-
pable greater trochanter of the femur (Fig. 5a). The medial
gluteal muscle appeared immediately after the incision of
the subcutaneous fascia. The muscle was penetrated in a
longitudinal direction using a blunt incision (Fig. 5b).
The underlying fascia lata was opened with a scalpel blade
exposing the lateral vastus of the quadriceps muscle (Fig.
5c). The access to the bone was then made directly
beneath the greater trochanter through a longitudinal
incision of the lateral vastus of the quadriceps muscle (Fig.
5d). The drill guide was placed perpendicular to the bone
axis and firmly pressed to the bone to avoid slippage dur-
ing drilling. It was located 1.5 cm below the tip at the base
and in the centre of the greater trochanter (Fig. 5e).

Distal epiphysis of the femur (Fig. 6)

Palpable bone landmarks are the patella, the tibial tuber-
osity and the lateral condyles of the femur. The skin inci-
sion was performed in the triangle between the patella
and the tibial tuberosity on the one and the lateral con-
dyles of femur and tibia on the other side (Fig. 6a). With
the splitting of the subcutaneous fascia the aponeurosis of
the biceps muscle was visible. The muscle fascia was
opened with a small (ca. 2 cm) incision perpendicular to
the muscle fibres (Fig. 6b) and the underlying muscle tis-
sue was bluntly dissected down to the lateral condyle of
the femur. The hole was drilled closely to the proximal
origin of the lateral collateral ligament of the stifle joint
(Fig 6¢).

After surgery the exact locations of the material-filled
holes could be determined using radiographs (Figs. 7a
and 7b). Due to the different densities of the overlying
soft tissues (pelvis and proximal humerus versus elbow
and stifle joint), each radiograph had to be taken sepa-
rately amounting to 8 radiographs per animal. If radio-
graphic follow-ups had to be obtained at several time
intervals, each time the sheep had to be subjected to a
short anaesthesia (Sedation with medetomidine (5 ug/kg
BW, Domitor®, Orion Pharma Animal Health, Finland)

http://www.biomedcentral.com/1471-2474/7/67

and induction with ketamine (2 mg/kg BW, Narketan® 10,
Chassot GmbH, Germany) in combination with
diazepam (0.01 mg/kg BW, Valium® Roche, Switzerland)
and maintained with propofol (2-4 mg/kg BW, Diso-
privan® Astra Zeneca, Switzerland) to assure appropriate
quality of the radiographs.

Evaluation of samples

After the sheep were sacrificed both humeral and femoral
bones were harvested immediately, freed from all overly-
ing soft tissues and, if possible, the drill hole in the lateral
cortex was identified. Time points of sacrifice varied from
2, 4, 8, 16 to 24 weeks depending on the original study
question. The long bones were radiographed again using
a faxitron machine (Cabinet x-ray-faxitron series, model
43855A, Hewlett Packard®, USA) that allows visualizing
the detailed bone structure of the trabecular bone. There-
after, bone blocks were cut using a bone saw (K 410,
Kolbe GmbH, Elchingen, Germany) assuring a rim of at
least 3-4 mm of adjacent bone at the side and at the bot-
tom of the original bone defect. Care was taken that the
blocks were sectioned parallel to the original bone cylin-
der (Fig. 8). If important in relation to the original study
question (e.g. fine trabecular structure within bone defect
or adjacent bone) the blocks were radiographed again
with the faxitron machine (Fig. 9) or they were subjected
to micro-computed tomography. All samples were fixed
in either 4% paraformaldehyde or 10% fresh, buffered
formaldehyde, before they proceeded for histology of
non-decalcified bone section as described elsewhere
[42,43]. Briefly, after fixation, samples were washed in
buffered saline, dehydrated in a series of alcohol, defatted
in xylene under vacuum, infiltrated in methylmethacr-
ylate (methacrylacid-methylester; dibuthylphtalate and
perkadox in a proportion 89,5: 10: 0,5} and then finally
embedded in the same solution using special Teflon
molds placed in a standard water bath at 30°C. Ground
sections (30-40 x#m) and thin sections (5 um) were pre-
pared using special equipment (Leica® SP 1600 and Leica®
RM 2155; Leica Instruments GmbH, Nussloch, Germany).
Sections were either surface stained with toluidine blue in
case of ground sections, or deplastified with Methoxye-
thyl-acetate (Merck AG, Switzerland) and stained with
either toluidine blue or von Kossa/McNeil in case of thin
sections. Before mounting the ground sections to the opal,
acrylic Plexiglas slides (Wachendorf, Perspex GS, Acryl-
icglas Opal 1013) microradiographs were taken to visual-
ize the stage of calcification of the bone samples within
and adjacent to the biomaterial (Fig. 10). Sections were
cut in the middle of the bone defect and perpendicular to
the original drill hole revealing the round original bone
defect for further histological assessment with light micro-
scopy. Ground sections were used to determine resorption
of biomaterials, new bone formation and bone remodel-
ling of the adjacent bone, but also to measure the area and
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Figure 4
Surgical procedure at the distal epiphysis of the humerus: The skin incision is performed directly above the lateral epicondyle

of the humerus (Fig. 4a). Then the proximal part of the Lig. collaterale laterale is incised with a scalpel following the direction
of the fibres. The forceps tip is on the dorsal and prominent rim of a groove that gives origin to this ligament (Fig. 4b). The drill
hole is situated directly in the centre of the groove between the fibres of the lateral collateral ligament (Fig. 4c).
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Figure 5
Surgical procedure at the proximal part of the femoral diaphysis: The skin incision is situated directly above the greater tro-

chanter (Fig. 5a). The incision in the deep layer of the fascia lata reveales the medial gluteal muscle that is separated longitudi-
nally (Fig. 5b) to expose the lateral of the quadriceps muscle (Fig. 5¢). The lateral vastus is split longitudinally (Fig. 5d) and the
final drill hole is inserted in the centre at the base and 1.5 cm distally to the tip of the greater trochanter (Fig. Se).
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Figure 6

Surgical procedure at the distal epiphysis of the femur: The skin incision extends between the lateral femoral condyle and the
tibial tuberosity of the tibia (Fig. 6a). The incision in the aponeurosis of the biceps femoris muscle (Fig. 6b) is made perpendicu-
lar to the muscle fibres of the biceps femoris muscle and the drill hole is inserted just proximal to the origin of the lateral col-
lateral ligament of the stifle joint (Fig. 6c).
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Figure 7

Postoperative lateromedial (Fig. 7a) and craniocaudal (Fig.
7b) radiograph of the distal part of the left femur after the
injection of two specific, but different biomaterials. Vhile
bone cement (Fig. 7b) reveals immediate radiodensity, a bio-
material based on hydrogel and without radiopacifier cannot
be visualized immediately after surgery. If bone formation
takes place over time, radiodensity will increase gradually.

percentage of bone, fibrous tissue and remnants of bio-
materials within the original defect by means of histomor-
phometry (Leica Qwin®, Leica Quips®, Leica, Glattbrugg,
Switzerland). For this, pictures were captured with the
macroscope as digital images in TIF-format (DC 200,
Leica. Glattbrugg, Switzerland) and at a 5.8 times magni-
fication. Thin sections were suitable for semi-quantitative
evaluation of samples with the light microscope (Leica,
DMR, Glattbrugg, Switzerland), where cellular reactions
were assessed based on a semi-quantitative score that was
specifically developed for each individual study [43].

Results

Anaesthesia and recovery phases were uneventful for 51 of
the 55 animals, As soon as the sheep were awake they
were placed in straw-lined small stalls, Ten days later, after
removal of the skin staples, animals were released to larger
stalls and finally were allowed to rocam free on pasture
after 20 days. At no time did they show signs of lameness
or other discomfort,

For 4 sheep, the positioning of the drill holes was not
exactly in the correct places described above, but slightly
off towards the diaphysis of the femur or distal humerus
respectively. These animals suffered either from a commi-
nuted fractured humerus (n = 1) or femur (n = 3) within
the first 3 postoperative days. All four animals were imme-
diately euthanized after the complications occurred. All
other drill holes (total of n = 528 holes) could be easily
placed except in the distal humerus, where in 9 instances

hitp://iwww.biomedcentral.com/1471-2474/7/67

Figure 8

Preparation of the bone blocks after sacrifice: Note the rim
of adjacent bone (arrow) around the original bone defect
filled with biomaterial.

the drill hole was initiated too far cranially and distally
resulting in slippage of the drill bit into the cranial pouch
of the elbow joint including an incomplete drill hole
within the cranial aspect of the lateral humeral condyle. In
those 9 instances, where initial slippage of the drill bit
occurred from the lateral humeral condylus, the surgeon
gave up drilling the hole to avoid spontaneous fractures of
the distal humerus. There, the biomaterials were never
applied.

After the pre-planned time period the animals were
slaughtered and the treated bones removed. Depending
on the time point of sacrifice the original drill hole was
easily detected or especially at later time points almost
healed, at least at the cortical site. But even then, there was
a small amount of connective tissue visible in the area
indicating the original defect within the cortical bone. No
macroscopic signs of inflammatory reactions were gener-
ally seen even at the early time points. However, this was
dependent on the implanted material [44]. Normally, the
radiographs taken with the faxitron machine revealed the
location and direction of the drill hole, although at later
time points (24 weeks) depending on the biomaterials
bone healing could be so far advanced that detection
proved to be difficult and only signs of intensive bone
remodelling indicated the original bone defects.
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Figure 9

Radiograph taken with the faxitron machine: The technique,
where the entire bone or bone samples already cut in blocks
are radiographed with the faxitron machine, allows the
assessment of bony changes, such as bone resorption (arrow
head) or bone sclerosis (arrow) as a means for biocompati-
bility of the inserted biomaterials. In Fig. %a an entire femur is
shown (arrow: Bone-fixation device), whereas in Fig.?b only
the original defect with a rim of adjacent bone is pictured.

The bone samples could be easily embedded in acrylic
resin and in all instances the size of samples allowed the
preparation of non-decalcified histology sections for
ground and thin sections. Depending on the biomaterials
and stage of osseointegration or resorption the sectioning
of thin sections required great skill from our histology
technician. This was especially true for sections containing
calcium phosphate bone cements where the biomaterial
was brittle and if no bone replacement had taken place yet
in the early sections (2, 4 and 8 weeks) the material simply
disintegrated during sectioning. However, this hardly
occurred in the ground sections (30 — 40 gm). There, the
defect could be clearly distinguished from the surround-
ing bone. Thin sections allowed distinguishing cellular
events in all instances even if the bulk of biomaterial was
fallen off during sectioning since the immediately adja-
cent tissue could still always be evaluated (Fig. 11).

The time frame up to 6 months proved to be adequate for
this size of defect, since most of the biomaterials tested
were resorbed and replaced by new bone to at least two
thirds of the original bone defect within this period. The

hitp:/iwww.biomedcentral.com/1471-2474/7/67

Figure 10

Microradiographs taken from two different biomaterial sam-
ples: Microradiographs show the stage of calcification of the
bone after the application of bone enhancing materials (Fig.
10a) or both, remnants of bone cements based on calcium
phosphate and replacement by new bone (Fig. 10b).

same was true for the assessment of cellular events within
this given time point. Degradation mechanisms could be
easily followed at the interface between biomaterials and
host tissue. The early time points (2, 4 weeks) were help-
ful to test biocompatibility issues since the appearance of
foreign body or other mononuclear cells indicative of host
reaction to the material occurred mainly within this early
phase.

Discussion

The drill hole model in sheep as presented is well suited
to test biocompatibility issues regarding biodegradable
materials, but also to answer questions related to material
resorption, substitution with new bone or less functional
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Figure | |

Histology samples: While ground sections (30—40 zm, sur-
face stained with toluidine blue) are well suited for the
assessment of osseointegration, new bene formation, materi-
als resorption and histomorphometrical measurement (Fig.

1 1a), thin sections allow assessing cellular reactions such as
degradation and elimination of biomaterials through macro-
phages (Fig. | 1b, arrow) or the appearance of foreign body
cells (Fig. | lc, arrow).

http://iwww biomedcentral.com/1471-2474/7/67

Figure 12

The graph represents a drawing of a longitudinal section of
the proximal part of the femur. The lines picture the area
where cancellous bone can be found, but also the trajecto-
ries indicating the direction of the mechanical tension lines in
the bone,

tissue such as fibrous tissue. The experimental model was
established in 70 sheep with a total of 560 drill holes for
materials to be tested in bone. Several advantages are per-
tinent to this well standardized animal model with ani-
mal welfare being one of the most important aspects,
closely followed by the possibility to translate results rel-
atively easy to humans without the necessity of additional
animal experiments related to biocompatibility ques-
tions.

The surgical technique requires a modified drill bit with a
flattened tip, solid anatomical knowledge and experience
of the surgeon. The small stab incisions and minimal
preparation of soft tissues to access the bone cortex, where
the drill hole will be placed, are part of the regimen of
minimally invasive surgery and thus, atraumatic tech-
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Figure 13

The picture shows the division in peripheral, middle and cen-
tre area of the bone defect as may be necessary to compare
bone formation and biomaterials resorption over time or
between different materials,

nique including prevention of unnecessary suffering of
the animals.

The diligent and correct positioning of the limbs for sur-
gery turned out to be a decisive factor for positioning the
drill holes, especially for the distal humerus and femur.
This allows optimal positioning of the drill hole that
needs to be placed exactly as described in the surgical tech-
nique because of the quality of the brittle sheep bone. If
the drill holes are slightly misplaced spontaneous frac-
tures occur as described with the 4 animals with compli-
cations. The special structure and morphology of long
bones in sheep corresponds to the function and mechan-
ical load of the specific bone area [45]. This leads to a rel-
atively large area of cancellous bone with a thin cortex in
the metaphysis and epiphysis of the humerus and femur.
Here, the mechanical pressure can be transferred to the
cancellous network, while closer to the diaphysis this is
not possible any longer since there is only cortical bone
and fatty bone marrow to withstand the mechanical load
(Fig. 12). The relative large drill hole of 8 mm in relation
to the overall bone diameter obviously disturbs the ten-
sion lines of the bones significantly and gives rise to spiral
fissures and cracks along these so called trajectories. This
occurs even if only one cortex is drilled and is usually
associated with severely comminuted fractures. If the drill
holes are correctly placed within the metaphysis (proxi-
mal humerus and femur) or epiphysis (distal humerus
and femur) this complication can be avoided. Especially
in the distal humerus it may be better to stay away from
drilling the hole if in doubt whether the position is cor-
rectly chosen. When the method was performed correctly,

http:/fwww.biomedcentral.com/1471-2474/7/67

as described above, then there were no unforeseen frac-
tures. In 9 cases the drill bit slipped into the cranial pouch
of the elbow joint. To avoid spontaneous fractures, the
drilling was not repeated and no biomaterial was applied.
Since we only touched the joint but never penetrated any
important structures, it had no clinical implication such
as haematoma, pain or lameness.

Histology with non-decalcified bone sections proved to
be suitable to assess bone healing as well as the behaviour
of biodegradable materials. By sectioning the bone sam-
ples in midlength and perpendicular to the original drill
hole the stage and ratio of new bone formation versus
material resorption could be optimally visualized and cal-
culated at its most remote location. Since any biomaterial
used in bone finally will be replaced by creeping substitu-
tion [46] it may be safely assumed that if the centre and
middle of the original biomaterial is replaced with new
bone the rest of the original bone defect has already been
replaced and is already undergoing bone remodelling. If
deemed necessary serial sections can be prepared through-
out the entire original defect, although the extensive
workload and costs associated with preparing sections of
non-decalcified bone may prove inhibitive. The standard-
ized drill hole defect is well suited for histomorphometri-
cal measurements where an automatic software program
with the appropriately established "macro” allows the cal-
culation of area percentages of bone, remnants of bioma-
terials as well as replacement with fibrous tissue. Apart
from the overall percentage of each component the area
may be divided in rings facilitating the comparison of the
peripheral, middle and more central areas of the original
bone defect [43]. This is interesting especially if the rate of
resorption over time or between different biomaterials
should be compared (Fig. 13).

It is common belief that for ethical reasons small experi-
mental animals, such as mice, rats or rabbits, should be
used wherever possible. Another reason to turn to small
rodents is for economical aspects as rats and mice are
much less expensive and easier to maintain as sheep. Bio-
compatibility of novel materials is often tested in less
demanding animal models in the literature. Biological
materials implanted into soft tissue, for example intra-
muscularly [9,16,29] or subcutaneously [12,14,17,33]),
may answer questions pertaining to the local cellular and
humoral reaction, but not to the degree of new bone for-
mation, osteoinduction and -conduction. Even the local
cellular degradation mechanisms may be different in soft
and osseous tissue, since osteoclasts often involved in syn-
thetic hydroxyapatite-based bone materials, are only
present in bone but not subcutaneous or muscular tissues.
In addition, any material placed in soft tissue may elicit
the formation of a soft tissue capsule in an attempt to wall
it off. This reaction most likely has nothing in common
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with a response related to biocompatibility, but could
also be a reaction to mechanical instability and different
stiffness and rigidity of soft tissue and the implanted bio-
material. In the author's judgement the subcutaneous and
intramuscular pouch model in rodents as introduced by
Urist et al [47,48] is a valuable animal model for hetero-
topic osteoinduction triggered by biomimetic substances,
but not for testing biocompatibility issues related to bone.

There are successful reports with drill holes used in rabbit
tibias [23,26] and rat fernurs [11]. Rodents may require
less time and cost as well as less sophisticated surgery and
anaesthesia facilities. However, more animals per study
may be required due to limited anatomical space and size
of animals. Furthermore, bone metabolism is significantly
different with mostly faster bone remodelling. Positive
results in rodents may have to be repeated and verified in
larger species before human clinical trials can be initiated.
Because of the similarities with human bone metabolism
the results from sheep carry more authority than those
obtained small laboratory animals [34].

The drill hole model as presented here has additional
advantages. With this model it is possible to investigate
and compare the in vivo characteristics of up to eight dif-
ferent materials in one animal. Also it is possible to com-
pare more than one sample of the same material within
an animal but in different locations representing different
densities of cancellous bone. This is not just a question of
animal protection, but also adds the possibility to com-
pare directly the individual's reaction to various materials.
Last but not least, this model allows testing of biomateri-
als without other than the physiologic mechanical load,
which is in contrast to animal models that produced sin-
gle injection or implantation sites using osteotomy or
ostectomies [24,30,49]. These models may not be as suit-
able for biocompatibility testing of materials in bone as
the drill hole model, since it may be difficult to attribute
failures to material incompatibility or mechanical prob-
lems. Critical sized bone defects in long or cranial bones
are the next step once the biocompatibility of the material
has been established [31,32,50,51].

Conclusion

The drill hole model in sheep proves to be an excellent
animal model to test biocompatibility of biomaterials
that should be implanted in bone. Overall, it is a safe
model for the experienced surgeon, reduces suffering and
numbers of experimental animals and serves as an excel-
lent basis for testing the best materials in a more challeng-
ing animal model where mechanical properties play a role
such as in critical sized bone defects of long, maxillofacial
or cranial bone.
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I. Introduction

HYSICIANS have traditionally considered PTH to be an

agent that is catabolic to the skeleton. However, as early
as 60 yr ago, Albright and his colleagues (1) and later Selye
(2) noted that the peptide extract could also be anabolic to
the skeleton, producing increases in bone tissue in animals.
The potential for an agent that can increase bone mass and
hence reverse the skeletal defect in patients with osteoporosis
is great, particularly if in doing so it also repairs microarchi-
tectural damage. The agents currently available in the United
States for treatment of osteoporosis, estrogens and salmon
calcitonin, primarily stabilize bone mass and prevent further
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New York 10993.
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loss of bone, although a transient small increment in mass is
often reported, particularly in patients with elevated levels
of bone remodeling. This increase is not a true anabolic effect
but is related to the temporal effects on turnover in which
resorption declines initially followed by a reduction in for-
mation that may take several months. Fluoride, in contrast,
does increase bone mass by a true anabolic action, but there
is controversy about the quality of the bone formed. Two
recent controlled studies failed to find a reduction in fracture
recurrence (3, 4), although the dose may have been excessive,
and consequently, fluoride is currently not approved for
treatment of osteoporosis in the United States. Thus, if PTH
is capable of improving bone mass and quality, the peptide
will have a potential therapeutic role in osteoporosis. This
review summarizes the data available to date, starting at the
cellular level.

II. Target Cells for PTH in Bone

Despite the fact that the major action of PTH in bone is to
stimulate osteoclastic bone resorption, a compelling body of
evidence has been published over the last two decades
indicating that cells of the osteoblast lineage are the principal,
but not necessarily the only target (5, 6). A detailed morpho-
logical description of a distinct “PTH target cell” (PT cell) was
provided recently by Rouleau et al. (7, 8). Located among
clusters of differentiated osteoblasts, this is a mononucleated
cell with a large soma and long cytoplasmic processes ex-
tending toward the bone surface and also toward nearby
blood vessels. Based on a positive reaction for alkaline phos-
phatase and the occasional observation of hybrid cells that
exhibited ultrastructural features of both the PT cell and
differentiated osteoblasts, Rouleau et al. (7, 8) concluded that
the PTH-responsive cell is indeed of the osteoblast lineage.

The concept that osteogenic cells, rather than the osteo-
clast, were the primary targets for PTH as well as for other
agents that stimulate bone resorption was first formally
proposed in a classic paper by Rodan and Martin in 1981
(9). Experimental evidence in support of this hypothesis was
obtained when investigators developed successful techniques
for studying functionally viable osteoclasts in vitro. Thus,
Chambers and his colleagues (10) showed that when osteo-
clasts were physically separated from other bone-derived
cells on a devitalized slice of bone, they did not respond to
PTH. However, when primary cultures of osteoblasts or
osteoblast-like cell lines were added to the culture, PTH then
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induced an increase in resorption (11). These functional
studies were supported by autoradiographic evidence sug-
gesting a lack of specific PTH binding in osteoclasts (6, 7).
Subsequent studies from Chambers’ group and others (11-
14) suggested the existence of a soluble osteoclast-stimulating
factor(s) released by osteoblasts in response to PTH. To date,
the identity of this factor has remained elusive, although
recent reports have indicated that rather than being soluble,
it may be membrane- or matrix-bound (15).

This body of work shifted the emphasis away from the
osteoclast as a target cell for PTH despite earlier immuno-
cytochemical evidence for this in fixed bone sections (16).
However, in the past 2 yr, evidence has been presented by
three independent groups that there are also PTH receptors
in osteoclasts. Duong et al. (17) reported that bovine PTH(1~
34) had an inhibitory effect on bone resorption by purified
cultures of chick osteoclasts. A stimulatory response was
observed, however, in less pure populations with a greater
density of contaminant osteoblasts. Moreover, these authors
presented autoradiographic evidence for the existence of
PTH receptors in both avian and mammalian osteoclasts,
postulating that these receptors mediate the observed direct
inhibitory effects. Teti et al. (18) also described specific bind-
ing of radioiodinated PTH to avian osteoclasts, and using a
biotinylated PTH binding method amplified by fluorescein
isothiocyanate-labeled avidin, Agarwala and Gay (19) dem-
onstrated binding of bovine PTH(1-84) to living chick osteo-
clasts. In the latter case, several characteristic properties of
receptor-mediated hormone binding were described, includ-
ing saturability, time and temperature dependence, and hor-
mone specificity.

We must, therefore, at present acknowledge the intriguing
prospect that both osteoblasts and osteoclasts express func-
tional PTH receptors. This raises the possibility of dual
regulatory mechanisms for PTH action on bone with the
peptide perhaps exerting a direct inhibitory effect on the
osteoclast, and an indirect stimulatory effect mediated by
osteoblasts.

IIL. In Vitro Studies on the Anabolic Effects of PTH

A. Organ and cell cultures

While the earliest organ culture studies quickly confirmed
PTH'’s potent bone resorbing activity (20), demonstration of
its anabolic activity by this technique has not been so easy.
Using Gaillard's original method of culturing embryonic
mouse radii, Herrmann-Erlee et al. (21) showed that synthetic
bovine PTH(1~34) (= 5 X 10™° m) increased osteoblast num-
ber and osteoid formation in more than half of the samples
studied. However, PTH decreased collagen synthesis in cul-
tured fetal rat calvariae (22), an observation that has been
confirmed in neonatal mouse calvariae (23) and, more re-
cently, in fetal rat parietal bones (24), and is attributed to a
PTH-induced inhibition of steady-state levels of procollagen
messenger RNA (mRNA) (25, 26). This inhibitory effect of
PTH on differentiated osteoblasts was corroborated by re-
ductions in alkaline phosphatase activity (27, 28), osteocalcin
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synthesis, and collagen synthesis in cultured osteoblastic cells
(26, 29-31). However, although PTH decreases osteoblastic
synthesis and secretion of collagen and other peptides, it
appears to stimulate osteoblast replication as measured by
the incorporation of [*H]thymidine into DNA in bone organ
cultures (32, 33). This observation suggests that the anabolic
effect of PTH might be mediated by an increase in the
proliferation of osteoblast precursors or osteoprogenitor cells
(34), which has been confirmed in some, although not all
(35), cell culture models. Low concentrations of PTH stimu-
late proliferation in rat osteosarcoma-derived osteoblast-like
cells (ROS 17/2, UMR 106), rat calvarial osteoblasts (28, 36),
and in primary cultures of human bone cells of osteoblast
phenotype, and human osteosarcoma cells (34). Interestingly,
there is evidence to suggest that the PTH-induced prolifera-
tion of osteoblast precursors may be mediated by the osteo-
blasts themselves in a process that requires cell-to-cell contact
(37). In general, the effects of PTH on mitogenesis are
associated with a reduction in the expression of the osteoblast
phenotype. However, an anabolic effect of PTH on bone
that is independent of its mitogenic action should not be
discounted. In this regard, Howard et al. (38) and, more
recently, Canalis and his colleagues (33) have demonstrated
that, as is the case in vivo (see below), the manner in which
PTH is administered in vitro profoundly influences its effects
on bone formation. Thus, in cultured fetal rat calvariae,
continuous treatment with PTH for 24-72 h inhibited type I
collagen production as previously reported (22, 26), but
transient exposure for 24 h followed by incubation in PTH-
free medium resulted in a stimulation of collagen synthesis
(33). Furthermore, although [*H]thymidine incorporation was
increased in both circumstances, neither the inhibitory nor
the stimulatory effects of PTH on collagen synthesis ap-
peared to be dependent on mitogenesis because neither was
affected by the presence of the inhibitor of DNA synthesis,
hydroxyurea. The stimulatory effect on collagen synthesis
was also observed in bones that had been stripped of perios-
teum, which contains the principal source of osteoblast pre-
cursors and is the site of most of the mitogenic effects of
PTH. These results imply that PTH can have stimulatory
effects on differentiated osteoblasts as well as on the differ-
entiation of preosteoblasts. This is supported by the fact that,
contrary to the studies mentioned earlier (27, 28), some
osteoblastic cells respond to PTH with an increase in alkaline
phosphatase, a time-honored marker of the differentiated
osteoblast (39, 40). As a general note, it seems that the
response of different osteoblast cultures to PTH is variable
and depends crucially on whether they are primary cultures
or cell lines, thespecies and age of the source, and the initial
degree of differentiation in culture (41).

B. Role of growth factors in orchestrating the anabolic action of
PTH

Recent studies in several laboratories have provided con-
vincing evidence that the PTH-induced stimulation of bone
formation is mediated by local growth factors, with insulin-
like growth factors (IGF)-I and -II and transforming growth
factor-8 (TGFB) being the primary candidates. IGF-I and II

b
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enhance collagen production by two independent methods:
stimulation of osteoblast replication and increasing the syn-
thesis of type I procollagen mRNA by differentiated osteo-
blasts (42). PTH stimulates the release of IGF-I from fetal rat
calvariae (33) and of both IGF-I and Il from mouse calvariae
(43) and also increases the transcript and polypeptide levels
of IGF-I in osteoblast-enriched primary cell cultures (44).
Moreover, the stimulatory effect of transient PTH adminis-
tration on type 1 collagen synthesis in fetal rat calvariae is
abolished by IGF-I neutralizing antibodies(33), an effect that
is again independent of PTH's mitogenic action, which was
unaffected by the antibodies. In addition to increasing osteo-
blastic synthesis of IGFs and of IGF binding proteins, PTH
may also increase the sensitivity of osteoblasts to IGF-1 by
increasing the affinity and/or the number of IGF receptors.
This provides a mechanism for the synergistic effects of PTH
and IGF-I on bone formation observed both in vitro and in
vivo (45).

Members of the TGFf supergene family, which include
TGFB 1 and 2 and bone morphogenetic proteins 2-7 are
clearly important bone growth factors (46-48). Indeed, bone
is one of the most abundant sources of TGF@ in the body
(49). TGFR is synthesized and secreted by osteoblasts in a
biologically inactive, latent form and is incorporated in the
extracellular matrix. Osteoblasts not only produce TGFS but
they also possess high affinity receptors for it, providing the
opportunity for autocrine stimulation of osteoblast replica-
tion (50). Moreaver, a recent study suggests that TGF8 can
increase the number of functional PTH receptors in osteo-
blasts (51). TGF@ is a potent stimulator of bone formation
both in vitro (52, 53) and in vivo (54-56). While PTH does
not appear to regulate osteoblastic synthesis of TGFS (44),
its initial action to stimulate osteoclastic bone resorption
results in the liberation of significant amounts of TGFS from
the matrix. Furthermore, the acidic microenvironment in the
subosteoclastic resorption zone appears to be capable of
converting TGFS from latent to active form (57). Once re-
leased from bone, the activated TGFB could presumably
stimulate osteoblast chemotaxis, replication, and differentia-
tion in the vicinity of the resorption lacuna and possibly also
act to inhibit osteoclast activity and recruitment (46, 58).
TGFR is therefore an ideal candidate for the putative “cou-
pling factor” that tethers bone formation to bone resorption
in the remodeling cycle. Other osteoclast-accessible, matrix-
bound growth factors that could act in a similar fashion to
mediate an anabolic effect of PTH include IGF-I and II (43,
59), platelet derived growth factor (60), and acidic and basic
fibroblast growth factors (61, 62), although evidence for
involvement in this PTH effect is currently only available for
the IGFs. It is worth noting, however, that while this indirect,
osteoclast-dependent mechanism of stimulating osteoblastic
bone formation may well be operative, it is not essential for
eliciting PTH’s anabolic action. Tam et al. (63) showed that
in short-term experiments, intermittent injection of PTH in
rats resulted in an increase in bone-forming surfaces and
apposition rate without a change in resorption surface and,
more recently, Hock et al. (64) reported that the anabolic
action of PTH in rats was unaffected by treatment with the
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resorption inhibitors, calcitonin and dichloromethylene bis-
phosphonate (see below).

C. Second messengers

The fact that PTH can have both catabolic and anabolic
effects on the skeleton raises an intriguing question: How
does a single hormone achieve such separate and opposing
actions in bone, especially as both actions appear to be
mediated either directly (formation) or indirectly (resorption)
by the same cell type, namely the osteoblast? As mentioned
earlier and discussed in more detail below, part of the answer
may be the differential response of the target cells depending
on whether PTH is delivered continuously, which appears
to favor resorption, or in an intermittent fashion which
appears to favor formation. An alternative explanation may
lie in the ability of PTH to activate at least two different
intracellular signal transduction pathways in osteoblasts
(64a) (Fig. 1). These are cAMP-dependent protein kinase A
(cAMP/PKA) (65, 66), and the calcium/protein kinase C
(Ca?/PKC) pathways (67, 68). At the present time it is not
clear which cellular functions in osteoblasts are regulated by
which pathway (69). Studies in this area are complicated by
the fact that both osteoblasts and osteoclasts “use” the same
transduction mechanisms. Thus, stimulation of the cAMP
pathway in osteoblasts by experimental agonists, such as
forskolin, could theoretically result in stimulation of resorp-
tion but this effect may be counterbalanced by simultaneous
activation of the cAMP pathway in osteoclasts, which is
inhibitory in effect (70, 71). The same problem applies to the
Ca?/PKC pathway, which has recently been shown to be
present in osteoclasts (72-74), as well as osteoblasts (67, 68).
Perhaps reflecting this difficulty, in two recent publications
it has been concluded that the cAMP pathway in osteoblasts
is either of major (75) or minor (76) importance in conveying
the stimulatory effect of PTH on bone resorption. Similarly,
there is little definitive information on the second messengers
responsible for mediating the anabolic action of PTH. Studies
with osteoblast-like cell lines indicate that both the cAMP/

/
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FIG. 1. A model for PTH signal transduction, incorporating both the
cAMP/PKA and Ca?*/PKC pathways. [Reproduced with permission
from A. Fujimori et al.: Endocrinology 130:29-36, 1992 (64a). ®The
Endocrine Society.]
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PKA and the Ca®*/PKC systems play a role in the regulation
of proliferation as well as phenotypic expression (75, 77, 78).
Based on experiments in which the cAMP and the intracel-
lular Ca®* pathways were selectively activated by different
PTH fragments, Lowik et al. (79) suggested more than 5 yr
ago that osteoblasts contain two distinct receptors with one
being coupled to adenylate cyclase and the other involved
in the elevation of intracellular Ca®*. However, this hypoth-
esis remains unsubstantiated (69). The precedence for sub-
classes of receptors conferring specificity for the second
messenger pathway exists in other systems. For example, the
a-adrenergic receptor is classified into ;- and a;-subtypes
with the former assigned to the phosphatidylinositol path-
way and the latter to the inhibition of adenylate cyclase (80,
81). Modeling of the PTH receptor site in canine kidney (82)
suggests the existence of either two separate receptors for
PTH(1-84) and PTH(1-34) with similar affinities, or alter-
natively, a second binding site for PTH(1-84) on the same
receptor. Another possibility is that the local conditions in
and around osteoblasts could influence the balance between
the two pathways. For instance, in rat osteosarcoma cells
(ROS 17/2.8) it is known that the presence of retinoic acid
influences inositol polyphosphate metabolism, that a de-
crease in pH activates phospholipase C, and that PTH-
stimulated adenylate cyclase activity is enhanced by gluco-
corticoids (81).

Although it is now firmly established that growth factors
play a role in mediating the anabolic effects of PTH, there
may be other underlying mechanisms. Finkelman et al. (83)
recently reported that PTH enhances the proliferation of TE-
85 human osteosarcoma cells by a mechanism that does not
involve either increased cAMP production or enhanced se-
cretion of IGF-I, IGF-UI, or TGFB. The calcium channel
blocker, verapamil, reduced cell growth, both basal and PTH-
stimulated, but a significant stimulation was still observed,
suggesting that, while a rise in intracellular calcium may be
involved in mediating the PTH response in this model, it is
not the only second messenger.

While studies on the anabolic action have necessarily
focused on osteoblasts and bone formation, we should not
overlook the potential that “anticatabolic” effects might also
alter the balance between formation and resorption in favor
of the former. As mentioned above, Duong ef al. (17) have
reported inhibitory effects on the activity of osteoclasts in
osteoblast-deficient cultures. Using the resorption pit assay,
we have found evidence for an inhibitory effect on osteoclast
function even in the presence of osteoblasts (84). While
osteoclasts were activated by PTH and the average number
of pits per resorption focus was increased, the median plan
area of the individual resorption pits was substantially re-
duced. Such an effect is consistent with histomorphometric
data in patients with primary hyperparathyroidism in which
there is increased activation frequency of bone remodeling
units but a reduction in the depth of the resorption lacunae
(see below). Incidentally, Fenton et al. (85) have recently
reported that a highly conserved pentapeptide region of
PTH-related protein (PTHrp{107-111]) is a potent inhibitor
of osteoclastic activity in vitro.

—5\4
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In conclusion of this section, these basic studies have
elucidated several possible mechanisms for a direct anabolic
action of PTH on the skeleton. These include cytokine-
mediated stimulation of osteoblastic proliferation and activity
and, possibly, inhibition of osteoclast activity (Fig. 2). The
remainder of this review will focus on PTH action in intact
animals and humans.

IV. Animal Data

The majority of data supporting an anabolic effect of PTH
comes from animal studies. Although the rat has been the
principal species in which the effects of PTH have been
evaluated using a variety of models of bone loss, data are
also available for the dog. There is no report of an anabolic
action of PTH in any primate species as yet.

A. Early discoveries

Early results were all performed using parathyroid extract
(PTE) rather than purified PTH. The earliest report of in-
creased bone density by PTE (8 U sc daily) in rats was that
of Bauer and associates (1) but they did not comment on the
significance of the finding. Convincing evidence that PTE
could stimulate bone formation, in addition to bone resorp-
tion, was obtained histologically shortly thereafter by Selye
(2) and Pugsley and Selye (86). They observed increased
proliferation of bone cells, both osteoclasts and osteoblasts,
shortly after a single injection of 20 U PTE to rats. If the
treatment was continued, an increase in bone tissue resulted

F1G6. 2. Diagram illustrating some of the diverse effects of PTH on

- bone. Stimulation of osteoclastic bone resorption is mediated indirectly

via osteoblasts or the putative parathyroid (PT) cell ( pathways 2 and
4). The signal from osteoblasts/PT cells to osteoclasts may be conveyed
by soluble osteoclast-stimulating factor(s) or possibly a membrane or
matrix-bound factor (MF). In addition to this indirect communication,
there is growing evidence that PTH may act directly on osteoclasts,
perhaps exerting an inhibitory influence (pathway I1). The anabolic
action of intermittent PTH administration is likely mediated by growth
factors, including TGFS, released from the matrix and activated by
osteoclasts, and by IGF’s I and II, produced by the osteoblasts them-
selves (pathway 3). The growth factors enhance both the replication
and activity of osteoblasts. See text for further details. OC, Osteoclast;
OB, osteoblast; OP/PT, osteoprogenitor/“parathyroid cell”; MF, mem-
brane- or matrix-bound factor.
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and the osteoclast number declined to normal. Interestingly,
they noted that treatment with lower doses of PTE (5 U on
alternate days) led to proliferation of osteoblasts only. Selye
(2) suggested that PTH given in small doses, would lead to
a stimulation of osteoblasts and bone apposition without a
previous osteoclast formation and fibrous transformation of
the bone marrow. Using a similar dose of PTE in rats, Seyle’s
results on the stimulation of osteoblasts by PTH were con-
firmed by Jaffe (87) and Burrows (88). Shelling et al. (89)
directly measured rat femurs and demonstrated an increased
ratio of dry femur weight in rats treated with PTE daily for
14 or 21 days. Using a single dose of 1000 U PTE, Heller ef
al. (90) showed a rebound of osteoblast number and activity
in 4~7 days after initial inhibition, suggesting a long lasting
effect of PTE. Biochemical analysis of matrix materials and
radiological density measurements were later added, con-
firming the anabolic action of PTH in the 1970’s (91, 92).
Increments in the calcium accretion rate into the skeleton of
the order of 45% were noted after chronic administration of
PTE in rats (93). A positive calcium balance with daily PTE
administration was observed by Cramer et al. (94). Using rats
on normal and low phosphate diets, the positive calcium
balance was observed in 5-day periods after injection of PTE
(50 U twice daily for the first 3 days). The early results on
the anabolic effect of PTH on animal skeletons have been
extensively reviewed previously by Parsons (95).

B. Quantitative determination of the anabolic action of PTH

During the last decade improved analytical techniques and
the wide availability of purified PTH fragments led to a
renewed interest in the study of the anabolic action of PTH
on bone based on sensitive quantitative determinations of
the skeleton and its remodeling processes. The apparent
success of daily administration of low doses of PTH to
humans (96-98) (see below) and in controlled data using
dogs (99, 100) further prompted this interest.

In rats, Hefti et al. (101) showed an increase in total body
calcium, as well as calcium content in 11 different bones, by
administering 75 U human PTH (hPTH) (1-34)/day. Tam et
al. (63) reported an increase in bone formation surface and
trabecular bone volume, but not in resorption surface, in rats
treated intermittently with 0.4-102.4 U/rat/day of PTH mol-
ecules for 12 days. Gunness-Hey and Hock (102), using a
novel method of separating cortical and trabecular bone,
demonstrated a significant dose-dependent increase in can-
cellous bone, but not in cortical bone, after PTH injection.
This result has been confirmed by several other authors (103-
107). The use of histomorphometric methods to quantitate
the gain in cancellous bone volume and the changes in bone
formation surface or mineral apposition rate have contrib-
uted a greater understanding of the mechanism of PTH
action (63, 105, 108-114). Results from these experiments
showed that the anabolic action of PTH, when given by
daily injection, is consistent and proportional to the dose
used in the experiment. Injection of PTH for as short a
treatment period as 12 days (115) or for as long as 175 days
(103) has been shown to effectively increase cancellous bone
mass. However, differences in the rapidity and duration of

DEMPSTER ET AL.

Vol. 14, No. 6

the responses are not known because all information was
gathered at the end of the experiments (i.e. 12-175 days).
Both male and female rats respond to PTH treatment equally
well (104, 113) and the age of the rats that respond to PTH
can vary from prenatal (92) to 2 yr (113, 116). An interruption
in the daily therapy of 4 days results in significant loss of
the stimulated bone formation activity, and a consequent
loss of bone mass can be observed as early as 8-12 days after
the withdrawal of the hormone (111). In all published data
the anabolic action of PTH is most evident in cancellous
bone while increases in cortical bone mass are either not
observed or less pronounced. While the bulk of the data was
collected from cancellous enriched regions of tibia or femur,
a few studies have observed similar changes in vertebrae
(112, 113, 117). The percentage improvement in the mass of
various bones, and even in different parts of the same bone,
may be related to-the different proportions of cortical and
trabecular bone and to the metabolic activity in each type of
bone. The notion, interpreted from human studies, that
cancellous bone is increased by PTH at the expense of cortical
bone (96, 98) has not been seen in the rat (63, 118). However,
this may be a limitation of the model, since in the cortical
bone of rats there is little Haversian remodeling, which may
be a prerequisite for such an effect. The dietary calcium
intake is also proportionally much higher in the laboratory
rat than in humans, making it unnecessary to remove calcium
from cortical bone to support cancellous bone formation
elsewhere. Unlike the situation suggested for sodium fluo-
ride, the bone formed under stimulation by PTH appears to
be of normal quality. The increases in mass are accompanied
by an improvement in biomechanical strength of vertebral

bodies and this remains even after normalization for both -

cross-sectional area and bone mass (114, 119). The studies
involving treatment with PTH in rats are summarized in
Table 1.

C. Preventive and curative treatment of osteopenia with PTH

Early experiments with PTH were performed in intact
animals with normal skeletal status. Despite earlier concerns
regarding their suitability, several rat models of osteoporosis
have been developed, indicating that rats may indeed be
useful in the study of the pathogenesis and treatment of
osteoporosis in humans. For example, in rats, ovariectomy,
orchidectomy, and immobilization of limbs can induce bone
loss in the skeleton with increments in bone turnover as is
seen in humans. The therapeutic agents used in humans,
estrogen, calcitonin, and bisphosphonates (120, 121), reduce
bone turnover and prevent further bone loss in the rat models
as they do in humans without substantially restoring bone
mass or architecture. When tested in various rat models of
osteoporosis, intermittent injection of PTH both prevents loss
and restores bone mass caused by ovariectomy (103, 104,
108-110, 113, 118), orchidectomy (104), and hemicordec-
tomy (109). The magnitude of the increase (in percentage
terms) in bone mass induced by PTH administration in
osteoporotic animals is generally greater than that obtained
in intact animals. Conventional treatment with antiresorptive
agents will not restore lost bone mass or structure. Addition

—7’(
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TaABLE 1. Quantification of the anabolic action of PTH on rat bones

Percentage change in

Animals PTH Dose (ug/  Length of

kg/day) Treatment Oper Bone TBV ash wi® or BMD Ref.
calcium
6 mo 2 Wis bPTH 75°¢ 3wk Int Whole body 20 (110}
1-34
300gdSD bPTH 0.4-102° 12d Int Femur 0-60 (64)
1-84
4-6 wk 3 SD hPTH 20-100 12d Int Femur 6-60 (1083, 133)
1-34 (107)
10 wk @ SD hPTH 6.0 26 wk Int Femur 4 (104)
1-34 Ovx 15
5wkdSD hPTH 80 12d Int Femur 34 (Trab) (105)
1-34 12 (Cort)
Ochx Femur 37 (Trab)
19 (Cort)
5wk eSD hPTH 80 12d Int Femur 18 (Trab) (105)
1-34 5 (Cort)
Ovx Femur 14 (Trab)
10 (Cort)
4wk3dSD hPTH 80 12d Int Femur 100 31 (Trab) (106, 108)
1-34 20 (Cort) (112)
8 mo Q Wis hPTH 60 354d* PTX Vert 70 (Trab) (110)
1-34 +0vx 30 (Cort)
+Cx Tibia 300 (Trab)
12 (Cort)
3mo@SD hPTH 80, 160 35d Ovx Femur 34 13 (119)
1-34 Vert 70 49 12
Tibia 550
4mo®SD hPTH 1.5 28 d¢ Ovx Tibia 46 4 (109, 111)
1-34
3mo?SD hPTH 80 20 d¢ Ovx Femur 50 4 (114)
1-34 Tibia 271 (Trab)
4 (Cort)
Vert 12 5
70 d 3 Wis hPTH 4-120 30d Int Vert 13-59 0-32 (115)
1-34
hPTH 10-300 30d Int Vert 11-45 5-24
1-84
3mod bPTH 80 21d Int Vert 9 (114)
23 mod 1-34 21d Int Vert 14 (114)
24mo? hPTH 80 21d Int Vert 16 (114)
1-34
24 mo Q hPTH 160 14d Ovx Femur 178 44 (117)
1-34
5mo? rPTH 40 28d Ovx Tibia 175 0 (109)
1-34
Femur 198 2
165 9

Abbreviations: bPTH, Bovine PTH; wk, week; mo, month; d, day; TBV, trabecular bone volume; BMD, bone mineral density; Vert, lumbar
vertebrae; Trab, trabecular bone; Cort, cortical bone; Int, intact; Ovx, ovariectomy; Ochx, orchidectomy; Cx, hemicordectomy; Oper, operation;
SD, Sprague Dawley; Wis, Wistar.

2 Unit of PTH/rat/day.

® Treatment begins 11 wk after the operation.

¢ Treatment begins 4 wk after the operation.

¢ Treatment begins 40 days after the operation.

¢ Ash wt. was measured as calcium content in either trabecular or cortical bone of the distal femur.
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of an anabolic agent to the antiresorptive treatment should
in theory achieve both a reduction in bone resorption and
an enhancement of bone formation. This hypothesis is sup-
ported by our recent study of the effects of treatment of bone
loss in ovariectomized rats with a combination of estrogen
and PTH. The results indicated that such combined treatment
was not only capable of increasing cancellous bone volume
but also of reestablishing trabecular connectivity (108) (Fig.
3). This ability to restore bone mass and structure previously
lost (108, 109, 113) has significant implications for the treat-
ment of established osteoporosis in humans, especially for
the disease among postmenopausal women, the most com-
mon form of the disorder, estimated to affect some 20 million
women in the United States.

D. Intermittent vs. continuous administration of PTH

The discrepancy of the findings between PTH injection
and severe primary hyperparathyroidism where bone loss
was evident (see below) remained a puzzle for a long time
(95) until experiments conducted in both dogs and rats
suggested convincingly that the difference may, at least in
part, relate to differences in the modes of administration of
PTH. In dogs, continuous low dose hPTH (1-34) given by
infusion (0.05 U/kg/h), mimicking chronic (mild) primary
hyperparathyroidism, was associated with increments in os-
teoid surface and bone resorption at the tissue level, without
an increment in bone volume. The authors suggested that
this result could be explained by an increase in coupled
turnover with equal increments in bone formation and re-
sorption (122). In a separate series of studies, daily sc injec-
tion of hPTH (1-34) (15 U/kg/day) was compared with
continuous infusion (4.5 U/kg/day) in greyhounds (99, 100).
Daily injection of PTH significantly increased indices of bone
formation (osteoid surface, plasma alkaline phosphatase, and
rate of skeletal accretion of calcium) and resorption (number
of osteoclasts and resorption surfaces) and increased trabec-
ular bone volume in the ilium. The daily doses of PTH used
in this study were similar to those used in human studies,
and the resulting changes in bone parameters were also
similar to those in humans (96) and, thus, the findings may
be relevant to the human. On the other hand, continuous

FiG. 3. Effects of treatment of bone loss in ovariectomized (Ovx) rats
with a combination of PTH amd estrogen. Five-month-old rats were
ovariectomized at time 0. Groups of rats were treated with 40 ug rat
PTH(1-34)/kg/day of and/or 30 ug/kg/day of 178-estradiol for 28 days
starting at 1, 3, or 5 weeks after ovariectomy. Cancellous bone volume,
node/terminus ratio (an index of trabecular connectivity), osteoclast
surface, and bone formation rate were measured in the secondary
spongiosa of the proximal tibia after in vivo tetracycline labeling. The
dark and light shaded areas represent the results from the rats that
underwent sham operation or ovariectomy, respectively, and were
treated only with vehicles. The circles represent Ovx animals treated
with PTH only, the squares represent Ovx animals treated with estra-
diol only, and the triangles represent Ovx animals treated with the
combination of PTH and estradiol. Note that even when treatment
was delayed for 5 weeks, the combined treatment not only significantly
increased cancellous bone volume but also restored trabecular connec-
tivity that had previously been lost. The efficacy of the combined
treatment appears to be due to its ability to maintain a high bone
formation rate (PTH effect) while decreasing the osteoclast surface
(estrogen effect). [Drawn from data presented in Ref. 108.]
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infusion of PTH given by Alzet osmotic pumps, using similar
doses of PTH, did not significantly increase trabecular bone
volume or calcium accretion rate, and only osteoclast surfaces
were clearly increased. Tam et al. (63) gave rats various doses
of bovine PTH (1-84) by either daily injection or continuous
infusion. In this experiment, bone formation surfaces were
elevated by both methods of administration but resorption
increased only if PTH was given by continuous infusion. The
net result was an increase in cancellous bone volume when
PTH was given by daily injection. Infusion, on the other
hand, maintained cancellous bone volume at low doses but
caused a decrease in cancellous bone volume when given in
high doses. These observations were recently confirmed by
Hock and Gera (123) who concluded that both modes of
administration increased bone formation in the rat but only
intermittent PTH (daily, sc) increased bone mass consistently
(123). Thus, the destructive effects of hyperparathyroidism
on bone, as reported in early studies of this disease, may be
comparable with the high dose experiments while the more
recent findings that trabecular bone mass is preserved in
mild hyperparathyroidism may be the result of the lower
endogenous dose of PTH. This will be discussed in greater
detail below.

E. Comparison with skeletal effects of other anabolic agents

Many agents, such as fluoride, several vitamin D metab-
olites, prostaglandin E; (PGE,), TGF8, GH, and IGF-1, show
the potential to improve bone mass. Although it is generally
agreed that fluoride treatment increases cancellous bone
volume in chicken, mice, rats, dogs, and pigs as well as in
humans, it is difficult to use because of the relatively narrow
therapeutic window (124), and the poor quality of bone
raises the question, as yet unproven, whether fluoride can
ever reduce fracture frequency. Studies using PGE; as an
agent for new bone production have also yielded very con-
sistent results. PGE; appears to activate remodeling and shift
bone balance in favor of formation (125, 126) although some
de novo formation of bone may also occur. This is somewhat
different from the apparent effects of intermittent PTH in
which uncoupled formation occurs without the need for prior
resorption. There are no published data in which a direct
comparison of the use of these two agents has been per-
formed. The net effects of long term in vivo administration
of vitamin D metabolites on bone metabolism can be quite
varied. The differences appear to be modulated by the types
and dose of vitamin D metabolites used, by dietary calcium
intake, and possibly the osteoblast sensitivity, as suggested
by Erben et al. (127). Studies using TGFg, GH, and IGF-I as
anabolic agents of bone tissue in animals have been scarce
(45, 107, 116, 128-130). GH and IGF-I are likely to behave
anabolically while TGFS seems less likely to be an anabolic
agent. While GH and IGF-I would be potential candidates
for the treatment of osteoporosis, one has to be mindful that
these agents have widespread actions on extraskeletal tissues
and could be associated with significant undesirable side
effects (131). We believe that a better and more efficient
approach is to increase the local concentration of growth
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factors in bone by means of a bone-seeking, growth factor
“stimulator,” such as PTH.

F. Mechanism of action

Although we do not know the exact mechanism underly-
ing the anabolic action of PTH, there are data that exclude
some possibilities. The effects of PTH are not due to com-
pensatory changes in calcitonin secretion because thyropar-
athyroidectomized rats respond to PTH challenge with an
increase in bone mass (91, 109). Hypercalcemia per se has no
stimulatory effect on bone formation because injection of
calcium chloride, instead of PTE, elicits no bone formation
response (132). A PTH-induced increase in PGE,, an anabolic
agent in its own right, is unlikely to be the mechanism
because coadministration of indomethacin with PTH failed
to abolish or modify the anabolic effects of PTH in rats (133).
Prior resorption does not appear necessary, as noted above,
since stimulation of bone formation without resorptive activ-
ity can be seen in rats when PTH is administered by daily
injection (63). Furthermore, coadministration of a resorption
inhibitor, calcitonin, dichloromethylene bisphosphonate, or
estrogen, with PTH fails to block the anabolic response of
bone to PTH (105, 108). In fact, as noted above, the combined
effects of estrogen administered with PTH are significantly
better than either alone, both in terms of bone mass and
trabecular structure (Fig. 3 and Ref. 109). The anabolic effects
of PTH are not linked to longitudinal growth because aged
animals with closed growth plates can still respond to PTH
{113) and many studies, with growing animals, showed no
specific effect of PTH on long bone length (112, 113, 134).

One of the main functions of PTH is to stimulate the
activity of the la-hydroxylase in the kidney resulting in an
elevation of circulating levels of 1,25-dihydroxyvitamin D
:0b1,25(0OH),D] (135). It has been proposed that the increase
in 1,25(OH),D levels may improve intestinal calcium absorp-
tion and thus, create a positive calcium balance. 1,25(OH),D
is also known to directly affect the maturation of both
osteoblastic and osteoclastic lineage cells (135, 136). It is
perhaps not surprising, therefore, that the PTH-induced in-
crement in circulating 1,25(OH),-D levels has been proposed
as necessary for the anabolic action of PTH (113, 118).
Indeed, 1,25(OH).D levels in PTH-treated animals are ele-
vated (108, 113, 118, 137). In one experiment in which rats
were given a vitamin D-depleted diet, PTH failed to induce
improvement in the bone apposition rate (138) suggesting
that increased 1,25(0OH);D may be important for the expres-
sion of at least some of the anabolic action of PTH. However,
other studies have suggested a less important role for
1,25(0OH),D (106, 108). Supplementation of 1,25(OH).D to
PTH-treated animals does not appear to enhance the ana-
bolic action of PTH (107). Combined treatment of estrogen
and PTH produced the greatest improvement in bone mass
yet the 1,25(OH),D level (which is paradoxically reduced by
estrogen in rats) (108) was not greater than control levels.
This suggests that an absolute elevation of 1,25(0OH).D levels
may not be necessary for the increase in bone mass to occur
(109).

According to histomorphometric observations, PTH in-
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creases bone formation by extending mineralization surfaces
and/or the rate of mineral apposition. This is likely the result
of increased osteoblast precursor proliferation and/or matu-
ration. As discussed above, there is some indirect in vitro
evidence as to how this may be achieved. More details of
these studies were presented in the last section. This line of
reasoning is highly attractive because it has been reported
that the anabolic effect of hPTH depends on the presence of
GH, a significant positive modulator of IGF-I secretion (107).
Further experimentation will be needed to decipher the in-
teraction between PTH, IGF-], IGF-1I, and GH in the anabolic
action of PTH in rats.

In concluding this section, intermittent injection of PTH in
animals, especially in rats, exhibits a consistent anabolic
action on bone tissue. These results suggest that an animal
model can provide relevant information on the development
of effective PTH treatment regimens for osteoporosis in
humans, particularly as PTH administration can apparently
restore previously lost trabecular bone mass and structure.

V. Lessons from Primary Hyperparathyroidism:
Effects of Endogenous PTH on Bone in Humans

Secondary hyperparathyroidism is known to occur as a
homeostatic mechanism in response to decreasing calcium
absorption efficiency and decreased 1« hydroxylation of 25-
hydroxyvitamin D (138a). This phenomenon has been im-
plicated in age related-bone loss. In addition, primary hy-
perparathyroidism is often cited as a risk factor for osteopo-
rosis, although in the most recent Consensus Development
Conference, this was restricted to severe primary hyperpar-
athyroidism (138b). In fact, recent studies of patients with
mild primary hyperparathyroidism suggest that mildly ele-
vated circulating levels of PTH may have beneficial effects,
at least on cancellous bone. This section will review these
recent findings.

When primary hyperparathyroidism was described 100 yr
ago, it was recognized as a syndrome of bone pain, fractures,
and renal stones (139-143). The radiologically evident de-
structive bone lesions and histological observations of severe
unbalanced osteoclastic resorption (144-148) led to the belief
that high levels of endogenous PTH exerted a catabolic effect
on the skeleton. Many years later, increased awareness of
this disease (149-152) and the availability of multichannel
chemistry screening dramatically changed the mode of pres-
entation of primary hyperparathyroidism. Hence, for the past
15-20 yr, presumably through this phenomenon of early
recognition, a more protean milder clinical phenotype is seen
most often. Patients are usually asymptomatic and discov-
ered incidentally. Hypercalcemia is mild and clinically evi-
dent bone disease is quite uncommon (149, 153-157).

Several studies had suggested that a catabolic effect of
PTH on the skeleton might lead to widespread demineraliza-
tion and fractures even in the presence of mild disease (158~
161). In fact, loss of cortical bone has clearly been docu-
mented in both severe and mild primary hyperparathyroid-
ism; there is decreased bone mineral density at appendicular
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sites rich in cortical bone (157, 161-164) and cortices are
thinner in iliac bone biopsies (163, 165-167). In contrast, the
effect of excess endogenous PTH on cancellous bone is more
controversial. While cancellous bone loss at the spine (162,
168) and at the wrist (161) is suggested by some densitometric
studies, recent findings indicate conservation of cancellous
bone in this disease (157). Similarly, the suggestion that there
is an increased vertebral fracture rate in primary hyperpara-
thyroidism (158-161) has not been supported (164, 169, 170).
In a recent study by Melton and associates (171), the overall
fracture risk was increased in primary hyperparathyroidism
compared to age- and sex-matched controls before, but not
after, diagnosis. The discrepancies in the data on fracture
could be explained, at least partially, by differences in patient
populations, nutritional status, disease severity, study de-
signs, and methodology (169). Clearly, the influence of mild
primary hyperparathyroidism on fracture risk is an area
where further research is needed.

The technique of bone histomorphometry has allowed
evaluation of the skeletal effects of the modest elevations of
PTH seen in the modern presentation of the disease. While
the effects of the disease on bone mass and fracture incidence
are still hotly debated, histomorphometric studies performed
on different populations over the past 15 yr have failed to
show evidence of cancellous bone loss in primary hyperpar-
athyroidism (163, 166, 167, 172-177). Several mechanisms
have been proposed to explain the conservation of cancellous
bone volume. These include a coupled and balanced increase
in bone turnover (176, 178) with increased osteoblastic activ-
ity and a prolonged formation period (176), and increased
remodeling activation frequency with decreased erosion
depth (172, 174). Static variables of bone turnover, such as
osteoid surface and eroded surface, are increased in primary
hyperparathyroidism suggesting increased bone turnover
(173, 175-182). This has been confirmed by dynamic
histomorphometric studies performed after skeletal labeling
with tetracycline (167, 172, 173, 177, 183, 184). The in-
creased turnover occurs primarily by means of increased
activation frequency of new bone remodeling units (174,
183). Moreover, consistent correlations between static and
dynamic indices of bone tumnover and the mid-molecule of
PTH, between these indices and urinary cAMP, and between
eroded surface and serum calcium provide strong evidence
for a causative role of PTH in the enhanced bone turnover
(167).

An anabolic effect of PTH on bone has been suggested by
animal studies as well as by clinical therapeutic trials. The
observation of osteosclerosis in the metaphyses, skull, ver-
tebrae, pelvis and femora of adults (185-191), and in the
metaphyses of children and adolescents uncommonly af-
fected with the disease (192-197) lend credence to this
concept. Our recent experience with iliac bone biopsies in
primary hyperparathyroidism has provided further evidence
that PTH in moderate excess has a protective effect on
cancellous bone (157, 167, 197a). The technical develop-
ments that have occurred in the field of bone histomorphom-
etry in recent years allow the study of not only mass and
turnover, but of bone microarchitecture (198-202). We have
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applied this approach to primary hyperparathyroidism to
obtain more detailed information on the changes in bone
structure. In a study of 27 hyperparathyroid subjects, we
observed a striking contrast in the microarchitecture of cor-
tical and cancellous bone between normal individuals and
those with mild elevations of endogenous PTH (157, 167,
197a). Cortical thickness was reduced in the hyperparathy-
roid subjects, confirming previous observations (163, 165)
but cancellous bone volume, trabecular number, and impor-
tantly trabecular connectivity, as assessed by strut analysis,
were higher than in control subjects (Fig. 4). These differ-
ences were present in spite of the fact that the ethnic and
gender composition of the control group (more young men
and more black subjects) might have shifted the difference
in favor of a greater bone mass in the control group. Trabec-
ular thickness was not significantly different between pa-
tients and controls (167). These findings confirm the higher
cancellous bone volume reported by Delling in primary hy-
perparathyroidism. However, in Delling’s study, thicker tra-
beculae rather than increased trabecular number was the
underlying structural component of the increase in bone
volume (167, 176). In our study, cancellous bone volume
declined with age in both normal and hyperparathyroid
subjects. However, while trabecular number decreased and
trabecular separation increased with age in the normal sub-
jects, these indices showed no relationship in the hyperpar-
athyroid subjects. Trabecular thickness, in contrast, declined
with age in primary hyperparathyroidism but remained un-
changed in the normal subjects. The pattern of bone loss
that we observed in the normal subjects is consistent with
that previously reported (198, 199). It suggests that age-
related bone loss, particularly in women, occurs by the
osteoclastic removal of entire trabecular plates with those
remaining being more widely separated, but generally of
normal thickness (198, 199, 203, 204). The pattern of bone
loss observed in the hyperparathyroid subjects contrasts with
that occurring in normal women after menopause and is
more closely related to that described in men (198, 199, 203,
205, 206). We therefore proposed the hypothesis that the
effect of increased endogenous PTH was to maintain cancel-
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lous bone volume by a mechanism that allows the relative
preservation of trabecular architecture. Thus, trabecular
plates, although becoming thinner with age, do not perforate
and remain connected (167).

That the microarchitecture of cancellous bone is main-
tained was further demonstrated by comparing normal and
hyperparathyroid postmenopausal women matched by age
and by number of years postmenopause. A higher cancellous
bone volume and an absence of age-related loss of bone
structure and trabecular connectivity was again demon-
strated in the hyperparathyroid group (207, 208). These
studies confirm and extend the observations from Meunier’s
laboratory (209, 210) and strongly suggest that primary hy-
perparathyroidism may protect women against the postmen-
opausal deterioration of cancellous architecture and, possi-
bly, therefore against vertebral fractures. Our findings on the
bone structure in primary hyperparathyroidism have been
confirmed recently in a separate detailed study of cancellous
bone structure and turnover in 69 patients with primary
hyperparathyroidism (184). Cancellous bone volume and
indices of bone structure did not differ in hyperparathyroid
and normal subjects. In spite of the increased cancellous
bone remodeling, there was no evidence of accelerated bone
loss and no disturbance of cancellous architecture other than
a slight thinning of trabeculae, probably resulting from the
increased activation frequency. Furthermore, in a postmen-
opausal subset, contrary to the age-related loss of bone mass
and structure observed in normal women, no such loss was
noted in the hyperparathyroid group.

Additional evidence for the clinical relevance of these bone
biopsy findings is suggested by the following: in our study,
bone mineral density (BMD) at the spine, a site rich in
cancellous bone, was remarkably preserved, while a moder-
ate deficit in bone mass was observed at the hip, a site of
mixed cancellous and cortical composition, with a more
substantial decrease at the radius, a site rich in cortical bone
(157). These findings are consistent with the selective loss of

_cortical bone with relative maintenance of cancellous bone

volume and structure in primary hyperparathyroidism. The
trivial reduction of bone mass in the lumbar spine (~5%)

Trabecular Structure in Primary Hyperparathyroidism
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may be the net result of the relative contributions of cancel-
lous and cortical bone when bone mass is measured nonin-
vasively by dual photon absorptiometry (or dual energy x-
ray absorptiometry). When cancellous bone was selectively
measured at the iliac crest by bone biopsy, a 20% increment
in this component was found. Thus, in primary hyperpara-
thyroidism, pure cancellous bone increases while cortical
bone decreases, although the possibility that cancellous bone
at different skeletal sites responds differently to PTH cannot
be ruled out (211). Furthermore, indices of cancellous bone
mass and structure (cancellous bone volume, trabecular num-
ber, trabecular separation) at the iliac crest were correlated
with BMD at the spine, with its higher cancellous component,
but not at the hip and wrist at least in women with primary
hyperparathyroidism (212, 213).

The cumulative data assembled in our laboratory and by
others on bone mass and structure in primary hyperparathy-
roidism have shown that there is a maintenance or even an
increase of cancellous bone volume with a conservation of
cancellous microarchitecture and preserved or even increased
connectivity of trabecular plates. These findings are observed
not only in men and premenopausal women but also in
postmenopausal women with primary hyperparathyroidism,
at a stage when estrogen deficiency would normally predis-
pose to accelerated bone loss. These data suggest that mod-
erately increased endogenous PTH levels may protect against
cancellous bone loss. There is nevertheless a concern that
reductions in cortical bone mass consistently observed in this
disease may offset the potential utility of PTH as a therapeu-
tic agent in postmenopausal osteoporosis (see below). As we
noted above, cortical bone loss does not occur in rats treated
with intermittent PTH, and it is not clear whether this is
related to the mode of administration, or species differences
in response.

VI. PTH Administration in Clinical Studies

A. PTH alone

Despite the animal data (reviewed above) showing, as
early as 1929, that PTE and PTH administration could have
an anabolic effect on the skeleton, reports of preliminary
human trials investigating PTH administration in osteopo-
rotic patients did not appear until the mid 1970s (214, 215).
This was, at least in part, because of unavailability of mate-
rial. Synthetic hPTH (1-34) peptide was not available until
1974, after its synthesis according to the Niall sequence (216)
by Tregear and associates (217). Bovine PTH, used therapeu-
tically in a hypoparathyroid patient, had been shown to elicit
neutralizing antibodies after short term administration (218).
In preliminary data obtained from balance and kinetic studies
examining the effects of short-term sc hPTH(1-34) admin-
istration, high doses (750 U daily) stimulated resorption in
excess of formation, whereas lower doses (450 U) caused an
overall improvement in calcium balance, with increases in
net intestinal calcium and phosphate absorption, and small
increases in bone accretion (215, 219). These early data were
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therefore comparable to those obtained in both the rat and
dog experiments mentioned above.

Combined results of a small multicenter trial were pub-
lished by Reeve et al. (96, 220, 221). A total of 21 osteoporotic
patients (16 women and five men) with either vertebral or
limb fractures were enrolled in seven centers. The patients
and the therapies were somewhat heterogeneous, with one
subject receiving pharmacological doses of vitamin D; for 2
yr before the study, three taking estrogen before and
throughout the trial, and one man receiving testosterone
throughout the study. Data were analyzed with each patient
serving as his or her own control. Patients had baseline
investigations including a radiocalcium kinetic study to allow
determination of new bone formation and calculation of bone
resorption rate, cortical densitometry of the radius or femur
(by single photon absorptiometry), as well as a transiliac crest
bone biopsy, with repeat studies after the treatment period.

Patients were treated with once daily sc injections of
synthetic hPTH(1-34) in a dose approximately equivalent to
500 U bovine PTH(1-84) for periods of 6-24 months. No
serious side effects of the treatment were noted, with only
transient hypercalcemia in four cases. Overall, not surpris-
ingly considering the heterogeneity of the group, there was
a large interindividual variation in responsiveness to the
treatment protocol. Mean serum total alkaline phosphatase
increased 15% above baseline in association with increases
in urinary hydroxyproline, calcium, and phosphate excretion.
Striking increases in new bone accretion measured using a
“’Ca-kinetic method were noted (mean increment 144%)
with lesser increments in resorption rate (220). Cortical bone
density in the group as a whole did not change; however, in
nine of 10 paired biopsies on which quantitative analysis
could be performed, increases in cancellous bone volume
(Cn-BV/TV) were seen (mean increase 92%), as well as
increments in osteoid covered cancellous surfaces (mean
increase 50%). The one patient who showed no increment
in Cn-BV/TV was subsequently found to have developed
circulating antibodies to the hPTH peptide. A close correla-
tion was found between the ’Ca accretion rate and Cn-BV/
TV at the end of the treatment period.

In contrast, net intestinal calcium absorption did not in-
crease consistently and, more importantly, overall calcium
balance did not change positively. The former finding might
have been due to a lack of increase in 1,25(0OH),D, assuming
that any increment in calcium absorption would be the result
of improved active transport requiring increased 1,25(0OH),D.
This thesis was consistent with studies of the hypocalcemic
induction of endogenous secondary hyperparathyroidism in
which sustained increases in PTH (12 h) appeared to be
necessary to stimulate increases in 1,25(OH),D (222). In two
normal subjects in which the kinetics of hPTH(1-34) were
studied after injection, rapid clearance from the circulation
was observed with return to baseline levels after 6 h (by
RIA) and after 40 min using a cytochemical assay (223).
Thus, in order to augment intestinal calcium absorption,
subsequent studies were performed with the addition of
small daily doses of 1,25(OH),D. The latter finding, i.e. the
lack of positive calcium balance in association with promi-
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nent increments in Cn-BV/TV, led to the thesis that exoge-
nous PTH administration in this regimen increased cancel-
lous bone mass at the expense of cortical bone loss, a result
shown in a subgroup of patients in whom bone mass had
been measured in the femur (98). In order to guard against
this potential problem, investigators sought to use hPTH in
combination with an antiresorptive agent. In fact, the two
patients who had the best response to PTH were those also
on estrogen therapy (224).

B. Combination of hPTH with 1,25(0H),D

To address concern regarding lack of consistent improve-
ment in calcium absorption, Slovik and co-workers (225,
226) added daily oral 1,25(0H),D (0.25 ng-0.5 ug) to a
regimen of daily sc hPTH(1-34) (400-500 U) in eight men
with idiopathic osteoporosis (mean age 50 yr) and six women
with postmenopausal osteoporosis for 8-24 months. An ad-
ditional 10 women received alternating 6-week cycles of
hPTH(1-34) and 1,25(OH),D. There were no differences in
the results between this latter group and those who received
both hormones daily. A similar group of osteoporotic women
treated with calcium or 1,25(OH),D alone served as controls.
In four of four male subjects in whom vertebral density
measurements were available, trabecular bone density (by
single energy computed x-ray tomography) increased on
average 98% after 12 months of therapy (Fig. 5). Increments
in vertebral trabecular bone density also occurred in the
women, but were not as high as those observed in the men
(226). Radius density (single photon absorptiometry) did not
change. In contrast, in those women treated with calcium or
1,25(0OH).D alone, cortical bone density in the radius de-
creased. Calcium and phosphorus balance improved in four
of four male patients associated with increments in dietary
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F1G. 5. Changes in trabecular bone density of lumbar vertebrae (top)
and of cortical bone density of the radius (bottom) in osteoporotic men
treated with daily sc injection of 400-500 U hTPH(1-34) plus daily
ingestion of 15-30 mmol calcium and 0.25-5.0 ug 1,25(0H),Ds. [Repro-
duced with permission from D. M. Slovik et al.: J Bone Miner Res
1:377-381, 1986 (225).]
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calcium and phosphorus absorption. The conclusion from
these studies was that the combination of hPTH(1-34) and
1,25(0OH),D had greater anabolic effects on bone than either
agent alone in osteoporotic men and women. Given that
cortical bone density did not decrease and that calcium
balance increased, the authors concluded that this regimen
resulted in a true increase in total bone mass without sacri-
ficing cortical bone.

More recently, Neer et al. (227) published a controlled trial
of 30 osteoporotic women, half of whom received 400-500
U hPTH (1-34) plus 0.25 ucg calcitriol/day while the control
group received only calcium supplementation. Total spinal
bone mineral density of PTH-treated women by dual photon
absorptiometry (DPA) increased 12% over 1-2 yr with no
change in the control group. In an unspecified cortical site,
BMD decreased by 5.7% in the PTH-treated group vs. only
1.7% in the control group. Furthermore, these investigators
noted that after 6-12 months, spinal bone mass stopped
increasing for reasons that are unclear. There are currently
no long term data on the effects of PTH treatment (>24
months). However, data from our group on the effects of
PTH over an 18-month period in estrogen-treated women
show a progressive increase in spinal bone mineral density
without evidence of any plateau effect and without any
detrimental effects on cortical bone (228).

C. Combination of hPTH with antiresorptive therapies

More recent investigations of the anabolic effect of hPTH
in humans have been performed with combinations of hPTH
and antiresorptive therapies. None of these studies has been
well controlled or randomized, however. Modern densito-
metric techniques have allowed further elucidation of the
effects of these regimens on different regions of the skeleton.

Hesch et al. (229) investigated eight osteoporotic patients
treated with hPTH(1-38) instead of hPTH(1-34) as early
clinical observations had suggested that the former peptide
had somewhat greater potency (230). The protocol was de-
signed to take advantage of PTH as both an activator of
skeletal remodeling (see section on ADFR below) as well as
an anabolic agent. 720-750 U hPTH(1-38) were given for 8
weeks, with calcitonin administered (in addition to PTH)
intranasally (200 U/day) during weeks 2-4 and 6-8. Calci-
tonin was given alone during weeks 8-10 and no treatment
was given during weeks 11-14. The entire cycle was repeated
four times over a 14-month period. Density of the spine
(assessed by quantitative computed tomography) increased
in all subjects (12-89%). Five ‘control patients’ (three on no
therapy, one on sodium fluoride, and one on estrogen) had
no increments in spinal BMD. Forearm BMD by single photon
absorptiometry (SPA) did not change in treated patients or
‘controls.” Some, but not all, patients lost bone after 12
months without therapy. Overall, the combination of PTH
and calcitonin appeared to be a somewhat effective anabolic
regimen for the skeleton, more effective than calcitonin alone
according to the results culled from the literature, but not
clearly more effective than hPTH alone, Since neither hPTH
nor calcitonin alone was given in the same study, these direct
comparisons cannot be made.
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Reeve et al. (97) studied 24 patients with osteoporosis
(vertebral fractures) in an open, nonrandomized 1-yr proto-
col (97). Twelve subjects received hPTH(1-34), and estrogen
for 8 of 12 months (in nine patients) or nandrolone (25 mg
every 3 weeks (in three patients). One of these patients
stopped her estrogen therapy. The other 12 subjects were
treated with sodium fluoride and some of this latter group
included patients previously treated with parathyroid pep-
tide. BMD of composite bone (cancellous + cortical) by DPA
increased in the fluoride group approximately 13%. In the
PTH + estrogen group, spinal BMD increased similarly by
both quantitative computed tomography (QCT) and DPA
with no change in radius BMD (by QCT) implying that the
BMD increment was most likely in cancellous bone (esti-
mated increment 50%), and that there was no cortical loss.
A lack of cortical bone loss was also supported by radial
bone density which was unchanged in both the PTH and
the fluoride groups. This finding was similar to the lack of
radial density changes found in the initial multicenter trial
when hPTH(1-34) was given alone (without estrogen) but
contrasted with findings in the femoral shaft where bone
loss was found in a subset of patients (98).

Further investigations were performed on the patients
above in the hPTH + estrogen group (231-233). Radioiso-
topic measures of bone formation showed marked incre-
ments (231). Calcium balance improved in most patients,
with the mean increment approaching statistical significance.
One patient showed a marginal increase in serum binding to
hPTH(1-34) of questionable clinical significance. The com-
bination of hPTH(1-34) and estrogen increased the width of
new cancellous bone packets as well as the width of trabec-
ular plates and there was a 20% reduction (nonsignificant)
in trabecular separation (232) (Fig. 6).

D. Cyclical (ADFR) therapy

Another potential use of hPTH that must be distinguished
from its daily administration to achieve a direct anabolic
effect on the skeleton is its use as a skeletal activator in so-
called ADFR protocols (A: activate remodeling, D: depress
resorption, F: free formation, R: repeat). While both the daily
use as well as the sequential use probably activate bone
turnover, in the former application the peptide is adminis-
tered over a long period with the hope of stimulating for-
mation more than resorption. In the latter application, PTH
is administered only for a short period to activate a cohort
of remodeling units which then allows resorption to be
selectively targeted by inhibiting agents. There is evidence to
suggest that even intermittent injections of PTH stimulate
markers of bone resorption (228, 234). Based on animal data
and the observations in primary hyperparathyroidism both
discussed above, however, we hypothesize that the resorp-
tion cavities formed under the influence of PTH may be
shallower and not of the perforative type. Since PTH is not
intended to act as an anabolic agent in the ADFR concept,
such use is not really within the scope of this review. For
completeness, however, the few studies that have used hPTH
in ADFR protocols will be discussed.

Twelve osteoporotic patients were treated with hPTH(1-
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F16. 6. Changes in trabecular bone structure in iliac crest biopsies of
11 osteoporotic women treated for 12-14 months with a combination
of 460-740 “house” units of hPTH(1-34) and hormone replacement
therapy (conjugated equine estrogens + norgestrel) for 12-14 months.
The patient represented by black circles discontinued hormone replace-
ment therapy. B.Ar, Cancellous bone area; W.Wi, wall width of trabec-
ular bone packets; Th.Wi, trabecular width; Tb.N, trabecular number;
Th.Sp, trabecular separation; It.Wi, interstitial width. The increments
in B.Ar, W.Wi, and Tbh.Wi were statistically significant (P < 0.05-
0.01) for the group. [Reproduced with permission from J. N. Bradbeer
et al.: Clin Endocrinol (Oxf) 37:282-289, 1992 (232). ®Blackwell Scien-
tific Publications.]

34), 1500 U/day (on the basis of studies in the greyhound
dog), for 1 week followed by 3 weeks treatment with 0.25
rg 1,25(0OH),D (235, 236). This cycle was then repeated 15
times. One patient developed a high titer of binding antibod-
ies to the peptide and was thus excluded from the analysis.
Mean calcium balance increased, and although individual
patients had increments in trabecular bone density, there
was no mean change in the group as a whole. Moreover,
paired iliac bone biopsies showed no increases in Cn-BV/
TV, and osteoid surface and volume and resorption surfaces
all decreased. This regimen was clearly a failure, therefore,
with the cyclical stimulus resulting in a paradoxical decrease
rather than an increment in skeletal turnover. Possible expla-
nations included tachyphylaxis to the activation stimulus or
provocation of excess endogenous calcitonin.

Hesch et al. studied a heterogeneous osteoporotic group
(six women, two men), three having had no previous treat-
ment, and five having previously been treated with sodium
fluoride, calcitonin, vitamin D, methenolone (an anabolic
steroid), or combinations of these agents before enroliment
(237). Patients received 400 U PTH(1-38) for 2 weeks.
PTH(1-38) was again chosen because of its presumed greater
potency (231). During the second week Etidronate (5 mg/kg)
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was also supplied for a total of 2 weeks. There was a
subsequent drug-free period of 12 weeks, with the cycle
repeated six times. Effects on calcium balance were highly
variable, while biochemical indices reflected stimulation of
bone turnover. Histological evaluation before and after treat-
ment showed no increase in bone mass.

Another study in 20 osteoporotic patients (17 women,
three men) utilized 400 IU hPTH(1-38) daily for 2 weeks
(after a 24-h infusion of hPTH) as a skeletal activator fol-
lowed by 8 weeks of sc salmon calcitonin (20 U/day for 1
week, 50 U/day for 1 week, and 100 U/day for 6 weeks) in
half of the patients and no further treatment in the other
half (238). Both groups were then given no medication for
30 days (free period) and the cycle was repeated once.
1,25(0OH),D increased above baseline during the 14-day PTH
treatment period. This increase was correlated with an incre-
ment in calcium absorption (by ‘*Ca absorption test) from
24% to 30%. Serum alkaline phosphatase and osteocalcin
were elevated by the end of PTH administration and re-
mained so after an observation period of 100 days (one
cycle). Smaller increases in alkaline phosphatase were seen
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in those patients given calcitonin. Urinary hydroxyproline
was elevated only after the hPTH infusion but not during
subsequent sc hPTH administration. Since biochemical
changes during the calcitonin phase were so insignificant, it
was felt that the PTH activation stimulus was given in too
low a dose or too short a duration. The results suggested that
PTH might have only modestly stimulated skeletal remod-
eling with persistent and more significant increases in bone
formation over resorption. Bone density findings on these
patients were reported in a later paper (239). After 200 days
of therapy, in the PTH-treated group, vertebral bone mineral
content (by DPA) increased by 13% whereas forearm BMC
(by SPA) decreased by 11%. In the PTH + CT group there
were no changes in bone density at either site. Histomorpho-
metric analysis of paired biopsies performed before treatment
and after two cycles revealed a significant increase in remod-
eling activation frequency, but no changes in Cn-BV/TV or
in the thickness of trabecular bone packets.

VII. Conclusion

In conclusion, the results from human clinical trials on
hPTH administration summarized in Table 2 are very prelim-

TasLE 2. Clinical studies employing PTH in the treatment of osteoporosis

Patients sex/ Duration of PTH fragment dose/regimen Coadministered agents Results Ref.
age range treatment
169 6-24 mo Variable but mostly 400-500 U  None No change in calcium balance (96)
49-78 hPTH(1-34) 70% increase of cancellous (214)
53 bone volume in iliac crest, (215)
52-61 bone loss in the distal fe- (220)
mur (221)
(98)
83 lyr hPTH(1-34) 0.25 ug/day 1,25(0H),D, 98% increase in vertebral tra-  (225)
37-62 400-500 U/day 600-1200 mg/day calcium becular BMD (QCT).
No change in radius mid
shaft BMD (SPA).
Calcium retention improved
by 120 mg/day
152 1-2yr hPTH(1-34) 0.25 ug/day 1,25(0H).D; 32% 1 in vertebral trabecular
400-500 U/day 1000-2000 mg/day calcium BMD (QCT)
12% 1 in spinal BMD (DPA)
5.7% } in cortical bone
159 1-2 yr Control 1000-2000 mg/day calcium  1.7% | in cortical bone (227)
No changes in vertebral
BMD
119/13 lyr hPTH(1-34) 9F given estrogen 5-12 Calcium retention improved (232)
Female 500 U/day months by 64 mg/day 9N
Mean 64 2 F/1 M given nandrolone  Trabecular vertebral bone (231)
Male 67 25 mg/3 wk density 1 (QCT) by 50% (233)
Cancellous bone volume in il-
iac crest 1 by 42%
63/29 14 mo hPTH(1-38) 6/13 wk intermittent nasal  Vertebral BMD (QCT) 1 by (229)
33-67 720-750 U/day calcitonin 200 U/day 12-89% (mean ~15%)
8 wk/13 wk cycle ’ No change in forearm BMD
total of four cycles (SPA)

M, Male; F, female; mo, month.

4%
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inary but do offer some hope that this agent alone or in some
combination with other agents may yield a meaningful ana-
bolic effect on the skeleton with the potential to diminish
fracture frequency in patients suffering from osteoporosis.
Many questions remain after the investigations reviewed
above. These include: 1) To accomplish an anabolic effect of
hPTH, is the addition of 1,25(OH),D required? Does PTH
administered as a once daily sc injection increase 1,25(OH),D
by itself and is this associated with increments in gastroin-
testinal calcium absorption? 2) Will hPTH administered in a
dose that will not cause hypercalcemia, alone or in combi-
nation with antiresorptive drugs, cause an increase in bone
mass when studied appropriately in a randomized, controlled
trial? Is the combination of hPTH with antiresorptive therapy
more effective than PTH alone? 3) Can bone mass in pre-
dominantly cancellous parts of the skeleton be increased
without compromising cortical bone sites? 4) What is the
incidence of induction of binding antibody to the hPTH
amino-terminal peptide? 5) Is there any difference in efficacy
between different lengths of the peptide, specifically (1-34)
vs. (1-38)? 6) Can PTH actually help reverse the loss of
trabecular connectivity seen in postmenopausal osteoporosis
in addition to increasing trabecular bone volume? 7) If bone
density and connectivity improve with hPTH administration,
will these effects be maintained when the treatment is dis-
continued? 8) Finally, if changes in bone mass and structure
are positive, will this translate into a reduction in fracture
frequency? Much further study is needed to answer these
questions.
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SUMMARY: Calcium ion causes the development of a higher elastic modulus in
fibrinogen solutions clotted by thrombin. By also measuring the development
of covalent crosslinxs introduced by activated Factor XIII, we find that

(a) calcium ion causes an overall increase of the modulus, (b) covalent
crosslinking of a-chains causes an increase of the modulus, while (c) covalent
crosslinking of y-chains does not.

Introduction: The use of elasticity measurements as a tool in studying the
clotting of fibrinogen solutions was initiated by Ferry and coworkers (1,2).
The theoretical basis for this work is that the elastic modulus is a measure
of 1) the stiffness of the strands making up the network of molecules in the
gel and 2) the concentration of branchpoints of the network®. Both quantities
are of interest, in that they tell us about the structure of the gel; and,
furthermore, the elasticity can be measured readily in gels which are too
opaque for the optical methods commonly used to study protein solutions. In
order to make the elastic measurement a useful tcol in a study of the clotting
of fibrinogen, we have used a basically simple, but sensitive Couette
elastometer, and have measured the elastic modulus of fibrin gels and of
fibrinogen solutions clotting under the action of thrombin. We report here
the difference in the elastic modulus when the fibrin molecules are covalently

crosslinked, and when they are not. These crosslinks are introduced by an

enzyme, activated plasma Factor XIII (3-5), which catalyzes the formation of

*Network branchpoints are commonly called crosslinks by polymer physicists.
However, the word crosslinks is used by biochemists, and here by us, to
describzs the linkage of two protein molecules.
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isopeptide bonds between e-amino groups of lysine and y-carboxyamide groups

of glutamine and requires calcium ion for activity. Our fibrinogen preparation
contains both Factor XIII and calcium. Thus, steps must be taken to remove

all the free and tightly bound calcium. Then, by adding CaClZ to the solution,
one can control the formation of covalent crosslinks in the clot.

Materials & Methods: Bovine fibrinogen was obtained from Miles laboratory.

Most experiments reported here were done with lot 15, which we found to contain
approximately three calcium ions per fibrinogen molecule. Earlier experiments
were dpne with lot 14, which is calcium free by our assay. Both preparations
were contaminated by Factor XIII as evidenced by the formation of covalent
crosslinks upon clotting with purified thrombin (Parke-Davis). The tightly
bound calcium was removed by dialysis of the fibrinogen stock solution
(approximately 15 mg/ml) with 0.02 M EDTA at pH 8.0 for 10 hours at 4°C. The
calcium content was assayed using a Model 306 Perkin-Elmer flame spectropho-
tometer. The elastic moduli were measured with a Couette elastometer (6)
which had been slightly modified to permit measurements of lower moduli.
Polyacrylamide gel electrophoresis in phosphate buffer pH 7.0, containing
sodium dodecyl sulfate and dithiothreitol was performed according to described
procedures (7).

Results & Discussion: It has been reported that calcium increases the rigidity

of fibrin clots (1,2,8-10), and therefore effects due specifically to the
covalent crosslinks and to differences in calcium concentration must be
separated. Dialysis affects the structure of the fibrin clot. We find that
the removal of tightly bound calcium ions irreversibly reduces the elasticity,
in the presence of added calcium, to about 357% of the original value. The
elasticity of the fibrin gel clotted from EDTA-treated fibrinogen (lot 15) is
the same as that of a calcium-free fibrinogen preparation from the same source
(lot 14). The existence of tightly bound calcium in fibrinogen has been
demonstrated by many investigators. Endres and Scheraga (11) indicated that

the fibrinogen molecule may possess multiple calcium binding sites, differing
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in affinity. The work of these authors, as well as that of Godal (12,13), of
Bithell (14) and of Blombéck et al. (15) indicates that the tightly bound
calcium ions are essential constituents of fibrinogen and fibrin. Reversible
changes occur in the fibrinogen molecule in the presence of EDTA, presumably
because of the removal of calcium, which lead to an increase of the clotting
time and a change in the sedimentation constant. The elasticity data show
that there is an irreversible change, besides the reversible change noted by
these authors, which persists when EDTA is removed and calcium is added back.
All experiments described below regard the behavior of EDTA-treated fibrinogen,
but in the absence of EDTA.

Fig. 1 shows the results of two parallel experiments, in which fibrinogen
solutions were clotted in the elastometer in the presence and absence of
calcium. At short times, the difference between the two curves increases

approximately as the modulus itself. At longer times, the modulus of the
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Fig. 1. Elastic modulus of fibrinogen solutions (1.5 mg/ml} clotted by
the action of thrombin (1.25 units/ml), in the presence of CaCly; and without
calecium ion, as a function of time (plotted using two different scales).
Solvent: 0.1 M NaCl, 0.05 Tris buffer pH 7.4.
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gel containing calcium continues to increase slowly when there no longer is
any formation of fibrin from fibrinogen, as evidenced by the constancy of the
modulus in the absence of calcium. The simplest explanation of these
observations is that 1) the strands of fibrin molecules are stiffer when
formed in the presence of calcium ion or of active Factor XIII and 2) the
strands are further stiffened by chemical crosslinking after the network is
complete, One could, for either or both explanations, suppose the presence
of a larger concentration of branchpoints in the network for the same
concentration of fibrin.

These conclusions are further clarified by polyacrylamide electrophoretic
analysis of the covalent crosslinking of fibrin as a function of time, which
allows the determination of relative concentrations of a-, B- and y-chains of
which the fibrin molecule is composed. In fibrin not containing added calcium,

the concentration of o- and y-chains varies with time; the y-band disappears

because of the formation of y-dimer and the o-band disappears because
o-polymers are formed. It has been shown that the f-chains of fibrin are
not involved in crosslinking (16-18). In Fig. 2 we show photometer tracings
of a series of runs as a function of time. Quantitative analysils of these data
and another series gave the fraction of a- and y-chain remaining as a function
of time, reported in Fig. 2B and C.

In Fig. 2B and C, we also show the excess modulus due to the presence
of calcium and the action of Factor XIII as obtained from the data of Fig. 1,
plotted to such a scale as to obtain the best correspondence with analytical
data. The excess rigidity observed at short times, which parallels the
increase of the rigidity as clotting progresses, is not correlated with the
progress of the chemical crosslinking reactions; neither is the disappearance
of y-chains correlated with differences in rigidity. However, the g-polymeri-
zation reaction progresses as does the excess rigidity observed at longer
times, when the conversion of fibrinogen to fibrin is comple£e. Thus, we

conclude that the modulus of the fibrin network is increased both by calcium
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Fig. 2(A). Photometer tracings of 7% polyacrylamide gels containing
sodium dodecyl sulfate and dithiothreitol (7) after electrophoresis of
fibrinogen clotted with thrombin in the presence of active Factor XIII
(10‘4 M CaClz). (B). Points indicate fraction of non-crosslinked fibrin
o- and y-chains, versus time, as determined by SDS polyacrylamide gel
electrophoresis for solutions containing 10~%4 M and 2 x 1072 M CaClj.
o~ and y-chain quantities were determined by planimetry of gel scans taken
at 570 nm of the Coomassie-blue stained gels; f-chain was used as internal
standard. Curves show the difference in elastic modulus from that observed
without added CaCly (right hand scales). In the presence of 2 x 1075 CaCly
very little o-polymer is formed, and the modulus is almost the same at 8 h

as at 1 h after clotting. (C). Same as for B, for solutions containing
5 x 1073 M CaCl,.

ion and by oo crosslinks, but not by y~y crosslinks. In either case, the
network stiffening may be the result of an increase in chain stiffness or of
an increase in the concentration of network branchpoints. Above we noted an
irreversible effect on the elastic modulus due to calcium removal by EDTA.
Here we observe a reversible effect on the modulus, in line with the obsérva-
tion of other reversible effects of EDTA noted by several authors (11-15).

The rate of o~polymerization is slow and is not sensitive to calcium
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concentration at moderate levels, while the rate of y~dimerization is much
more rapid and is sensitive to calcium concentration. These observations
lead us to believe that 1) a-chain crosslinking by activated Factor XIII
involves a slow reorganization of the fibrin network as the rate limiting
process, either to give sideways thickening of strands or an increase in
branchpoints, resulting in the observed network stiffening, but 2) y~dimer-
ization involves an end-to-end linking of fibrin molecules, which may occur
as soon as the fibrin molecules associate (19,20), so that the rate is limited
either by the rate of clotting or by the concentration of active enzyme
causing the dimerization (Factor XIlI-calcium complex), and therefore sensitive
to the calcium concentration.

This work was supported by a Specialized Center of Research Grant from
the National Heart and Lung Institute (N.I.H. Grant HL-14228). J. H. is a
Research Career De§elopment Awardee of the National Institutes of Health,
U. S. Public Health Service (Grant GM-22015).
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[]  Overview of the Biology of Lumbar Spine Fusion and
Principles for Selecting a Bone Graft Substitute
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Study Design. Reviews were conducted.

Objectives. To review the biology of spine fusion heal-
ing, and to outline several fundamental principles re-
quired for the selection of a bone graft substitute.

Summary of Background Data. More than 200,000
spine fusions are performed each year in the United
States. The success of this procedure is limited by mor-
bidity from iliac crest bone graft harvest and a nonunion
rate that ranges from 10% to 40%. In recent years, there
has been an increased understanding of the biology of
spine fusion healing. [n addition, there has been a focus
on finding suitable substitutes for autogenous iliac crest
bone graft to promote spine fusion. The selection of a
specific bone graft substitute can be a daunting task for
the surgeon.

Methods. The available literature was reviewed and
combined with the author’s personal experience.

Results. A basic understanding of the biology of heal-
ing in different types of spine fusions and the differences
between different categories of bone graft substitutes can
help surgeons organize the graft selection process. :

Conclusions. In general, purely osteoconductive sub-
stitutes are less effective in adult posterolateral spine fu- .
sions, but may be suitable in the anterior spine when itis -
rigidly immobilized. Osteoinductive substitutes are more
likely to be successful as extenders, enhancers, or substi-
tutes for posterolateral spine fusion. {Key words: animal
models, biology, bone graft substitutes, bone morphoge-

¢ netic proteins, gene expression, osteoconduction, os-
i teoinduction, spine fusion] Spine 2002;27:526-531

It is estimated that more than 200,000 spine fusion pro-
cedures are performed each year in the United States.
Posterolateral lumbar intertransverse process arthrode-
sis is the most common procedure performed, yet failure
to achieve a solid bony union (nonunion) occurs in 10%
to 40% of patients with single-level fusions, and more
frequently when multiple levels are attempt-
ed.1?-19:25,26.30.61 This high rate of nonunions indicates
that the physiologic, biologic, and molecular events cru-
cial to this process are not adequately understood. A
nonunion frequently leads to unsatisfactory resolution of
clinical symptoms,'”?%% and usually results in greater
medical costs and morbidity, as well as the need for ad-
ditional surgeries.
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The most common clinical approach for preventing
nonunions has been the use of internal fixation (e.g.,
hooks or screws with rods or plates). Although the use of
internal fixation has decreased the number of nonunions,
it has not eliminated the problem. Nonunions still occur
in 10% to 15% of patients.'$**¢-¢%:¢% Clearly, other fac-
tors must be implicated, yet there is a paucity of knowl-
edge regarding the biologic mechanisms in-
volved.?%**=** Such knowledge would be helpful in
devising strategies for nonunion prevention and allowing
appropriate use of different bone graft substitutes for
posterolateral spinal fusion.

The healing of a spine fusion is a multifactorial pro-
cess, which mabkes it difficult to study in the clinical set-
ting. The lack of reliable noninvasive techniques for as-
sessing the success or failure of an arthrodesis further
limits clinical studies.'® Thus, an animal model is a prac-
tical solution for studying individual factors involved in
this complex process.’” Most models used before 1990
had limited utility for biologic studies for one or more.of
the following reasons: 1) the successful fusion rate was
100%, which is much higher than that seen clinically; 2)
the animals were skeletally immature; 3) the arthrodesis
performed was interfacet or interlaminar rather than in-
tertransverse; or 4) the model destabilized the spine and
resulted in 0% successful fusions without internal fixa-
tion.?*-*1:°%3567 The limitations of these earlier models
led to the development of an intertransverse process ar-
throdesis model that was more clinically applicable to
the human situation.’® The major benefit of this type of
model is that nonunions spontaneously occur at a rate
comparable with that reported in humans.*®”

@ Biology of Spine Fusion

The rabbit lumbar intertransverse process arthrodesis
model has been well characterized using autogenous iliac
crest as the graft material. Mechanically solid fusions
generally occur by the fourth postoperative week with an
overall nonunion rate of 30% to 40%. Radiographic
analysis has showed progressive remodeling of bone
graft material with time, usually by 10 to 12 weeks, but
as in humans, radiographs were accurate in assessing
success or failure to attain solid fusion only 70% of the
time. This model was further validated using control an-
imals with omission of iliac bone graft placement or
omission of the decortication step, which resulted in
nonunion in all cases. These negative control animals
showed that the surgical exposure alone did not auto-
matically result in spinal fusion. This was a limitation of
some previous models. Vascular injection studies indi-
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cated that the primary blood supply to the fusion mass
originated from the decorticated transverse processes,
not the surrounding soft tissues.®* The failure to achieve
spine fusion in the absence of decortication emphasized
the importance of extensive decortication of the postero-
lateral spine elements (lateral facet, pars interarticularis,
transverse process) in providing bone marrow, vascular-
ization, and osteoprogenitor cells to the fusion mass.

Histologic analysis of the rabbit transverse process fu-
sion has showed three distinct and reproducible temporal
phases of spine fusion healing.’* Maturation of the spine
fusion was most advanced at the ends of the fusion mass
near the transverse processes (“outer” zone). A similar his-
tologic progression occurred in the “central” zone, but was
delayed in time. This central “lag effect,” with a transient
cartilaginous area, may explain why many nonunions oc-
cur in the central zone of a fusion mass.

A unique temporal and spatial pattern of osteoblast-
related gene expression was observed in an RT/PCR
analysis of RNA from the different zones of the fusion
mass. A lag effect in gene expression that correlated with
the previously observed lag effect in the histologic heal-
ing sequence was noted in the central zone as compared
with the outer zones of the fusion. As with osteocalcin
expression, the peak expression of all genes measured
was seen in the central zone 1 to 2 weeks later than the
peak in the outer zone. This is consistent with the periph-
eral to central healing pattern observed histologically for
fusions using autogenous bone graft.

Expression of the mRNA of several bone morphogenetic
proteins (BMPs) also was studied. In the peripheral zones,
BMP-2 mRNA expression was increased during weeks 2
through 6, with peak expression in weeks 3 and 4 (40-fold
increase). Whereas BMP-6 in the outer zones had a first
peak on day 2 (54-fold) and a second peak (100-fold) dur-
ing week 5, BMP-6 in the central zone showed an initial
peak on day 2 (34-fold), but did not demonstrate the later
peak. These findings suggest specific time patterns of ex-
pression and probably unique roles for each of the various
BMPs during spine fusion. It appears that BMP-6 is some-
what unique in that its mRNA levels demonstrated the ear-
liest peak and greatest relative increase of the BMPs stud-
ied. The lower level of BMP-6 expression in the central zone
of the fusion mass is correlated with the delayed timing and
smaller amount of bone formation in the central zone of the
fusion. Thus, the predilection for nonunion in the central
zone also is apparent at a molecular biologic level.*°

® Models of Spine Nonunion

There are several models that can produce a higher rate of
nonunion. Implanting only 50% of the normal volume of
autograft lowered the fusion rate from 70% to 33% in the
rabbit model.*® Excessive spine motion (produced by lifting
the rabbits out of their cage daily after surgery) decreased
the fusion success rate from 58% to 14% (P = 0.04).2?
Moderate systemic nicotine exposure (equaling 1 to 2
packs of cigarettes per day) significantly decreased the rate
of successful spine fusion from 56% to 0% (P = 0.02) in

rabbits.®® These results highlight the importance of recog-
nizing that each healing environment has unique features,
and that bone graft substitutes must be tested in the specific
healing environments anticipated to predict efficacy. Ke-
torolac, commonly used as an intravenous analgesic during
the postoperative period, facilitated the fourth nonunion
model in the current study. Some nonsteroidal antiinflamma-
tory drugs (NSAIDs) have been shown to inhibit fracture re-
pair. 31566264 The current author determined that a standard
dose (4 mg/kg/day) for 7 days caused a decrease in the success-
ful fusion rate from 75% in the control group to 35% (P <
0.04) in the rabbits treated with ketorolac.*°

In summary, the biology of lumbar spine fusion healing
in rabbits has been well characterized with autograft, and
important mechanical, vascular, cellular, and molecular in-
fluences have been identified. Similar detailed understand-
ing is needed for anterior interbody fusion healing, al-
though this location may be less challenging because of
increased bony surface area and compression loading. Bone
graft quality, quantity, and host bed vascularity (decortica-
tion) are critical and must be assessed carefully by the sur-
geon. The choice of graft substitutes must be individualized
on the basis of the aforementioned factors and the presence
of potential local or systemic inhibitory factors.

B Augmentation of Bone Healing in the Spine

It is estimated that approximately 500,000 bone graft
procedures are performed in the United States each year.
Of these bone-grafting procedures, the vast majority
(=50%) are spine fusions, followed by general orthope-
dic procedures and craniomaxillofacial procedures. This
potentially represents a $0.4 to $2 billion per year mar-
ket for the use of bone repair enhancers or bone graft
substitutes (DataMonitor, personal communication).

The most common reason for performing a spinal arth-
rodesis is either instability (excessive motion) of a spine
segment or a deformity that is at risk for progression. The
vast majority of fusions are performed to treat degenerative
disorders, and the most common site is the lumbar spine.
Although spinal fusion is commonly attempted, nonunion
is reported to occur in 5% to 45% of patients.*>32:61:6¢
Although this may be a clinically disturbing statistic, it
makes spine fusion an ideal venue for testing bone augmen-
tation devices. It is far easier to show an improvement in the
healing of spine fusion than in the healing of fracture repair,
in which the normal healing is quite good. Another ratio-
nale for testing bone augmentation in spine fusion is the
reality that there is frequently an inadequate supply of au-
togenous bone graft for performing multilevel spinal arth-
rodesis. In addition, the morbidity of iliac bone graft har-
vest is reported to be as high as 30%, with the most
frequent complications including chronic donor site pain,
infection, fracture, hematoma, and increased operative
time and costs.’*3*38 The current author estimated that
the cost of an iliac crest bone graft harvest is approximately
$1500 to $2500.

Currently, there are several competitive strategies ei-
ther to augment healing or to replace autogenous bone

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Table 1. Potential Roles for Bone Graft Materials

Role Amount of ABG  Graft Volume Healing Success

Same as ABG
Better than ABG
Same or better than ABG

More or same
More or same
Same or more

Extender  Usual or less
Enhancer  Usual or less
Substitute  None

ABG = autogenous bone graft.

graft in the spine.” The most commonly used strategy for
healing enhancement is that of rigid internal fixation.
The fixation devices range in cost from $3000 to $6000,
and are reported to increase the efficacy or the successful
fusion rate by approximately 10%. Biophysical stimula-
tion is another strategy that has been pursued in spine
fusion for some time, but without good clinical data to
support its use. Currently, the costs estimated for electri-
cal stimulation by either direct current or pulsed electro-
magnetic fields is approximately $4000 to $5000, and
although prospective randomized blinded trials have not
yet been completed, the maximum benefit in terms of an
increased successful fusion rate is estimated to be ap-
proximately 10%.*”"*® Low-intensity ultrasound also
has been proposed recently for accelerating the healing
of long bone fractures, and some experimental evidence
in animal models shows that this may also be a viable
enhancement strategy for spine fusion.>”-*’

Currently, a variety of potential bone graft extenders
is available. Demineralized bone matrix (DBM) in a va-
riety of forms, each with variable degrees of osteoinduc-
tivity, is available through numerous sources. In general,
the DBM cost for augmenting a one-level spinal fusion
may be as high as $1100, and the current data support
the use of DBM as a bone graft extender only and not as
a bone graft enhancer or substitute.*” Similarly, various
ceramics such as natural coral (calcium carbonate), cor-
alline hydroxyapatite, or composites such as hydroxyap-
atite-tricalcium phosphate have been used on a limited
basis. Although clinical studies are lacking, limited ani-
mal data suggest that these ceramics may be viable as
bone graft extenders when mixed with autogenous bone
graft, but that they are unlikely to serve as stand-alone
bone graft substitutes.’* Thus, the need for improved
bone repair and augmentation in the area of spine fusion
is evident. The remainder of this article focuses on issues
pertaining to the selection of an acceptable bone graft
substitute for patients undergoing various types of spine
fusion. For the purposes of this discussion, a graft ex-
tender is considered to be a material that allows the use
of less autogenous bone graft with the same end result, or
one that allows a given amount of autogenous bone to be
stretched over a greater area with the same success rate
(Table 1). A bone graft enhancer is a device that when
added to autogenous bone graft, increases the successful
healing rate of autogenous bone graft, using either the
usual amount of graft or a smaller amount of bone graft.
Finally, a bone graft substitute is a material that may be
used entirely in place of autogenous bone graft to achieve
the same or a better fusion success rate.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Because prospective randomized clinical trials that iso-
late the efficacy of individual bone graft substitutes in the
spine do not exist, it can be challenging to garner informa-
tion from the published animal and clinical studies. Several
overriding principles should be kept in mind. The mecha-
nism and timing of bone healing may vary considerably
depending on the region of the spine. The anterior or mid-
dle column of the spine is primarily cancellous bone and
load bearing, whereas the posterior column of the spine has
a greater combination of cortical bone and a submuscular
healing environment frequently under tension. Thus, there
is considerable variation in the type of healing and speed of
healing because of these biologic and biomechanical differ-
ences in healing environment. The three primary locations
are the anterior interbody, the intertransverse process, and
the interlaminar—facet joint region. As a result of these re-
gional differences, the dosage and the ideal delivery vehicle
for bone graft substitutes may differ by location. Again, it
cannot be overemphasized that the results of healing for
bone graft substitutes or augmentation devices in one re-
gion of the spine cannot necessarily be extrapolated for
other regions.

In addition to the region of the spine as a cause for
differences in healing, the specific patient diagnosis may
give rise to variation in healing success. One example is
lower lumbar spinal fusion for degenerative spondylolis-
thesis. This may be associated with increased motion at
the intervertebral disc space to be fused, which decreases
the rate of successful fusion. Alternatively, a patient with
degenerative lumbar disc disease and disc collapse may
actually have decreased disc motion, which may result in
an increased likelihood of obtaining a solid fusion. The
risks of neurologic complication, which is the most seri-
ous complication resulting from spine surgery, also is
dependent on location. Cervical and thoracic spine fu-
sions, particularly in the anterior column, carry some
risks of spinal cord injury. In contrast, the structure at
risk in the lumbar spine generally is the cauda equina,
which is a more tolerant neurologic structure.

Another issue unique to spine fusion is the increased
difficulty in the actual assessment of intervention efficacy. It
is not always obvious when a solid fusion has been ob-
tained, as opposed to a pseudarthrosis or nonunion. Unfor-
tunately, the vast majority of noninvasive evaluation meth-
ods are inaccurate. It is reported that plain radiographs
carry an accuracy no greater than 70% for predicting
whether a spine fusion is solid.’®'#2%:52 Although the cur-
rent author believes empirically that CT scanning is a more
accurate method, there are no good data available to qual-
ify this increased accuracy in the assessment of spine fusion.
Another confounding variable involves the frequent disso-
ciation between measurement of an augmentation device’s
success (i.e., solid spine fusion) and clinical outcome (e.g.,
decreased pain or increased function). This dissociation is
particularly germane to spine fusion, and is substantiated
further by the lack of clinical consensus as to the appropri-
ate indications for spine fusion.?*
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@ Selecting a Bone Graft Substitute: The Burden
of Proof

The donor site morbidity, limited supply, and imperfect
success rate of autogenous bone graft has led to the com-
mercialization of a variety of bone graft substitutes.
These graft alternatives have undergone varying degrees
of regulatory scrutiny, so their true safety and effective-
ness in patients may not be known before their use by
orthopedic surgeons. Moreover, given the different cate-
gories of bone graft substitutes and the seemingly similar
products within each category, product differentiation
has become increasingly varied for the practicing spine
surgeon. This section is intended to suggest a framework
of principles for considering the burden of proof neces-
sary to allow clinicians to make reasonable choices when
deciding on osteoinductive bone graft substitutes.

Osteoconductive substitutes may be used as scaffolds
to deliver bone growth factors. These materials facilita-
tors for bone formation, but do not contain growth fac-
tors that can attract osteoblast precursor cells and initi-
ate osteoblast differentiation. Osteoconductive materials
include collagen, ceramics, polymers, and coral, whereas
osteoinductive substitutes contain one or more growth
factors such as bone morphogenetic proteins (BMPs) ca-
pable of independently attracting precursor cells and in-
ducing new bone formation. Whereas numerous growth
factors may be involved in new bone formation including
platelet derived growth factor (PDGF), transforming
growth factor-beta (TGF-B), and vascular endothelial
growth factor (VEGF), evidence suggests that only the
BMPs are capable of initiating the entire process of new
bone formation.®”?13%¢ Lower doses of the BMPs are
contained in demineralized bone matrix. They can be
found in higher doses as recombinant (genetically engi-
neered) proteins or purified extracts from bone. These
materials are being studied in prospective trials and
should soon be available for selected uses.

For understanding the burden of proof, the first princi-
ple to consider is that different healing environments (e.g.,
metaphyseal defect, long bone fracture, interbody spine fu-
sion, and posterolateral spine fusion) have increasing levels
of difficulty in forming new bone. For example, a metaph-
yseal defect permits the successful use of many purely os-
teoconductive materials. In contrast, a posterolateral spine
fusion environment generally does not tolerate the use of
purely osteoconductive materials as stand-alone substi-
tutes, and only sometimes permits their use as bone graft
extenders. Thus, validation of any bone graft substitute in
one clinical anatomic site may not be predictive of its per-
formance in another location. Accordingly, surgeons must
be very careful in using graft substitutes that have not been
tested definitively in the particular healing environment
wherein they are about to use it. Most of the osteoconduc-
tive substitutes used currently in the spine have been vali-
dated only in nonspine locations.

The second principle to consider is the burden of
proof required from preclinical studies to justify the use
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of an osteoinductive graft material or the choice of one
brand over another. An osteoinductive material, by def-
inition, must contain one or more growth factors includ-
ing BMPs that can induce de zovo ectopic bone forma-
tion through differentiation of progenitor cells into
osteoblasts. Although not commonly recognized, evi-
dence clearly suggests that it is much harder to make
bone in humans than in cell culture or rodent models.® It
is generally accepted that in lower vertebrates, bone
heals more readily than in humans. Some osteoinductive
materials (e.g., DBM and rhBMP-2) have been successful
in lower vertebrates, but have failed to achieve the same
result in primates.”~* Findings also have shown the rhe-
sus monkey also to be an acceptable model for human
bone remodeling and osteoporosis,3%33:37:38,53,52

Only human trials can determine the efficacy of osteoin-
ductive materials in humans. However, a hierarchy of test-
ing credibility exists, ranging from cell culture assays of
bone markers and the rat ectopic bone induction assay, as
the least predictable tests, to rabbit ulnar defect, rabbit

Tahle 2. Burden of Proof for Osteoinductive Bone Graft
Materials for Spine Fusion

Model Burden of Proof

Cell culture Establish that a protein is ostecinductive if bone
nodules are the endpoint. If surrogate
endpoints are used (alkaline phosphatase or
osteocalcin production, these assays are less
reliable.

Establish feasibility of in vivo ectopic bone
induction. Because rats heal in only 2-3
weeks, issues of premature carrier resorption
or compressibility may not be detected in
rapidly resorbing carriers. Also, slower
resorbing carriers may not form as much
bone because the carrier is still occupying
much volume in the implant.

Establish feasibility of successful spine fusion in
environment with motion and/or loading.
Healing time frame is longer than rat, but still
only 4-8 weeks and thus same issues to do
with carrier resorption time apply. Useful if
detailed biomechanical testing is required.

Establish efficacy in spine fusion model with
internal fixation if needed. Internal fixation not
practical in most rodent models. Larger
animals do not necessarily present a more
challenging healing environment and are not
more predictive of responses in humans
compared with rodents. Useful if detailed
biomechanical testing is required.

Nonhuman primates, especially rhesus monkeys,
have similar osteoinduction responsiveness,
healing time, and carrier resorption behavior
to humans. Osteoinductive growth factors
require 10-15-fold higher concentrations to
achieve comparable results in primates as
seen in rodents. Successful doses in rhesus
monkeys have translated well into required
doses for BMPs in human clinical trials.

The uitimate proof lies in a human clinical trial.
Doses, carrier requirements, and the need for
supplemental internal fixation may vary based
on anatomic location in the spine, patient
diagnosis, and presence of healing deterrants
{smoking, steroids, diabetes, etc).

Rat ectopic assay

Rodent spine fusion

Large animal modet

Nonhuman primates

Human clinical trials
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spine fusion, and large animal long bone-spine fusion,
which have intermediate predictability of efficacy in hu-
mans (Table 2). Nonhuman primate long bone, interbody
spine, and posterolateral spine fusion models offer the high-
est challenge and therefore the highest predictability of suc-
cess in humans.*#? It is most important to understand that
failure of an osteoinductive material to induce bone in any
of these progressively challenging models usually means
that it will fail at all higher levels. Unfortunately, successful
bone induction at any level does not infer success at the next
most stringent level. Only testing at the next level can an-
swer that question. Thus, when differentiating between
brands of similar osteoinductive products that have not
been validated in human clinical trials, the surgeon should
strongly consider choosing the product that satisfied the
highest burden of proof in preclinical studies within the
aforementioned hierarchy.

The third principle involving the burden of proof specif-
ically pertains to products not currently subject to high lev-
els of regulation such as demineralized bone matrix (DBM)
and platelet gels containing “autologous growth factors.”
Such products are considered to involve minimal manipu-
lation of cells or tissue, and thus are regulated as tissue
rather than devices. As a result, no standardized burden of
proof level for safety or effectiveness required is before these
products are marketed and used in human patients. Al-
though it may be true that such products meet the technical
definition of “minimal manipulation,” thereby escaping
strict regulation, DBM and “autologous growth factor”
platelet concentrates are being marketed and used for their
biologic (osteoinductive) effects, not as simple tissue trans-
plants or means of augmentation. Consequently, there is a
risk that products or certain brands of products may not
produce the expected result in humans when there has been
little or no animal testing in the relevant and more challeng-
ing models. Many investigators in this field believe that
minimal standards demonstrating some level of osteoin-
ductivity (bone induction) should be developed for such
products. If surgeons do not demand this soon, or if the
manufacturers do not institute this in the near future, these
products may risk being more highly regulated by the FDA,
making them less accessible to surgeons and patients.
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l Key Pomts

o A basic understandmg of the blology of healmg n
 different types of spine fusions and the differences be-
tween: different. categones of bone graft substitutes
~can help surgeons organize the graft selection process.
e In:general; purely osteoconductive ‘substitutes
are less effective in adult posterolateral spine fu-
.‘51ons, but may be sultable in the antenor spme i
. Osteomductlve substltutes are more hkely to be
successful as extenders, enhancers,-or substltutes
for posterolateral spine fusion. |
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