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1 Einleitung

1.1  Ventrale intervertebrale Spondylodese

Klinische Erfahrungen zeigen, dass es bei traumatischen und degenerativen
Diskopathien der mittleren und unteren Halswirbelsdule zu einschneidenden
gesundheitlichen Beeintrachtigungen und sozio6konomischen Problemen fiir die
Patienten kommen kann. Seit der Einfilhrung des ventralen Zugangs zur
Halswirbelsdule durch Robinson [159] und der ventralen intervertebralen
Spondylodese durch Smith-Robinson [3] und Cloward [3,31] werden weltweit
zervikale Diskopathien mit gutem klinischen Erfolg operativ behandelt. Die anteriore
zervikale Diskektomie erlaubt eine sichere Dekompression des Spinalkanals und der
Neuroforamina, mit einer Linderung der klinischen Symptome Schmerz,
Radikulopathie und Myelopathie [7,15,31,32,50,159,158,168]. Alleinige zervikale
Diskektomien, ohne anschliefende Rekonstruktion des sagitalen Wirbelsdulenprofils
durch eine intervertebrale Stabilisierung, konnen zu einem Kollaps des
Bandscheibenraums mit kyphotischer Fehlstellung im betroffenen Segment und in
der Folge zu rezidivierenden klinischen und neurologischen Beschwerden fithren
[15,20,50,116,112,146,159,158,168]. Daher wird nach Diskektomie allgemein eine
ventrale intervertebrale Spondylodese des betroffenen Segmentes unter Erhalt der

Bandscheibenraumhdhe empfohlen [3,15,20,20,50,44,146,159,158].

1.1.1 Autologes Knochenmaterial

Der autologe trikortikale Beckenkammspan war jahrzehntelang das Implantat der
Wahl zur ventralen interkorporellen Spondylodese der Halswirbelsdule
[32,44,50,159,158]. Jedoch steht das autologe Knochenmaterial nur in begrenzter
Menge zur Verfligung, was speziell bei multisegmentalen Fusionen von Bedeutung
sein kann. Zusitzlich ist die operative Entnahme des trikortikalen
Beckenkammspanimplantates und der Beckenkammspongiosa mit einer nicht
unerheblichen Entnahmemorbiditit assoziiert [4,8,60]. In zahlreichen Studien wurde
dabei in Abhingigkeit vom Ausbildungsstand des Operateurs, der Operationstechnik,
dem Evaluationszeitpunkt und den Evaluationskriterien die Anzahl der betroffenen
Patienten zwischen 0,7 % und 75 % angegeben [4,8,10,35,52,60,75,150,
169,168,173,183,189,205]. Auch die Menge und Art des entnommenen



Knochenmaterials spielen dabei eine entscheidende Rolle. Die Entnahme eines
trikortikalen Beckenkammspans ist mit einer hoheren Entnahmemorbiditit assoziiert
als die Entnahme von autologer Beckenkammspongiosa [35,60,75]. Als potentielle
Folgen der operativen Gewinnung autologen Knochenmaterials am Beckenkamm
wurden Schmerzen an der Entnahmestelle [8,10,35,60,75,169,168,173,183,189],
Héamatome [168,169], Wundinfektionen [173], Wundheilungsstérungen [169],
Narbenbildungen [8,75], Gefd- [28] und Nervenldsionen [8,10,35,75,173],
Muskelverletzungen und —herniationen [34], sowie Dislokationen des Sacro-
Iliakalgelenkes und Beckenfrakturen [33,52,150] mit Ausbildung von Pseudarthrosen
[205] beschrieben. Neben der Entnahmemorbiditidt weist der autologe trikortikale
Beckenkammspan als interkorporelles Implantat auch biologische und mechanische
Probleme auf. Die biologische Problematik an der Halswirbelséule liegt in einer
relativ langen Einheilungszeit von ca. 6 Monaten [71,209] und in einer relevanten
Pseudarthroserate, die mit 4-11 % der operativ stabilisierten Patienten angegeben
wird [71,74,144,209]. Die Pseudarthrosen sind dabei zum Teil auf aseptische
Nekrosen des Beckenkammspanimplantats zuriickzufiihren [174,209]. Besonders die
mechanischen Probleme des Beckenkammspanimplantats, wie Implantat-Sinterung,
Implantat-Frakturen oder Implantat-Wanderungen mit in der Folge auftretender
kyphotischer Deformitdt der Halswirbelsdule [4,125,174,193,197], fiihren derzeit
zum zunehmenden Ersatz des autologen trikortikalen Beckenkammspans durch

Spongiosa augmentierte intervertebrale Cages [200].

1.1.2 Intervertebrale Implantate (Cages)

Seit 1986 verwendet Harms [68] ein metallisches intervertebrales Implantat
augmentiert mit autologer Spongiosa zur interkorporellen Spondylodese. 1988 stellte
Bagby [6] erstmals einen schraubenformigen intervertebralen ,,Cage™ zur lumbalen
Wirbelkorperfusion vor. Dabei handelte es sich um einen 30 x 25 mm grofen,
rostfreien, zylindrischen Stahlkorb (Cage). Seine Studien fiihrte Bagby [6]
gemeinsam mit dem Veterindrmediziner Grant [43] an Pferden durch, die an einer
Form der spondylarthrotischen Myelopathie, dem Wobbler-Syndrom, litten. Der
,»Bagby-Korb*“ wurde mit autologer Spongiosa gefiillt und nach partieller
Diskektomie formschliissig im Intervertebralraum platziert. Die so operativ

versorgten Pferde hatten eine gute Uberlebensrate. Einigen war es sogar wieder



moglich Rennen zu gewinnen [43]. Aus diesen Untersuchungen ging letztlich der
,»Bagby and Kuslich® (BAK) Cage hervor, der mit primar groem Erfolg klinisch
eingesetzt wurde [111]. Seither wurden eine Vielzahl dieser Implantate mit
unterschiedlichen Designs bestehend aus verschiedenen Materialien (Stahl, Titan,
Karbon, Poly-Ether-Ether-Keton) entwickelt [200]. Diesen Implantaten ist
gemeinsam, dass sie, mit der Zielsetzung eine intervertebrale Spondylodese zu
erreichen, in das Bandscheibenfach eingebracht werden, wobei durch ihre
formschliissige Verankerung die Notwendigkeit zur additiven Sicherung mittels
Spondylodeseplatte entfdllt [200]. Zusdtzlich sollen intervertebrale Cages die
mechanische Stabilitdt des Bewegungssegmentes und die strukturelle Integritit des
Zwischenwirbelraumes  widhrend des  kndchernen  Durchbauungsprozesses
gewdhrleisten [200]. Vor allem durch die biomechanischen Eigenschaften dieser
Implantate fanden Cages weite Verbreitung. So konnte gezeigt werden, dass die
intraoperativ erzielte Distraktion des Bandscheibenraums durch Cages besser
erhalten werden kann als durch autologes Knochenmaterial [165]. Zusétzlich konnte
im Vergleich zum Beckenkammspanimplantat in zahlreichen biomechanischen in
vitro Untersuchungen an zervikalen und lumbalen Priparaten fiir verschiedenartige
Cagedesigns eine hohere initiale mechanische Stabilitit des Bewegungssegmentes
nachgewiesen werden [17,21,38,51,72,85,123,136,153,175,176,186,203]. Auch
klinische Untersuchungen konnten nachweisen, dass durch Cages die mechanischen
Probleme des Beckenkammspanimplantats sowohl an der Hals- als auch
Lendenwirbelsdule minimiert werden konnen [21,66,67,19,111,112,113,152].
Demzufolge wird die intervertebrale Spondylodese mit Spongiosa augmentierten
Cages gelegentlich bereits als neuer klinischer ,,golden standard* bezeichnet [200].
Trotz der im Vergleich zum autologen trikortikalen Beckenkammspan verbesserten
mechanischen Eigenschaften intervertebraler Cages, verbleibt jedoch die biologische
Notwendigkeit, die Implantate mit autologer Spongiosa zu augmentieren, um eine
sichere intervertebrale Spondylodese zu erzielen [200]. Obwohl die
Entnahmemorbiditdt autologer Beckenkammspongiosa geringer ist als die des
trikortikalen Beckenkammspans [35,60,75], kann somit durch Cages allein diese
additive Morbiditdt, die mit der Entnahme des autologen Knochenmaterials

verbunden ist, nicht ginzlich vermieden werden.

In klinischen Untersuchungen konnte sowohl an der Hals- als auch an der
Lendenwirbelsdule trotz dhnlicher Evaluationsprotokolle eine relevante Variabilitét
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des operativen Erfolges bei Verwendung verschiedener Cagedesigns demonstriert
werden [66,152,155]. Wiahrend bei der Verwendung sogenannter Harmscages
(Meshed-Titanium-Cages) gute Erfolgsraten beschrieben wurden, zeigten sich bei
Verwendung von BAK-Cages hohe Pseudarthrosen- und Revisionsraten [67,152].
ODb dieser Ergebnisvariabilitit operative Faktoren oder das Implantatdesign zugrunde

liegen, ist derzeit unbekannt.

Nach Weiner [200] lassen sich Cages in 3 Designgruppen einteilen: Schraubendesign
(horizontale Zylinder), Boxdesign und Zylinderdesign (vertikale Zylinder). Dabei
basieren die derzeit vorliegenden Cagedesigns im Wesentlichen auf empirischen
klinischen Erfahrungen und sind wissenschaftlich meist nur ungeniigend fundiert.
Unter biomechanischen Gesichtspunkten kann die Stabilitit des Cage-fixierten
Bewegungssegmentes in eine Primérstabilitit und eine Sekundérstabilitdt unterteilt
werden. Wihrend die Primérstabilitit die direkt postoperativ erzielte Stabilitat
beschreibt, wird die Sekundirstabilitdt der Implantate durch deren kndcherne

Einheilung erreicht.

Derzeit existieren nur wenige biomechanische in vitro Studien, die die
Primirstabilitdt unterschiedlicher Cagedesigns miteinander vergleichen [140].
Zudem ist die aus diesen Untersuchungen resultierende Datenlage nicht konstant. So
konnte Oxland [140] zum Beispiel beim Vergleich von Box- und Zylinderdesign-
Cages an der Lendenwirbelsdule keinen Unterschied zwischen diesen Cagedesigns
nachweisen. Hingegen zeigte Wilke [203] an der Halswirbelsdule bei &dhnlichem
Versuchsaufbau eine signifikant hohere mechanische Stabilitdit von Boxdesign-
Cages. Ob verschiedene Cagedesigngruppen einen unterschiedlichen Einfluss auf die

biomechanische in vitro Primérstabilitdt haben, bleibt demzufolge momentan unklar.

Dartiber hinaus ist derzeit unbekannt, welcher Zusammenhang zwischen der
Primérstabilitit eines Cages und der wihrend des kndchernen Einheilungsvorgangs
erzielten Sekundirstabilitdt des Implantats besteht [87]. Vermutet wird, dass eine
hohere Primérstabilitdt durch die ,,mechanische Ruhe® im Bewegungssegment zu
einem besseren Einheilen des Cages und damit zu einer hoheren Sekundirstabilitét
fithrt [21,87,102,117,136,153,198].

Die Sekundirstabilitidt eines Cages ergibt sich einerseits aus der Fahigkeit des
Implantats, die strukturelle Integritit des Zwischenwirbelraumes zu erhalten [85,165]

und andererseits aus den designspezifischen Charakteristika, den biologischen



Durchbauungsvorgang zu fordern [18,87,200]. Als entscheidender Designparameter
fiir den Erhalt der Zwischenwirbelraumhohe wurde die Endplattenkonfiguration des
Cages definiert [51,79,165]. Hierbei wurde die einfache Gleichung formuliert: Je
groBBer die Auflagefliche des Cages, desto geringer die Sinterung des Cages in vivo
[51]. Andererseits weisen experimentelle in vitro Untersuchungen darauf hin, dass
die maximale Pore in der Auflagefliche eines Cages eine entscheidende Funktion fiir
den knochernen Durchbauungsvorgang aufweist [25,29,87]. Kanayama [87] konnte
in in vitro Untersuchungen nachweisen, dass eine grof3ere kontinuierliche Pore in der
Auflagefliche zu einer Reduktion der Stress-Protektion der inkorporierten Spongiosa
im Cage fiihrt. Des weiteren vermutete er, dass es durch die Reduktion der Stress-
Protektion zu einer mechanischen Stimulation der Spongiosa innerhalb des Cages

kommt und somit das Einheilungsverhalten des Cages in vivo verbessert wiirde [87].

Die oben genannten Anforderungsprofile an das Design eines Cages stehen sich
konkurrierend gegeniiber. Ein ideales Cagedesign miisste demzufolge sowohl eine
maximale Auflagefliche aufweisen, um eine Sinterung des Implantates zu
vermeiden, als auch eine maximale Pore in der Auflagefliche besitzen, um das
Einheilungsverhalten des Cages zu optimieren. In vivo Untersuchungen, die das
Einheilungsverhalten eines Cages in Relation zu oben genannten Designparametern

evaluieren, existieren derzeit nicht.

1.2 Wachstumsfaktoren

Vor mehr als 30 Jahren konnte Urist [192] erstmals die osteoinduktiven
Eigenschaften demineralisierter Knochenmatrix nachweisen. Technische Fortschritte
in der Protein-Isolation und der molekularen Klonierung fiihrten zur Entdeckung
zahlreicher Wachstumsfaktoren. Diese 16slichen niedermolekularen Proteine kdnnen
in folgende Familien unterteilt werden [118,191]: transforming growth factors
(TGFs) inklusive bone morphogenetic proteins (BMPs), platelet derived growth
factors (PDGFs), insulin like growth factors (IGFs), fibroblast growth factors (FGFs)
und epidermal growth factors (EGFs). Unter Zuhilfenahme gentechnisch
modifizierter Zelllinien werden mittlerweile eine Vielzahl dieser Wachstumsfaktoren
in rekombinanter humaner (rh) Form hergestellt. Jedoch konnte bisher nur fiir
wenige dieser Wachstumsfaktoren ein signifikanter osteoinduktiver Effekt

nachgewiesen werden [118,191].



In der Wirbelsdulenchirurgie liegt die  klinische  Zielsetzung  der
Wachstumsfaktorenapplikation in der Stimulation der intervertebralen Spondylodese
[12,163]. Dadurch soll die Fusion beschleunigt und die Pseudarthroserate gesenkt
werden. Zusitzlich soll durch die Wachstumsfaktorenapplikation die Notwendigkeit
zur Entnahme autologen Knochenmaterials und die damit verbundene
Entnahmemorbiditit vermieden werden [42,53,61]. Durch das so optimierte
Therapieverfahren sollen die Rehabilitation der Patienten forciert, die
Komplikationsrate gesenkt und somit die Kosten der Behandlung reduziert werden

[13].

1.2.1 BMP-2 und BMP-7

In der experimentellen Wirbelsdulenchirurgie konnten trotz zahlreicher
Forschungsbemiihungen  bisher  nur die = Wachstumsfaktoren =~ BMP-2
[11,12,13,42,53,70,84,105,127,131,164,162,166,182,208,210] und BMP-7 (OP-1)
[36,39,61,115,126,142,143,145] einen signifikanten osteoinduktiven Effekt unter
Beweis stellen. BMP-2 und BMP-7 sind Mitglieder der TGF-f3 Familie und gehoren,
in der derzeit 15 Mitglieder umfassenden BMP-Familie, zu den am besten
charakterisierten BMPs [24,46]. Beide Wachstumsfaktoren sind im Tierreich weit
verbreitet und erfiillen zahlreiche Funktionen bei der Proliferation und
Differenzierung unterschiedlichster Gewebe [24,46]. So wurden Effekte auf die friihe
Phase der embryonalen Skelettentwicklung, die Morphogenese und Organogenese
beschrieben [24,46]. Entdeckt wurden beide Wachstumsfaktoren jedoch aufgrund
ihrer Fahigkeit zur Knocheninduktion und Knochenregeneration [192]. BMP-2 und
BMP-7 sind beispielsweise in der Lage eine de novo Synthese von Knochen in
ektopischen Weichteilgewebe sogar in Abwesenheit von Knochenmarkselementen
hervorzurufen [5,199]. Folglich konnte im Vergleich zu autologem Knochenmaterial
fiir beide Wachstumsfaktoren in zahlreichen tierexperimentellen Untersuchungen
eine beschleunigte und effektivere Knochenheilung nachgewiesen werden
[105,127,131,164,162,166,182,208,210,36,39,61,115,126,142,143]. In der
experimentellen Wirbelsdulenfusion stellt derzeit der Wachstumsfaktor BMP-2
aufgrund seiner hohen osteoinduktiven Kapazitit den ,,golden standard* dar und wird
bereits kombiniert mit einem Kollagen Tragersystem in ersten klinischen Studien

untersucht [13,14]. Obwohl diese spezifischen osteoinduktiven Eigenschaften von
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BMP-2 gelegentlich fiir unabdingbar gehalten werden [42,53,70], um eine solide
knocherne Spondylodese zu erzielen, konnen diese Charakteristika speziell bei
spinaler Applikation auch unerwiinschte Folgen haben. So konnte gezeigt werden,
dass BMP-2 induzierte Ossifikationen im Ligamentum flavum zu einer Verdrangung
des Myelons fiihrten [133]. Hoshi [81] wies dariiber hinaus nach, dass BMP-2
induzierte Ossifikation spinaler Ligamente, speziell des Lig. longitudinale posterior,
zu einer neurologisch wirksamen Myelonkompression fiihren konnen. Andere
Autoren konnten zeigen, dass bei der gehduft in Ostasien auftretenden hereditdren
OPLL (ossification of the posterior longitudinal ligament), die mit einer Myelopathie
einhergeht, BMP-2 pathophysiologisch eine entscheidende Bedeutung zukommt
[81,106]. Aufgrund der Vielzahl existierender Wachstumsfaktoren und
Kombinationsmdglichkeiten muss derzeit offen bleiben, ob BMP-2 oder BMP-7 die
»optimalen® Wachstumsfaktoren zur Stimulation der intervertebralen Spondylodese
sind, besonders wenn berilicksichtigt wird, dass derzeit keine vergleichenden
Untersuchungen zur Wirksamkeit verschiedener Wachstumsfaktoren bei der

intervertebralen Spondylodese vorliegen.

1.2.2 IGF-I und TGF-p1

Kiirzlich konnten in vitro und in vivo Untersuchungen einen signifikant
osteoinduktiven Effekt sowohl fiir die isolierte als auch fiir die kombinierte
Applikation von IGF-I und TGF-B1 nachweisen [83,118,119,134,154,171,
172,188,191].

Die Insuline-like growth factors (IGFs), auch Somatomedine oder Scelatal growth
factors  genannt,  erfiillen = wesentliche = Funktionen  innerhalb  des
Knochenstoffwechsels. Bislang wurden zwei IGFs charakterisiert: IGF-I
(Somatomedin-C) und IGF-II (Scelatal growth factor) [134,156]. Beide IGFs
verfiigen liber die gleichen biologischen Wirkungen, jedoch ist IGF-I vier bis sieben
mal potenter als IGF-II [78]. In zahlreichen Untersuchungen konnte nachgewiesen
werden, dass IGF-I in vitro die Angiogenese, die Proliferation und Differenzierung
von Osteoprogenitorzellen, die Proliferation und Replikation von Osteoblasten und

schlieBlich die Formation der Knochenmatrix stimuliert [78,170,194,196].

TGF-B1 gehort gemeinsam mit den BMPs zur TGF-3 Familie [26]. Bislang sind fiinf
verschiedene Subtypen dieser Familie (TGF-B1-5) bekannt [26]. TGF-B1 reguliert
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eine Vielzahl unterschiedlicher Zellen, wie zum Beispiel mesenchymale
Vorlauferzellen, Osteoblasten, Osteoklasten und Chondrozyten, die direkt oder
indirekt an der Ossifikation und am Remodeling des Knochens beteiligt sind
[147,157]. Von besonderer Bedeutung ist dabei die stimulierende Wirkung von TGF-
B1 auf die Differenzierung von Osteoprogenitorzellen zu Osteoblasten [30] und auf
die Proliferation und Teilung von Osteoblasten und osteoblastendhnlichen Zellen
[86,160]. IGF-I und TGF-B1 haben viele gemeinsame, teilweise synergistische
Effekte auf den Knochenstoffwechsel. In vivo Untersuchungen konnten beispielhaft
nachweisen, dass erniedrigte Serumspiegel von IGF-I oder TGF-f1 mit
Knochenverlust und Osteoporose assoziiert sind [2,57,206], wohingegen die isolierte
Applikation von IGF-I und TGF-f1 zu einer Stimulation der Frakturheilung fiihrt
[83,137,181]. Die in vivo nachweisbaren Serum-Konzentrationen von IGF-I und
TGF-B1 zeigen sowohl gemeinsame altersabhingige Schwankungen als auch
gleichsinnige Verdnderungen wéhrend des Knochenwachstums oder nach
Stimulation durch PTH (Parathormon) [76,148,149]. Zusitzlich scheint eine
Interaktion zwischen den beiden Wachstumsfaktoren zu existieren. TGF-B1
stimuliert beispielsweise Osteoblasten zur Bildung von IGF-I [122], wihrend in
Abhingigkeit von der Zellart sowohl stimulierende als auch hemmende Effekte von
TGF-B1 auf die IGF-I Synthese beschrieben wurden [49,190,120]. Des weiteren
konnte fiir die kombinierte Applikation von IGF-I und TGF-Bl ein groBerer
stimulierender Effekt auf die Ausbildung der Knochenmatrixformation nachgewiesen

werden [124,172] als fiir die jeweilige Einzelapplikation [118,147].

Von besonderer Bedeutung bei spinaler Applikation von IGF-I und TGF-B1 ist, dass
im Gegensatz zu BMP-2 beide Wachstumsfaktoren nicht zur de novo Synthese von
Knochen in der Lage sind [118]. Vielmehr liegt die Wirksamkeit dieser
Wachstumsfaktoren in der Forderung und Beschleunigung des natiirlichen
Knochenneubildungspotentials [57]. Da  das natiirlichen ~ Knochen-
neubildungspotentials anatomischen Grenzen respektiert, erscheint eine ektopische
Ausbildung von Knochen, zum Beispiel in spinalen Ligamenten mit daraus
resultierenden neurologischen Stérungen, aufgrund dieses Wirkungsmechanismus

der Wachstumsfaktoren unwahrscheinlich.
Experimentelle Untersuchungen zur kombinierten Applikation von IGF-I und TGF-

B1 bei der intervertebralen Spondylodese liegen derzeit nicht vor.
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1.3 Trigermaterial (Carrier-Systeme)

Ein ideales Carrier-System zur intervertebralen Applikation von Wachstumsfaktoren
sollte kontrolliert applizierbar sein, eine kontinuierliche, definierte und lokale
Applikation von Wachstumsfaktoren gewiahrleisten und dabei ohne Nebenwirkungen
vollstindig resorbierbar sein [14,16,58,59,162]. Die optimale Methode zur lokalen
Applikation von Wachstumsfaktoren in der Wirbelsdulenchirurgie wird aufgrund

dieses Anforderungsprofils immer noch kontrovers diskutiert.

1.3.1 Kollagen-Carrier

Derzeit werden vorwiegend Kollagenschwdmme zur Applikation von
Wachstumsfaktoren in experimenteller und klinischer Forschung eingesetzt
[12,13,14,53,70,84,127,131,208,210]. Speziell die Kombination eines Kollagen-
Carriers mit BMP-2 wird in der Wirbelsdulenchirurgie bereits klinisch erprobt [13].
Jedoch ist die Sicherheit und die Freisetzungskinetik des Kollagen-Carriers
fragwiirdig [127,167,180,184]. Eine schnelle und unkontrollierte Freisetzung von
Wachstumsfaktoren aus Kollagenschwdmmen mit unerwiinschten Reaktionen des
umgebenden Gewebes wurde beschrieben [180]. Auch die intraoperative Platzierung
des mit Wachstumsfaktoren benetzten Carriers ist haufig nicht mit der gewlinschten
Genauigkeit zu erzielen und kann in der Folge zu Ineffektivitit und unerwiinschten
Wirkungen des Wachstumsfaktors fithren [5,127]. Martin [127] konnte dariiber
hinaus in einem Tiermodell zur intertransversalen Fusion der Lendenwirbelsdule
zeigen, dass durch die Kompression des Carriers in der paravertebralen Muskulatur
der Effekt des Wachstumsfaktors ausblieb. Boden [12] wies darauf hin, dass der
Kollagenschwamm zwar fiir intertransversale Fusionsmodelle in Kaninchen und
Hunden geeignet war, aber im Affen-Modell versagte. SchlieBlich ist der
Sicherheitsaspekt des aus bovinen Material hergestellten Kollagenschwamms
hinsichtlich allergischer Reaktionen und nicht zuletzt der Ubertragung von

Infektionskrankheiten fraglich [184].

1.3.2 Polylaktid-Carrier

Als Alternative stehen derzeit biodegradierbare Tréigersysteme wie Poly-

Laktidsduren (PLA), Poly-Glykolidsduren (PGA) und deren Kopolymere zur
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Verfiigung [42,53,114,161,163]. In vorangegangenen Untersuchungen, besonders
bei Verwendung von Tréagersysteme aus PLA und PGA, konnte jedoch gezeigt
werden [53,107,109,132], dass Degradationsprodukte der Polymere zur Alteration
der biologischen Umgebungsbedingungen fithren koénnen [114,128]. Speziell
inflammatorische Reaktionen mit begleitender Ausbildung von Osteolysen wurden
beschrieben [53]. Diese Fremdkorperreaktionen sind dabei aber entscheidend von der
Menge und der Art des biodegradierbaren Trigermaterials (reines Polymer oder
Kopolymer) sowie von den lokalen Milieubedingungen (Durchblutung,
Inflammation) abhdngig. Dies erkldrt die uneinheitliche Studienlage bei
vergleichenden Untersuchungen zwischen Kollagen und PLA bzw. PGA Carrier-
Systemen. David [42] fand beim Vergleich von PLA und Kollagen Carrier eine
effektivere lumbale Spondylodese mit dem Kollagen Carrier. Fischgrund [53] konnte
in einem intertransversalen Wirbelsdulenfusionsmodell keinen Unterschied zwischen
der Effektivitit eines Kollagenschwamm- und PGA- Carriers nachweisen. Jedoch
erzielten Zegzula [210] und Ozuna [141] bei Verwendung eines Poly-(D,L-laktid-
coglykolide) (PLA/PGA)-Carriers in einem intertransversalen
Wirbelsdulenfusionsmodell bessere Ergebnisse als bei Verwendung eines Kollagen-
Carriers. Kiirzlich wurde eine kalte Beschichtungstechnologie entwickelt, die es
erlaubt, Implantate mit einer 0,01 mm dicken Schicht aus Trigermaterial zu
iiberziehen [73,171]. In diese biodegradierbare Poly-(D,L-laktid) (PDLLA)-
Beschichtung konnen biologisch aktive Substanzen (z. B. Wachstumsfaktoren)
integriert werden, die wihrend der Degradation des Biomaterials kontinuierlich und
lokal freigesetzt werden [171]. Speziell die dadurch ermoglichte Kombination von
etablierten Wirbelsdaulenimplantaten mit biologisch wirksamen Substanzen und die
geringe Beschichtungsmenge, sowie die hohe mechanische Stabilitit dieses
Tragermaterials [171] machen die Verwendung dieser Technologie in der
Wirbelsdulenchirurgie attraktiv. Ergebnisse zur Verwendung dieses Carrier Systems

in der Wirbelsdulenchirurgie liegen derzeit aber noch nicht vor.

14 Tiermodell

Frische humane Priparate fiir in vitro Experimente sind nur schwer zuginglich.
Tierpraparate sind einfacher verfligbar und zeigen eine bessere Vergleichbarkeit

wenn sie nach Rasse, Geschlecht, Alter und Gewicht ausgewdhlt werden
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[27,201,202]. Demzufolge wurden zunehmend mehr in vitro und in vivo Tiermodelle
fir die humane Wirbelsdule etabliert [1,11,12,36,39,53,61,65,70,84,127,
130,131,135,139,178,208,210]. Obwohl die humane Lendenwirbelsdule den
Wirbelsdulenbereich darstellt, der am hdufigsten einer operativen Therapie bedarf,
sind Tiermodelle an der Lendenwirbelséule aus zahlreichen Griinden umstritten
[179]. Wahrend die Wirbelsdule von Vierfiillern kyphotisch ist, ist die humane
Lendenwirbelsdule lordotisch. Dieser Unterschied im sagitalen Wirbelsdulenprofil
der Spezies fiihrt auch zu deutlichen biomechanischen Unterschieden in der nativen
Beweglichkeit der Lendenwirbelsdulen und im Rahmen der biomechanischen
Beanspruchung auch zur Ausbildung unterschiedlicher Knochentextur und —dichte
[179]. SchlieBlich sind die Unterschiede in der lumbalen Bandscheibenraumhohe
evident und erlauben daher keine Evaluation original grofer humaner
Lendenwirbelsdulenimplantaten in vielen lumbalen Tiermodellen [201,202]. Folglich
fanden zur Klirung experimenteller Fragestellungen zunehmend zervikale
Tiermodelle Verbreitung. Neben Ziegen, Schweinen, Hunden und Kéilbern, wurden
vor allem Schafe als Versuchstiere fiir die Wirbelséulenforschung herangezogen
[1,65,116,130,135,139,178,207]. Von entscheidender Bedeutung fiir die
Aussagekraft einer tierexperimentellen Evaluation der Schafshalswirbelsdule ist aber
eine genaue Kenntnis der Relation zwischen Schafs- und humaner Wirbelséule.
Obwohl zahlreiche Untersuchungen zur Anatomie und Mechanik der humanen
Halswirbelsdule vorliegen [27,40,47,48,56,101,129], existieren bisher nur zwei
Untersuchungen der Schafshalswirbelsdule. Wilke [201,202] fiihrte Untersuchungen
von Schafs-Praparaten durch und verglich die Ergebnisse mit Literaturdaten der
humanen Halswirbelsdule. Dabei konnte er zwar grofle anatomische Unterschiede,
aber eine gute Vergleichbarkeit zwischen den beiden Spezies hinsichtlich
biomechanischer Parameter wie Bewegungsumfang, Steifigkeit und neutraler und
elastischer Zone nachweisen [201,202]. Direkt vergleichende Untersuchungen
zwischen humaner und Schafshalswirbelsdule zur funktionellen Anatomie,
Funktions-Rontgenanatomie und Knochendichte mit gleichen Evaluationsparametern
fehlen in der Literatur vollstindig. Besonders das fiir experimentelle Untersuchungen
heranzuziehende zervikale Bewegungssegment der Schafshalswirbelsdule ist

umstritten.
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1.5  Wissenschaftliche Fragestellung

Die Ablosung der klassischen intervertebralen Spondylodese mit trikortikalem
Beckenkammspan durch intervertebrale Implantate, sogenannte Cages, wirft Fragen
zum Zusammenhang zwischen dem Design der Implantate und deren Auswirkung
auf die intervertebrale Fusion auf. Obwohl mechanische Probleme des
Beckenkammspanimplantates durch Cages bereits jetzt reduziert werden konnten,
verbleibt derzeit die Notwendigkeit die Implantate mit autologem Knochenmaterial
zu fiillen, um eine sichere Spondylodese zu erzielen. Die mit der Entnahme des
autologen Knochenmaterials assoziierte Entnahmemorbiditdt stellt ein zentrales
Problem der Wirbelsdulenchirurgie dar. Erste Versuche durch die Applikation von
Wachstumsfaktoren wie BMP-2 und BMP-7 mittels eines Kollagen-Carriers diese
Entnahmemorbiditit zu eliminieren waren zwar im Bezug auf die Fusionsresultate
erfolgreich, brachten jedoch die oben angegebenen Probleme mit sich. Kenntnisse
iiber Designparameter, die eine intervertebrale Spondylodese determinieren, sowie
alternative Wachstumsfaktoren und Carrier-Systeme konnten zu einer Verbesserung

der Ergebnisse der zervikalen intervertebralen Spondylodese beitragen.

Zu Beginn der Planungsphase (1998) der nachfolgend geschilderten experimentellen
Untersuchungen und mit zunehmendem Informationsgewinn waren daher die

folgenden Fragen offen bzw. haben sich im Verlauf entwickelt:

1. Eignet sich die Schafshalswirbelsdule als Modell der humanen

Halswirbelsdule?

2. Bestehen biomechanische Unterschiede in der in vitro Primarstabilitit

verschiedener Cagedesigns?
3. Bestehen Unterschiede im Einheilungsverhalten verschiedener Cagedesigns?

4. Welche Designparameter haben Einfluss auf die in vivo Sekundérstabilitit
verschiedener Cagedesigns?

5. Wie verhiélt sich der Poly(D,L-laktid) Carrier im Vergleich zum Kollagen-
Carrier?

6. Ist die kombinierte Applikation von IGF-I und TGF-B1 mittels Poly(D,L-
laktid) beschichtetem Cage in der Lage die intervertebrale Spondylodese zu
stimulieren?

7. Welcher Dosis-Wirkungs-Zusammenhang besteht bei der kombinierten
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Applikation von IGF-I und TGF-B1 mittels Poly(D,L-laktid) beschichtetem
Cage?

8. Ist die intervertebrale Spondylodese durch kombinierte Applikation von IGF-
I und TGF-B1 mittels Poly(D,L-laktid) beschichtetem Cage ebenso effektiv

wie die Spondylodese mit autologem Knochenmaterial?

9. Wie verhilt sich die kombinierte Applikation von IGF-I und TGF-B1 im
Vergleich zur BMP-2 Applikation?
Entsprechend diesen Fragestellungen wurden die Effekte des Cagedesigns, der
Wachstumsfaktoren und der Carrier-Systeme auf die intervertebrale Spondylodese in
einer anatomisch-biomechanischen, einer rein biomechanischen und sechs

tierexperimentellen Teilstudien untersucht.
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2 Experimentelle Untersuchungen

2.1 Tiermodell Schafshalswirbelsaule

Fiir die Durchfiihrung und Interpretation tierexperimenteller Untersuchungen ist die
Wahl des addquaten Tiermodels entscheidend. Obwohl die Schafshalswirbelsdule als
Tiermodell der humanen Halswirbelsdule bereits vor dieser Untersuchung etabliert
war [201], ist die bestehende Datenlage nicht dazu geeignet, eine zuverldssige
Interpretation der im Tierexperiment gewonnenen Ergebnisse zu gewéhrleisten. Im
Einzelnen wurden daher folgende Fragestellungen in dieser anatomisch-

biomechanischen Untersuchung adressiert.

e Fiir die folgenden tierexperimentellen Untersuchungen waren humane Implantate
vorgesehen. Daher war es notwendig zu kldren, ob die Hohe und Breite des
Bandscheibenraums sowie der angrenzenden Deck- und Bodenplatten der
Wirbelkorper der Schafshalswirbelsdule dazu geeignet sind, human grof3e

zervikale Implantate aufzunehmen.

e Da eine biomechanische in vitro Evaluation zervikaler Cages geplant wurde, war
es notwendig, die Bewegungssegmente der Schafshalswirbelsdule hinsichtlich
ihrer biomechanischen Kenngro3en Bewegungsumfang, Steifigkeit, neutrale und

elastische Zone mit den humanen Bewegungssegmenten zu vergleichen.

e Die Knochendichten der Deck- und Bodenplatten der Wirbelkorper sind fiir das
in vivo Sinterungsverhalten von intervertebralen Cages von groBer Bedeutung
[69,85,103,123]. Daher war es notwendig zu kliren, welche Unterschiede
zwischen humaner und Schafs-Halswirbelsdule in der Knochendichte der

Wirbelkdrper bestehen.

e Funktionsradiologische Parameter in maximaler Flexion und Extension erlauben
beim Menschen die Unterscheidung zwischen einem fusionierten und einem
nicht fusioniertem Bewegungssegment [111,138]. Demzufolge war es
erforderlich, Unterschiede in den segmentalen funktionsradiologischen
Parametern zwischen den Spezies zu erheben.

e SchlieBlich war es das Ziel dieser Untersuchung, bei entsprechender Eignung des
Tiermodells, in der Zusammenfassung aller Ergebnisse das Bewegungssegment
auszuwihlen, dass eine moglichst gute Ubereinstimmung zwischen den Spezies

zeigt.
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™ Comparison Between Sheep and Human

Cervical Spines

An Anatomic, Radiographic, Bone Mineral Density, and

Biomechanical Study

Frank Kandziora, MD,* Robert Pflugmacher,” Matti Scholz,* Klaus Schnake, MD,*
Martin Lucke, MD,* Ralf Schroder, MD,t and Thomas Mittimeier, MD*

Study Design. The quantitative anatomic, radio-
graphic, computerized tomographic, and biomechanical
data of sheep and human cervical spines were evaluated.

Objectives. To compare the anatomic, radiographic,
computerized tomographic, and biomechanical data of
human and sheep cervical spines to determine whether
the sheep spine is a suitable model for human spine
research.

Summary of Background Data. Sheep spines have
been used in several in vivo and in vitro experiments.
Quantitative data of the normal sheep cervical spine are
lacking, yet these data are crucial to discussion about the
results of such animal studies.

Methods. In this study, 20 fresh adult female Merino
sheep cervical spines and 20 fresh human cadaver cervi-
cal spines were evaluated anatomically, radiographically,
computerized tomographically, and biomechanically.
Three linear and two angular parameters were evaluated
on four digital radiographic views: anteroposterior, right
lateral in neutral position, flexion, and extension. Quanti-
tative computed tomography scans at the center of each
vertebral body and 3 mm below both endplates were
analyzed for bone mineral density measurements. Biome-
chanical testing was performed in flexion, extension, ax-
ial rotation, and lateral bending by a nondestructive stiff-
ness method using a nonconstrained testing apparatus.
Range of motion and stiffness of each motion segment were
calculated. Additionally, 10 linear anatomic parameters of
each vertebra were measured using a digital ruler.

Results. Anterior and mean disc space height in the
sheep cervical spine increased constantly from C2-C3 to
C6-C7, whereas middle disc space height decreased and
posterior disc space height remained unchanged. Ante-
rior and mean disc space height were significantly higher
in sheep. In both sheep and human cervical spines, inter-
vertebral angles were not significantly different. Standard
deviations of bone mineral density in the human cervical
spine were fourfold higher than in the sheep cervical
spine, yet no significant differences were found in bone
mineral density values between the two species. Range of
motion differed significantly between the two species ex-
cept in flexion—extension of C3-C4, C5-C6, axial rotation
of C2-C3, and lateral bending of C2-C3, C3-C4, and C4-
Cb. Stiffness also was significantly different except in flex-
ion—extension of C2-C3, C4-C5, C5-C6, and lateral bend-
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ing of C2-C3, C3-C4, and C4-C5. Anatomic evaluation
showed no difference in upper endplate parameters for
C4 and C5.

Conclusions. Although several differences were found
between human and sheep cervical spines, the small in-
tergroup standard deviations and the good comparability
with the human spine encourage the use of the sheep
cervical spine as a model for cervical spine research. On
the basis of the quantitative data obtained in this study,
the sheep motion segment C3-C4 seemed to be the most
reliable model for the corresponding human motion
segment. [Key words: anatomy, animal model, biome-
chanics, bone mineral density, cervical spine, human, ra-
diology, sheep] Spine 2001;26:1028-1037

Fresh human cadaveric specimens are difficult to obtain
for in vitro experiments. Animal specimens are more eas-
ily available and show much better homogeneity than
human specimens when selected for breed, gender, age,
and weight.”-®1? Therefore, animals are becoming more
and more common as i1 vivo and in vitro models for the
human spine. Besides goat, pig, dog, and calf spines,
most studies in the past have been carried out with sheep
spines. The sheep cervical spine is stated to be a good
model for the human cervical spine, mainly because of
the comparable cervical lordosis. Therefore, sheep spines
have been used in several in vivo and in vitro
experiments 31 1:16:18,20,21,24,25,30,34 36

Quantitative data of the normal sheep cervical spine
are lacking, but they are crucial for discussion about the
results of such animal studies. Therefore, this study
aimed to determine quantitative anatomic, radiographic,
computerized tomographic (CT), and biomechanical
data of the sheep cervical spine and compare it directly with
the corresponding data of the human spine. The database
generated in this study may be helpful for planning exper-
imental studies using a sheep cervical spine model.

B Materials and Methods

In this study, 20 fresh adult (age, 2 years; average weight,
64.6 * 3.7 kg) female Merino sheep cervical spines (CO-TH1)
and 20 fresh human cadaver cervical spines (CO-THT1) were
evaluated anatomically, radiographically, computerized tomo-
graphically, and biomechanically. The average age of the hu-
man donors (10 women and 10 men) was 51.2 * 5.9 years
(range, 32-60 years). The medical history of each human do-
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a) b)

c)

d)

Figure 1. Digital radiographic scans of the sheep cervical spine in four projections: a, anteroposterior, b, right lateral in flexion, ¢, right

lateral in neutral position, and d, right lateral in extension.

nor was reviewed to exclude trauma malignancy or metabolic
disease that might compromise functional or anatomic param-
eters of the cervical spine.

Radiologic Measurements of Sheep and Human Cervical
Spines. Digital radiographic views (100-cm focus-film-
distance; 47 kV; 4 mAs) of all the sheep and human cervical
spines were performed in four projections: anteroposterior,
right lateral in neutral position, flexion, and extension (Figure

Figure 2. Radiographic measure-
ments. a, Anterior disc space
height (aDSH), posterior disc
space height (pDSH), and middle
disc space height (mDSH); b, in-
tervertebral angle (IVA) and lor-
dosis angle (LA).

1). Three linear and two angular parameters (Figure 2) were
measured for every motion segment on each radiographic scan
using a digital ruler (accuracy 0.1 mm, inha GmbH, Berlin,
Germany) and a goniometer (accuracy 0.5°, inha GmbH). To
allow functional radiologic evaluation, TH1 was fixed with
pins rigidly while a 60-Nm load was applied to C1 to induce
flexion or extension. The magnification of radiographic films as
compared with anatomic measurements was taken into consider-
ation. Each value obtained by radiographic measurement was
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a)

c)

Figure 3. Bone mineral density measurements of the sheep cervical spine. Quantitative computed tomography (CT) scans were obtained
in 1-mm cuts. Midsagittal two-dimensional reconstruction of C4 is depicted on the left side. Evaluation was performed on three slices: a,
upper endplate (3 mm below the cortex), b, center of the vertebral body, and ¢, lower endplate (3 mm above the cortex). A 6-point bone
mineral density phantom also is shown. The region of interest (ROI), depicted in a, was similar for each slice.

multiplied with a correction factor: correction factor =
(focus-film-distance — focus-object-distance)/focus-film-distance.

Bone Mineral Density Measurements of Sheep and Hu-
man Cervical Spines. Quantitative CT scans for bone min-
eral density measurements were performed using a Siemens
Somatom plus 4 scanner (Siemens Inc., Erlangen, Germany).
Slices 1 mm thick were cut parallel to a plane defined by the
most anteroinferior point of the endplate in the midsagittal
plane and the most inferior point of the right and left inferior
facet joint surfaces of C3—C7. Bone mineral density (BMD)
measurements were calibrated with a 6-point bone mineral
density phantom. In each vertebra (C3-C7), analogous regions
of interest were measured at the center of the vertebral body
and 3 mm below both endplates (Figure 3). Measurements
were performed using specific scanner software (Sienet Magic
View VA 30A, Siemens, Inc., Erlangen, Germany).

Stiffness Tests of Sheep and Human Cervical Spines. En
bloc specimens were stored at —20 C until they were thawed in
a water bath at 25 C for biomechanical testing. The motion
segments C2 to TH1 were isolated, and superficial musculature
was removed. Care was taken to preserve all ligaments.

Each motion segment (C2-C3, C3-C4, C4-CS5, C5-Cé,
C6-C7) was tested separately. Specimens were kept moist dur-
ing tests. Testing was performed by a nondestructive stiffness
method using the nonconstrained testing apparatus (Figure 4)
described in detail earlier.*'? Pure bending moments were ap-
plied using a system of cables and pulleys to induce flexion,
extension, left and right lateral bending, and left and right axial
rotation. Tension was applied to the cables with a uniaxial

testing machine (Zwick 1456, Zwick GmbH, Ulm, Germany).
Applied forces were measured with an axial load cell (212,
HBM, Darmstadt, Germany) mounted on the testing frame.
Moments were calculated by multiplying the applied force by
the radius of the pulley on the spine-testing fixture.

Three-dimensional displacement of each motion segment
was measured using an optical measurement system (Qualysis
Inc., Sdvebalden, Sweden). Nonlinear diodes (Qualysis) were
attached to the corpora of each vertebra. Marker positions
were detected with two cameras and recorded with a comput-
erized motion analysis system (PC-Reflex; Qualysis). Angular
displacement of upper vertebra in relation to the lower vertebra
was calculated from the marker position using custom-made
computer software. The average experimental error associated
with this method was =0.17° for flexion—extension, +=0.21°
for axial rotation, and *=0.18° for lateral bending '°.

The vertebrae were mounted in pots using polymethyl-
methacrylate (Technovit 3040; Heraeus Kulzer GmbH, We-
hrheim/Ts, Germany). The lower pot was attached rigidly to
the base of the testing apparatus. This test setup resulted in a
compressive preload of 25 N, attributable to the weight of the
upper fixation pot, which represented the average weight of the
sheep’s head. Moments were applied quasi-statically in incre-
ments of 1 Nm to a maximum of 6 Nm. Test modes were
flexion, extension, left and right axial rotation, and left and
right lateral bending. Specimens were preconditioned using
three cycles of a 6-Nm load with a velocity of 1.2 mm/second of
the traverse bar of the uniaxial testing machine. The fourth
cycle was measured. The total range of motion was measured in
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Figure 4. Biomechanical test setup showing the nonconstrained
testing apparatus described in detail earlier.>'® Pure bending
moments were applied using a system of cables and pulleys. The
three-dimensional displacement of each motion segment was
measured using an optical measurement system (Qualysis Inc.,
Séavebalden, Sweden). Nonlinear diodes (Qualysis) were attached
to the corpora of each vertebra.

degrees. The mean apparent stiffness values in the elastic zone
were calculated from the corresponding load-displacement
curves.

Anatomic Measurements of Sheep and Human Cervical
Spines. Finally, the complete soft tissue, including the interver-
tebral discs, was removed, and anatomic evaluation was per-
formed. Ten linear parameters (Figure 5) were measured using
a digital ruler (stated accuracy 0.1 mm, inha GmbH, Berlin, Ger-
many). All symmetrical structures were measured bilaterally. Pa-
rameters were evaluated relative to a plane defined by the most
anteroinferior point of the endplate in the midsagittal plane and
the most inferior point of the right and left inferior facet joint
surfaces. This scheme was implemented by using a milled plate,
which allowed each specimen to rest on these three points.

Statistical Analysis. The accuracy of anatomic, radiographic,
and bone mineral density measurements was investigated by
repeated measurements. Two vertebrae, two radiographic
films, and two CT scans of each species were selected at ran-
dom to obtain the complete series of measurements performed
10 times each. For comparison between sheep and human pa-
rameters, Fisher’s least square difference was used. Statistically
significant differences were defined at a 95% confidence level.
The values are given as mean =+ standard deviation (minimum-—

b) W/ ¥

Figure 5. Anatomic measurements. a, Anterior vertebral body
height (AVBH), posterior vertebral body height (PVBH), and pedicle
height (PH). b, Upper endplate depth (UEPD), upper endplate width
(UEPW), spinal canal depth (SCD), spinal canal width (SCW), and
pedicle width (PW). Not shown: lower endplate depth (LEPD) and
lower endplate width (LEPW).

maximum). Statistical evaluation was supported by SPSS (re-
lease 7.5, SPSS Inc. Chicago, IL, USA) software.

H Results

Radiologic Measurements of Sheep and Human

Cervical Spines
Radiologic measurements of linear parameters were ac-
curate to =0.08 mm. Intervertebral angle and lordosis
angle measurements were accurate to =0.7° and =1.8°,
respectively.

In the human spine, both endplates were concave,
whereas in the sheep spine, the upper endplate was con-
vex and the lower endplate concave. Additionally, the
curvature of the sheep upper endplates increased in a
craniocaudal direction. Therefore, the anterior and mean
disc space height (DSH) in the sheep cervical spine in-
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Table 1. Intervertebral Disc Space Height (DSH) for Sheep and Human Cervical Spines

Anterior DSH Middle DSH Posterior DSH Mean DSH

Sheep Human Sheep Human Sheep Human Sheep Human

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
C2-C3 7.0 = 0.5(6-8)* 5.4 + 0.8 (4-8) 6.8 = 0.5(5-8)* 5.9 + 0.7 (4-9) 4.7 + 0.7 (4-6) 3.9+0.8(3-5) 6.1 £ 0.7 (5-7.3)* 5.0 = 0.6 (4-7.5)
C3-C4 7.5+ 0.4 (7-8)* 53+ 0.5 (4-7) 6.7 = 0.5 (6-8) 6.2+ 0.9(4-8) 43 +05(4-6) 3.6+ 0.6 (3-5) 6.2 =05 (53-7)* 5.0+ 0.7 (3-8)
C4-C5 8.0 = 0.5(7-10)* 5.4 + 0.9 (4-10) 5.9 + 0.9 (4-7.5) 6.3 +1.3(4-9) 4.4 +0.5(3.5-5) 3.9 +0.7(2-5) 6.1 = 0.6 (5-6.6)* 5.2+ 0.6 (4-7)
C5-C6 8.2+ 0.8 (6-10)* 5.2 = 1.1(0.4-1.0) 5.7 =06 (4-7) 6.5+ 1.1(4-8) 4.5 =+ 0.6 (4-6) 3.6 = 0.9(2-6) 6.1 = 0.6 (5-7)* 5.1+ 06 (4-7)
C6-C7 8.3 +0.9(7-10)* 53 +1.2(4-9) 5.4 + 0.4 (3.5-6)* 6.4 +1.0(4-9) 4.3 +0.4(3-5) 35+0.7(2-5) 6.0 = 0.6 (4-7)* 5.1 0.4 (3-6)

* P < 0.05 in comparison with the human spine.

creased constantly from C2-C3 to C6-C7, whereas the
middle DSH decreased and the posterior DSH remained
unchanged. The anterior and mean DSH were signifi-
cantly higher in the sheep (Table 1).

In the two species, the intervertebral angles were not
significantly different. In both the sheep and human
spines, the flexion—extension differences in intervertebral
angles increased from C2-C3 to the maximum at C4-
C35, then decreased again (Table 2). Functional radio-
graphic evaluation showed significant flexion—extension
differences for the lordosis angle between the two species
in all motion segments except C5-Cé6 (Table 3).

Bone Mineral Density Measurements of Sheep and

Human Cervical Spines
The BMD measurements were accurate to +0.008
g/cm®. Mean BMD values for the human and sheep
lower cervical spines are depicted in Table 4.

The standard deviation for BMD of the human cervi-
cal spine was fourfold higher than that of the sheep cer-

vical spine. Measurements showed an interlevel BMD
variability for the upper and lower endplate in both spe-
cies, with a maximum at C5 and a minimum at C7. The
BMD at the center of the vertebrae increased constantly
in a craniocaudal direction. The mean endplate BMD for
the sheep and human cervical spines was 32% (C3) to
12% (C7) higher than the BMD at the center of the
vertebra (P < 0.01). There was no significant difference
between the BMDs of the two species in the middle and
lower cervical spine.

Stiffness Tests of Sheep and Human Cervical Spines
The results of stiffness tests for the human and sheep
cervical spines are depicted in Figures 6 and 7. The range
of motion (Figure 6a—c) was significantly different be-
tween the two species except for flexion—extension of
C3-C4 and C5-C6, axial rotation of C2-C3, and lateral
bending of C2-C3, C3-C4, and C4-CS5. Stiffness (Figure
7a—c) also was significantly different between the two
species except for flexion—extension of C2-C3, C4-CS5,

Table 2. Intervertebral Angle for Sheep and Human Cervical Spines in Flexion, Neutral Position, and Extension

Flexion Neutral Extension Total Motion
Sheep Human Sheep Human Sheep Human Sheep Human
(°) °) (°) (°) (°) (©) ©) (°)

C2-C3 4.6 +3.3(0-8) 45+ 40(0-12) 6.7 = 3.1(0-10) 7.5 + 4.1(0-16) 7.6 +=3.8(0-13) 8.8 = 4.1(2-18) 3.0 = 1.2(1.1-4.6) 43 +1.5(2.7-6.6)
C3-Ca 45 +38(0-11) 4.3 +33(0-9) 9.7 = 35(4-17) 10.3 =3.3(3-19) 12.1 = 4.0(5-19) 12.8 = 4.0 (5-21) 7.6 = 1.4(5.8-9.6) 8.5+ 1.9(6.3-9.6)
C4-C5 2.6 + 2.2(0-6.5) 3.4 +28(0-9) 10.8 = 2.9 (5-16) 11.5 =27 (6-19) 14.1 = 4.4 (6-21.5) 146 = 4.1(7-22) 115+ 1.9(9.1-135) 11.2 = 1.8(9.2-13.6)
C5-C6 2.8 +26(0-8) 3.6 = 2.4(0-10) 10.1 = 3.4 (6-17) 10.1 = 2.8 (6-20) 13.8 = 4.0 (6-18.5) 14.1 = 4.0(7-22) 11.0 = 1.6 (9.0-13.4) 10.5 = 1.4 (9.0-13.0)
C6-C7 38 +£49(-3-11) 3.7 £39(0-10) 9.5 +2.1(5-12) 9.2 +3.0(6-19) 12.6 = 4.6 (6-20.5) 122 = 4.2(7-21) 8.8 + 1.2(6.8-10.6) 8.5+ 1.4(6.1-10.5)
Note: Difference = extension — flexion, — = kyphosis, + = lordosis.

Table 3. Lordosis Angle for Sheep and Human Cervical Spines in Flexion, Neutral Position, and Extension

Flexion Neutral Extension Total Motion
Sheep Human Sheep Human Sheep Human Sheep Human
(°) (°) (°) (©) (©) (°) ©) (°)

C2-C3 —1.2+5.0(-8-0) —25+40(-6-3) —1.0 = 1.5(-3-0)* 3.1 +3.1(0-11) 32+47(-3-7)7* 8.2 +43(4-18) 44 +2.7(1.1-4.6)* 10.7 + 25(5.1-14.2)
C3-Ca —0.6 = 4.8(—8-6)* -31+29(-8-3) 47 +38(0-11.5) 5.7 +35(2-12) 6.7 = 3.0 (2-12)* 124 = 46 (5-21) 7.3 +3.4(5.8-9.6)* 15.5 = 29(12.3-21.1)
C4-C5 —0.9 = 4.6 (—8-6)* —4.8 +28(—8-4) 7.6 +3.3(0-12) 7.4 +2.9(2-15) 12.3 = 1.9(9.5-14.5) 14.6 = 5.1(7-22) 13.2 =£39(9.1-17.5)* 19.2 + 3.8(15.2-24.2)
C5-C6 0.5 +6.1(—6-12)* —4.8 +27(-9-4) 11.0 = 3.4(7-17) 9.1 +3.8(3-20) 18.4 = 3.4 (12.5-24) 15.7 = 4.9(7-22) 17.9 = 3.6 (13.0-22.4) 20.5 + 3.4(16.0-23.4)
C6-C7 5.2 +55(0-13)* —34+31(-7-3) 22.8 +3.8(18-29)* 8.3 +3.0(3-19) 28.8 = 5.6 (18.5-36)* 15.1 = 4.5(7-21) 23.6 + 4.2 (18.8-28.0)* 18.5 = 3.4 (14.0-23.6)
Note: Difference = extension — flexion, — = kyphosis, + = lordosis.

* P < 0.05 in comparison with the human spine.
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Table 4. Bone Mineral Density (BMD) of Sheep and Human Cervical Spines
c3 ca c5 c6 c7
Sheep Human Sheep Human Sheep Human Sheep Human Sheep Human
(g/em?) (g/em?) (g/em?) (g/em?) (g/cm (g/em?) (g/em?) (g/em?) (g/em?) (g/em?)
Upper 0.452 + 0.031 0417 +0.124 0.456 = 0.034 0.442 +0.142 0.468 = 0.030 0.447 + 0.112 0.450 = 0.029 0.426 + 0.152 0.431 + 0,028 0.399 = 0.119
endplate
Center 0.341 + 0.026 0312+ 0.102 0.338 = 0.025 0.333 + 0.098 0.360 = 0.031 0.343 +0.118 0.372 + 0.021 0319 +0.118 0.382 + 0.022 0.304 = 0.089
Lower 0.460 = 0.028 0.446 + 0.108 0.460 = 0.032 0.464 = 0.142 0.472 = 0.041 0.464 = 0.102 0.455 + 0.020 0.414 = 0.134 0.439 + 0.033 0.402 = 0.107
endplate

and C5-C6, and lateral bending of C2-C3, C3-C4, and
C4-CS5.

Anatomic Measurements of Sheep and Human

Cervical Spines
Anatomic measurements were accurate to =0.08 mm.
The results of anatomic measurements are depicted in
Table 5. In the sheep cervical spine, anterior vertebral
body height typically was higher than posterior vertebral
body height, whereas these parameters were not different
in the human spine. Sheep vertebrae were conical,
whereas human vertebrae were cylindrical. As a result,
the lower endplate parameters (lower endplate width
and depth) for the sheep spine were constantly greater
than upper endplate parameters (upper endplate width
and depth). Therefore, a significant difference in lower
endplate parameters for the two species was observed.
Yet, no difference was found in upper endplate parame-
ters for C4 and CS.

All the sheep vertebrae were taller in size (1.4- to 2.8-
fold) than the human vertebrae. The sheep pedicles were
taller than the human pedicles (4.5- to 2.1-fold), but no
difference was found in pedicle width. Spinal canal pa-
rameters (spinal canal depth and width) were always
higher in the human spine.

H Discussion

Although the sheep cervical spine has been used repeat-
edly as a model in spine research, little quantitative data
are available.’*35 Therefore, the aim of this study was to
determine quantitative anatomic, radiographic, comput-
erized tomographic, and biomechanical data of the sheep
cervical spine and compare it directly with the corre-
sponding data of the human spine.

Radiographic evaluation showed an average DSH of 6
mm in the sheep cervical spine, which was approxi-
mately 1 mm (15%) higher than the DSH in the human
cervical spine. In contrast, Wilke et al*> assumed a
difference of 2 to 3 mm, citing the data of Moroney et
al.?? In the lumbar spine, differences in intervertebral
DSH between sheep and humans are substantially
higher. Anterior DSH in the human lumbar spine
ranges between 11 and 16 mm,'%** whereas that of
sheep shows a mean DSH of 4.2 to 4.5 mm.?* There-
fore, with regard to DSH, the sheep cervical spine may
represent a better model for human studies than the
sheep lumbar spine.

Functional radiographic assessment (flexion—extension
radiographs) often is applied clinically to evaluate inter-
body fusion.”!”*® In the current study, the intervertebral
angles of the two species were not significantly different.
Similarities in at least major dimensions were observed also
for the lordosis angle, especially for the motion segment
C5-C6. Therefore, if fusion is the goal of an animal study,
the functional radiographic data of the normal sheep cervi-
cal spine motion segment reported in this discussion may be
a helpful tool for distinguishing among normal, fused
(without any motion), and nonfused motion segments.

To the authors’ knowledge, BMD data for the sheep
cervical spine do not exist, and only one available
study addresses BMD variations of the human cervical
spine. Curylo et al’° studied 17 human cadaver lower
cervical spines (C4—-C7) using dual-energy radiograph
absorptiometry and showed higher BMD values than
those obtained in the current study using quantitative
CT scans.

In accordance with Curylo et al,’ the current study
showed a significant variability in cervical spine inter-
level BMD, suggesting that random single-segment bone
mineral density measurements or mean specimen bone
mineral density values may not be relevant for predicting
BMD in this specific region. In the current study, no
significant difference was found between the BMD values
of human and sheep lower cervical spines. The least per-
centile difference between the two species was found for
C4. Standard deviations for the BMD of the human cer-
vical spine were fourfold higher than the BMD of the
sheep cervical spine. This may be important for the test-
ing of fixation devices such as plates, screws, and inter-
body fusion cages because a quasi-BMD-independent
evaluation of human implants is possible using the sheep
cervical spine model.

Many in vivo and in vitro experiments have relied on
the sheep spine model, although there was little knowl-
edge about biomechanical comparability with the hu-
man spine. '»11:16:20:21.24,25.36 Nany of these studies were
in vivo investigations to evaluate the results of disc sur-
gery. 11202125 ilke et al** was the first to describe
biomechanical analogies between sheep and the human
spines by testing sheep spines and comparing the data to
the literature. Although many data are available from in
vitro and in vivo tests of the normal human cervical
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Figure 6. Range of motion at 6

Nm in human and sheep cervical
spine specimens. a,Combined
segmental flexion—extension
range of motion in the human
and sheep cervical spine. *P <
0.05 in comparison with the hu-
man spine.

C2/C3

spine,'?3#33 comparison remains difficult because of the

large variety in test setups.

The current study is the first to compare sheep and
human cervical spines biomechanically with an iden-
tical test setup. The range of motion results for the
sheep cervical spine in this study were slightly higher
than those previously reported by Wilke et al,>* most
likely because of the higher moments applied (2.5 vs 6
Nm). Although range of motion and stiffness data
were mainly comparable in their craniocaudal trends-
,significant differences between the two species were
observed, especially for rotation parameters. If the
sheep model is used, the motion segments C2-C3 and
C3-C4 appear to be the most suitable for biomechani-
cal tests.

C4/C5 C5/Cé ce/C7

Anatomic evaluation of the human cervical spine
showed values comparable with those of previous
studies.®?1%26:27:2931 A number of fundamental ana-
tomic differences in the cervical spine were observed
between the two species: Sheep vertebrae were taller
than wide, whereas human vertebrae were wider than
tall; sheep vertebral bodies had a conic shape, whereas
human vertebral bodies were cylindrical; sheep
pedicles were ellipsoid, whereas human pedicles were
nearly round; and in the sheep spine, the upper end-
plate was convex and the lower endplate concave,
whereas both endplates were concave in the human
spine. Yet, fundamental similarities also existed be-
tween the two species. In particular, no significant dif-
ference could be found between the upper endplate
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0.05 in comparison with the hu-
man spine.

parameters (upper endplate depth and width) for C4
and CS.

Without doubt, sheep and human cervical spines
are different, both in appearance and function. The
statistical evaluation in this study confirmed this dif-
ference. But statistics also highlighted the fact that the
motion segment C3—C4 showed the least difference, as
compared with the corresponding human motion seg-
ment. Although lower endplate depth and width pa-
rameters in this motion segment are significantly dif-
ferent, upper endplate depth and width as well as DSH
parameters are similar enough to allow implantation
of human cervical spine interbody implants. If the ob-
ject is the testing of human cervical spine interbody
implants, the authors think that the sheep motion seg-
ment C3-C4 is a valid model, both in appearance
and function. For other research purposes species-

motion segment

specific cages, taking the various lower endplate depth
and width parameters into account might be more
suitable.

H Conclusion

The results of this study provide a comprehensive mor-
phologic and biomechanical database on the 2-year-
old female Merino sheep cervical spine. Although
there were distinct differences between the human and
sheep cervical spines, the small intergroup standard
deviations and the good comparability with the hu-
man spine encourage the use of the sheep cervical spine
as a model for human cervical spine research. On the
basis of proven analogy, the sheep motion segment
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Table 5. Anatomic Parameters of Sheep and Human Cervical Spines

C7

C6

C5

C4

C3

Human
(mm)

Human Sheep Human Sheep Human Sheep Human Sheep
(mm) (mm) (mm) (mm) (mm)

(mm)

Sheep

(mm)

(mm)

(mm)

20-28
6-11)

4-11)

17.3 £ 0.77

22-29
6-11)

8.1+072
6.2 = 0.56

4-7)

211 £094
6.2 =043

20-30
6-10)
3-8)

7.7 +0.89
5.8 = 0.58

24-31
4-6)

26.4 = 1.03
5.0+ 0.37

13-19
20-31
5-11)
3-8)

53+ 0.72

3-6)

44 + 042

302111

20-28
6-10)
3-8)

16.5 = 0.98
246 +1.23
74 +1.09
5.0+ 0.78

9-13)*
12-17)*
27-317)*

4-6)

456 + 0.82
445 +0.92
20.0 = 0.66
25.8 = 0.62
10.9 = 0.45
15.2 = 0.59
323+1.02

47 =031

AVBH
PVBH
UEPD
UEPW
LEPD
LEPW
SCD
Scw
PH
PW

* P < 0.05 in comparison with the human spine.

lower endplate width, SCD = spinal

AVBH = anterior vertebral body height, PVBH = posterior vertebral body height, UEPD = upper endplate depth, UEPW = upper endplate width, LEPD = lower endplate depth, LEPW

canal depth, SCW = spinal canal width, PH = pedicle height, PW = pedicle width.

C3-C4 especially seemed to represent a valid model
for corresponding human motion segment.
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Da sich in dieser Untersuchung gezeigt hatte, dass das Bewegungssegment C3/C4
der Schafshalswirbelsdule als Model des humanen Bewegungssegmentes C3/C4
geeignet ist, wurden alle weiteren Untersuchungen an diesem Bewegungssegment

durchgefiihrt.

29



2.2 Zervikale Cages
2.2.1 In vitro Untersuchung zervikaler Cages

Zervikale Cages konnen nach Weiner [200] in 3 verschiedene Designgruppen

unterteilt werden: Schrauben-, Box- und Zylinderdesigne. Die bisher vorliegenden

Untersuchungen [140,203] lassen keine eindeutige Aussage dariiber zu, ob

prinzipielle Unterschiede in der biomechanischen in vitro Primérstabilitidt zwischen

diesen Cagedesigngruppen bestehen. Der Einfluss des Cagedesigns auf die
biomechanische in vitro Primérstabilitit bleibt demzufolge momentan unklar und
sollte in dieser rein biomechanischen Untersuchung geklért werden.

e Dabher sollten in dieser Untersuchung Cages aller drei Designgruppen hinsichtlich
ihrer biomechanischen Kenngroflen Bewegungsumfang, Steifigkeit, neutrale und
elastische Zone verglichen werden, um potentielle Unterschiede zwischen den
Designgruppen zu evaluieren.

e Zusitzlich sollten Parameter entwickelt werden, die es erlauben, anhand von
biomechanischen in vitro Daten die in vivo Einheilung eines Cages zu
prognostizieren.

e SchlieBlich sollten anhand der gewonnenen Daten Cages ausgewdihlt werden, die

fiir eine in vivo Evaluation im Tiermodell geeignet sind.

30
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™ Biomechanical Comparison of Cervical Spine Interbody

Fusion Cages

Frank Kandziora, MD,* Robert Pflugmacher,” Jan Schafer,* Christian Born, MD,t
Georg Duda, PhD,* Norbert P. Haas, MD,* and Thomas Mittimeier, MD*

Study Design. An in vitro biomechanical study of cer-
vical spine interbody fusion cages using a sheep model
was conducted.

Objectives. To evaluate the biomechanical effects of
cervical spine interbody fusion cages, and to compare
three different cage design groups.

Summary and Background Data. Recently, there has
been a rapid increase in the use of cervical spine interbody
fusion cages as an adjunct to spondylodesis. These cages
can be classified into three design groups: screw, box, or
cylinder designs. Although several comparative biome-
chanical studies of lumbar interbody fusion cages are avail-
able, biomechanical data for cervical spine constructs are
lacking. Additionally, only limited data are available con-
cerning comparative evaluation of different cage designs.

Methods. In this study, 80 sheep cervical spines (C2-
C5) were tested in flexion, extension, axial rotation, and
lateral bending with a nondestructive stiffness method
using a nonconstrained testing apparatus. Three-dimen-
sional displacement was measured using an optical mea-
surement system (Qualysis). Complete discectomy (C3—
C4) was performed. Cervical spine interbody fusion cages
were implanted according to manufacturers’ information.
Eight spines in each of the the following groups were tested:
intact, autologous iliac bone graft, two titanium screws
(Novus CTTi; Sofamor Danek, Koln, Germany), two titanium
screws (BAK-C 8 mm; Sulzer Orthopedics, Baar, Switzer-
land), one titanium screw (BAK-C 12 mm; Sulzer Orthope-
dics), carbon box (Novus CSRC; Sofamor Danek), titanium
box (Syncage; Synthes, Bochum, Germany), titanium mesh
cylinder (Harms; DePuy Acromed, Sulzbach, Germany), ti-
tanium cylinder (MSD; Ulrich, Ulm, Germany), and titanium
cylinder (Kaden; BiometMerck, Berlin, Germany). The mean
apparent stiffness values were calculated from the corre-
sponding load-displacement curves. Additionally, cage vol-
ume and volume-related stiffness was determined.

Results. After cervical spine interbody fusion cage im-
plantation, flexion stiffness increased, as compared with
that of the intact motion segment. On the contrary, rota-
tion stiffness decreased after implantation of a cervical
spine interbody fusion cage, except for the Novus CSRC,
Syncage, and Kaden-Cage. If two screws were inserted
(Novus CTTi and BAK-C 8 mm), there was no significant
difference in flexion stiffness between screw and cylinder
design groups. If one screw was inserted (BAK-C 12 mm),
flexion stiffness was higher for cylinder designs (P <
0.05). Extension and bending stiffness were always higher
with cylinder designs (P < 0.05). Volume-related stiffness-
for flexion extension and bending was highest for the
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Harms cage (P < 0.05). There was no difference for rotation
volume-related stiffness between Harms and Syncage.

Conclusions. The biomechanical results indicate that
design variations in screw and cylinder design groups are
of little importance. In this study, however, cages with a
cylinder design were able to control extension and bend-
ing more effectively than cages with a screw design. [Key
words: animal model, biomechanics, cages, cervical
spine, sheep] Spine 2001;26:1850-1857

Anterior decompression and interbody fusion are widely
accepted as surgical treatment for patients with cervical
spondylosis. Tricortical iliac crest bone graft, the gold
standard heretofore, is associated with high donor site
morbidity. Additional problems such as pseudarthrosis,
graft collapse with kyphotic deformity, and graft extru-
sion have led to a rapid increase in the use of cervical
spine interbody fusion cages (CSIFC) as an adjunct to
spondylodesis.®!%2%:23:26:43 Yet biomechanical data are
lacking.

Interbody fusion cages are being developed in the
quest for interspace structural stability during bony fu-
sion. They have been promoted with the aim to provide
immediate strong anterior column support. Several inter-
body construct designs have been developed. According to
Weiner and Fraser,*? these construct designs can be subdi-
vided into three design groups: screw (horizontal cylinder),
box, or cylinder (vertical ring) designs. Although several
comparative biomechanical studies of lumbar interbody
fusion cages are available,2+%10:12:16,21,28,32-34,40,41,50
cervical spine constructs have not yet been addressed.
Additionally, only little biomechanical data are available
concerning comparative evaluation of different cage
designs.

Therefore, the aims of this study were to evaluate bio-
mechanical properties of cervical spine interbody fusion
cages, and to compare three CSIFC design-groups.

B Material and Methods

Spine Preparation. In this study, 80 cervical spines (C2-C5)
of 2-year-old adult female Merino sheep (average weight,
67.2 = 4.6 kg) were used for biomechanical testing. En bloc
specimens were stored at —20 C until they were thawed in a
water bath at 25 C. The motion segment C3—-C4 was isolated,
and superficial musculature was removed. Care was taken to
preserve all ligaments. Each specimen was radiographically
screened to exclude abnormalities that might compromise the
mechanical properties of the sheep cervical spine.

To simulate essential clinical features, a complete discec-
tomy of C3-C4 with resection of the anterior longitudinal lig-
ament was performed. The endplates were shaved using a high-
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speed diamond burr. Cervical interbody fusion cages were
implanted according to manufacturers’ information.

Cervical Spine Interbody Fusion Cages. Cages are shown
in Figure 1. The height, width, and depth of the CSIFCs used in

Figure 1. The different groups tested in the study. Lateral radio-
graphs of the sheep motion segment C3-C4 and the implanted
cages are shown. Control groups: A, Intact motion segment. B,
Autologous iliac bone graft. Screw designs: C, Two titanium screws
(Novus CTTi; Sofamor Danek). D, Two titanium-screws (BAK-C 8
mm; Sulzer Orthopedics). E, One titanium screw (BAK-C 12 mm,
Sulzer Orthopedics). Box designs: F, Carbon-box (Novus CSRC;
Sofamor Danek). G, Titanium box (Syncage; Synthes). Cylinder
designs: H, Titanium mesh cylinder (Harms; DePuy Acromed). I,
Titanium- cylinder (MSD; Ulrich). J, Titanium cylinder (Kaden;
BiometMerck).

this study are depicted in Table 1. To allow comparison be-
tween the different cage designs, cages of similar height, width,
and depth were used.

The volume of the cages was determined by the water dis-
placement technique, according to the Archimedes’ principle."’
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Table 1. Height, Width, and Depth of the Cervical Spine Interbody Fusion Cages

Height Width Depth

Group Cage Type Company Material (mm) (mm) (mm)
2 lliac bone graft — — Bone 8 14 14
3 Novus CTTi* Screw Sofamor Danek Titanium 8 8 12
4 BAK-C* Screw SulzerMedica Titanium 8 8 12
5 BAK-C Screw SulzerMedica Titanium 12 12 12
6 Novus CRSC Box Sofamor Danek Carbon 1 8 12
7 Syncage C Box Synthes Titanium 7 15 13
8 Harms Cylinder DePuyAcroMed Titanium 8 14 14
9 MSD Cylinder Ulrich Titanium 8 14 14
10 Kaden Cylinder BiometMerck Titanium 7 16 15

* The producer recommends the use of two parallel inserted cages of this height for cervical interbody fusion.

To measure endplate implant contact area, the cages were cut
in two horizontal parts. Standardized axial digital pictures
were taken for each upper and lower part of the cages. The
endplate implant contact area was measured using digital pic-
ture analysis system (Kontron; Zeiss, Jena, Germany).

Test Setup. Testing was performed by a nondestructive flexi-
bility method using a nonconstrained testing apparatus de-
scribed elsewhere in detail.'®'® Pure bending moments were
applied using a system of cables and pulleys to induce flexion,
extension, left and right lateral bending, and left and right axial
rotation, correspondingly. Tension was applied to the cables
with a uniaxial testing machine (Zwick 1456; Zwick GmbH,
Ulm, Germany). Applied forces were measured with an axial
load cell (Z 12; HBM, Darmstadt, Germany) mounted on the
testing frame. Moments were calculated by multiplying the ap-
plied force by the radius of the pulley on the spine-testing
fixture.

Three-dimensional displacement of each motion segment
was measured using an optical measurement system (Qualysis,
Savebalden, Sweden). Nonlinear diodes (Qualysis) were at-
tached to the corpora of C3 and C4. Marker positions were
detected with two cameras and recorded with a computerized
motion analysis system (PC-Reflex; Qualysis). Angular dis-
placement of the upper vertebra in relation to the lower verte-
bra was calculated from a marker position using custom-made
computer software. The experimental error associated with
this method was +0.12°.

Study Protocol. Eight spines were assigned randomly to be
tested in each of the following groups: intact, autologous tri-
cortical iliac bone graft, two titanium screws (Novus CTTi;
Sofamor Danek, Koln, Germany), two titanium screws (BAK-C
8 mm; Sulzer Orthopedics, Baar, Switzerland), one titanium
screw (BAK-C 12 mm; Sulzer Orthopedics), carbon box
(Novus CSRC; Sofamor Danek), titanium box (Syncage; Syn-
thes, Bochum, Germany), titanium mesh cylinder (Harms;
DePuy Acromed, Sulzbach, Germany), titanium cylinder
(MSD; Ulrich, Ulm, Germany), and titanium cylinder (Kaden;
BiometMerck, Berlin, Germany).

Specimens were kept moist during tests. For testing, C2 and
CS5 were mounted in pots using polymethylmethacrylate (Tech-
novit 3040; Heraeus Kulzer GmbH, Wehrheim/Ts, Germany).
The lower pot was attached rigidly to the base of the testing
apparatus. This test setup resulted in a compressive preload of
25 N from the weight of the upper fixation pot, which repre-
sents the average weight of the sheep head. Moments were
applied in a quasistatic manner in increments of 1 to 6 Nm. At

each step, to minimize viscoelastic response, the specimen was
allowed to relax for 60 seconds before data were recorded. Test
modes were flexion, extension, left and right axial rotation, and
left and right lateral bending. Specimens were preconditioned
using three cycles of 6-Nm load with a 1.2-mm/second velocity
of the traverse bar. The fourth cycle was measured. The mean
apparent stiffness values in the elastic zone were calculated
from the corresponding load-displacement curves. Volume-
related stiffness was determined by dividing stiffness results by
cage volume.

Statistical Analysis. Statistical analysis was performed using
the Mann-Whitney U test and Wilcoxon’s rank sum test. Sta-
tistical significant differences were defined at a 95% confidence
level. The values are given as mean * standard deviation. Sta-
tistical evaluation was supported by SPSS (release 7.5, SPSS;
Chicago, IL) software.

H Results

Volume of Cages and Endplate Implant Contact Area
The results of volume and endplate implant contact area
measurements are depicted in Table 2.

Stiffness Tests
Figure 2 summarizes the stiffness of the CSIFCs normal-
ized with respect to the intact motion segment during
flexion, extension, rotation, and bending.

Comparison Between Cages and Intact
Motion Segment

Screw Designs. In comparison with the intact motion
segment, all the cages with screw designs were able to
stabilize the motion segment during flexion (P < 0.01).
There was no significant difference in stiffness between
the Novus CTTi and the intact motion segment in exten-
sion, rotation, and bending. The BAK-C cages (8 and 12
mm) were not able to restore stiffness of the intact

motion segment in extension, rotation, and bending
(P < 0.05).

Box Designs. In comparison with the intact motion seg-
ment, the flexion stiffness of the Novus CSRC was sig-
nificantly greater (P < 0.05). No significant difference
was found in the stiffness between the Novus CSRC and
the intact motion segment in extension, rotation, and
bending. In comparison with the intact motion, the seg-
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Table 2. Results From Volume Measurements of the Cervical Spine Interbody Fusion Cages

uEICA IEICA
Group Cage Type Company Volume (cm®) (cm?) (cm?)
2 lliac bone graft — 1.32 — —
3 Novus CTTi* Screw Sofamor Danek 0.58 (2 screws)* 0.23 0.23
4 BAK-C 8 mm* Screw SulzerMedica 0.56 (2 screws)* 0.25 0.25
5 BAK-C 12 mm Screw SulzerMedica 0.38 0.30 0.30
6 Novus CRSC Box Sofamor Danek 0.30 0.20 0.20
7 Syncage C Box Synthes 0.26 0.26 0.21
8 Harms Cylinder DePuyAcroMed 0.10 0.10 0.10
9 MSD Cylinder Ulrich 0.20 0.32 0.32
10 Kaden Cylinder BiometMerck 0.84 1.21 1.21

* The producer recommends the use of two parallel inserted cages of this height for cervical interbody fusion.

EICA = endplate implant contact area; u = upper; | = lower.

ment stiffness of the Syncage was significantly greater in
all directions (P < 0.001).

Cylinder Designs. In comparison with the intact motion
segment, the flexion, extension, and rotation stiffness of
all the cages with the cylinder design was significantly
greater (P < 0.05). Rotation stiffness of the cages in-
creased with the endplate-implant contact area. There-
fore, in comparison with the intact motion segment, the
rotation stiffness of the Harms and MSD cages was sig-
nificantly less (P < 0.05), whereas that of the Kaden cage
was significantly greater (P < 0.01).

Comparison Between Cages and Tricortical
Bone Graft

Screw Designs. In comparison a with bone graft, all the
cages with screw designs were less stable during flexion,
extension, and bending (P < 0.01). No significant differ-
ence was found in rotation stiffness between the three
cage types with a screw design and bone graft.

Box Designs. In comparison with bone graft, the flexion
stiffness of the Novus CSRC was significantly less (P <
0.01). No significant difference was found in extension
and bending stiffness between the Novus CSRC and bone
graft fixated motion segment. The rotation stiffness was
greater in the Novus CSRC (P < 0.05). In comparison
with bone graft, the stiffness of the Syncage was signifi-
cantly greater in all directions (P < 0.001).

Cylinder Designs. In comparison with bone graft, the
flexion stiffness of all the cages with a cylinder design was
significantly lower (P < 0.05), whereas the extension
stiffness was not different. The bending stiffness was sig-
nificantly greater (P < 0.05). In comparison with bone
graft, the rotation stiffness was greater for the Kaden
cage (P < 0.05), not different for the MSD cage, and
significantly lower for the Harms cage (P < 0.05).

Intragroup Comparison

Screw Design. No significant difference was found be-
tween the three cage types with screw design except for
bending stiffness of the BAK 12 mm, which was signifi-
cantly lower than the bending stiffness of the other two
cage types (P < 0.01).

Box Design. The stiffness of the Syncage was signifi-
cantly greater than the stiffness of the Novus CSRC in all
directions (P < 0.01).

Cylinder Design. No difference was found between the
three cage types with a cylinder design for flexion, exten-
sion, and bending stiffness. The rotation stiffness of the
cylindrical cages increased with the endplate-implant
contact area. Therefore, the rotation stiffness of the Ka-
den cage was significantly greater than that of the Harms
(P < 0.001) and the MSD cage (P < 0.01).

Intergroup Comparison

Screw Design Versus Box Design. The stiffness of all the
screw designs was significantly less than the stiffness of
the Syncage in all directions (P < 0.01). If two screws
were inserted (Novus CTTi and BAK-C 8 mm), the flex-
ion stiffness for the screw designs was higher than for the
Novus CSRC (P < 0.05). In contrast, no difference was
observed if one screw was inserted (BAK-C 12 mm). No
significant difference was found between the Novus
CTTi and the Novus CSRC in extension, rotation, and
bending. Extension, rotation, and bending stiffness was
significantly higher for the Novus CSRC than for both
BAK-C cages (P < 0.05).

Screw Design Versus Cylinder Design. If two screws were
inserted (Novus CTTi and BAK-C 8 mm), no significant
difference was observed in flexion stiffness between the
two design groups. If one screw was inserted (BAK-C 12
mm), flexion stiffness was higher for the cylinder designs
(P < 0.05). Extension and bending stiffness were always
higher with the cylinder designs (P < 0.05). If two screws
were inserted (Novus CTTi and BAK-C 8 mm), the ro-
tation stiffness was greater than with the Harms cage (P
< 0.01), not different than with the MSD cage, and less
than with the Kaden cage (P < 0.01). If one screw was
inserted (BAK-C 12 mm), the rotation stiffness did not
differ from that of the Harms cage, but was less than
that of the MSD cage (P < 0.05) and the Kaden cage
(P <0.01).

Box Design Versus Cylinder Design. The stiffness of all the
cylinder designs was significantly less than that of the
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Figure 2. The stiffness of different cervical spine interbody fusion cages normalized to the intact motion segment C3-C4 in response to

flexion, extension, rotation, and bending.

Syncage in all directions (P < 0.01). Flexion, extension,
and bending stiffness was greater than for the cages with
the cylinder design than for the Novus CSRC. The rota-
tion stiffness of the Novus CSRC was greater than that of
the Harms cage (P < 0.001) and the MSD cage (P <
0.05), but lower than that of the Kaden cage (P < 0.01).

Volume-Related Stiffness
Figure 3 summarizes the volume-related stiffness results
for the cervical spine interbody fusion cages normalized
with respect to the bone graft during flexion, extension,
rotation, and bending.

In comparison with bone graft, all the cages increased
significantly in volume-related stiffness. The volume-
related stiffness for flexion extension and bending was
significantly greatest for the Harms cage (P < 0.01).
There was no difference for rotation volume-related stiff-
ness between the Harms cage and the Syncage.

H Discussion

Study Limitations
A variety of different test loading conditions have been
used in the past, making comparison of the results from
different groups almost impossible. Therefore, according
to previously published recommendations,*” the in vitro
tests in this study were performed under pure moment
loading conditions. Because of the complex and still
widely unknown loading of the cervical spine in vivo, it is
impossible to transfer the results of this sheep in vitro
study directly to the human cervical spine i vivo. There-
fore, the biomechanical performance of the tested im-
plants in the human i1 vivo may differ significantly from
the results obtained in this sheep iz vitro study. Addition-
ally, because of the complex loading conditions of the
human cervical spine iz vivo, it is not possible to deter-
mine the correlation between the 25-N compression load

Nm/degree/cm? Oflexion Oextension Hrotation Hbending
1600% - I
1400% SCREW DESIGN BOUX DESIGN
1 [

1200%
1000%

800%

600%

400%

200% g,%

bone graft Novus CTTi BAK-C 8mm BAK-C 12mm Novus CSRC  Syncage Harms MSD Kaden

Figure 3. The volume-related stiffness of different cervical spine interbody fusion cages normalized to the bone graft in response to flexion,

extension, rotation, and bending.
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and the 6-Nm moment in this iz vitro sheep experiment
with i vivo human loading conditions. However, new
implants should be tested 7 vitro for primary stability in
standardized laboratory tests to determine which im-
plant is the most appropriate before its acceptance for
clinical use.

Animal Model
In spine research, the sheep spine frequently is used as a
model for the human spine.!»>7-2425:27,:29,38,435,:46.49 R o_
cently, anatomic biomechanical, and bone mineral den-
sity evaluation of the sheep cervical spine has shown
good comparability with the human spine.*>**>*¢ Ana-
tomic evaluation has demonstrated an average disc space
height of 6 mm in the sheep cervical spine, which is ap-
proximately 1 mm higher than in the human cervical
spine.*® Additionally, similar upper endplate parameters
of C4 and CS5 in both species were observed. Therefore,
human implants fit in the sheep cervical spine.

Wilke et al** were the first to describe biomechanical
analogies between sheep and human spines by testing
sheep spines and comparing the data to the literature.
Although many data are available from i1 vitro and in
vivo tests of the normal human cervical spine,>'-*>%*
comparison remains difficult because of the widely var-
ied test setups. Kandziora et al'* compared both species
biomechanically using the same test setup. Although sig-
nificant differences were observed between the two spe-
cies, especially for rotation parameters, range of motion
and stiffness data were mainly comparable in their
craniocaudal trends. These researchers concluded that if
the sheep animal model is used, motion segments C2—-C3
and C3-C4 were the most suitable for biomechanical
tests.

Bone mineral density has an influence on the pri-
mary stability of cervical spine fixation tech-
niques.®!%18:20:36.48 1y particular, a linear correlation
was observed between the axial compression strength of
cages and bone mineral density.'* Currently, no data are
available comparing the bone mineral density of severely
degenerated human cervical spine motion segments for
which surgery is indicated with that of the sheep cervical
spine. However, in a study comparing bone mineral den-
sity values between human and sheep cervical spines,'®
no significant difference could be registered with regard
to bone mineral density between the two species. The
least percentile difference was found for C4. Standard
deviations for bone mineral density of the human cervi-
cal spine were four times greater than for that of the
sheep cervical spine. Therefore, the sheep animal model,
in particular the motion segment C3—C4, seems to allow
a quasi-“bone mineral density—independent” biome-
chanical evaluation of human size implants.

Stiffness Tests
Primary stability in cervical spine interbody fusion is de-
termined essentially by the biomechanical effects of the
fixation devices.

Several biomechanical studies were performed to
evaluate lumbar interbody fusion cages with screw de-
signs, 2>%10:12:16:2128,32-34340.41,50 The main interest of
these studies was to compare different screw designs or to
evaluate the biomechanical effects of additional poste-
rior fixation techniques. Zdeblick et al’® and Rapoff et
al,** using two BAK devices in calf spines, found that
bending and flexion—extension stiffness increased two-
fold as compared with noninstrumented motion seg-
ments. Comparable results were obtained by Nibu et
al,”® Rapoff et al,>* and Rathonyi et al** in studies of the
human spine. Tencer et al*® and Kettler et al'® made the
same observation using the Ray device, another inter-
body fusion cage with a screw design. In contrast, Pitzen
et al>**3 using posterior lumbar interbody fusion tech-
niques with the BAK cage in an in vitro biomechanical
and finite element model showed a loss of stiffness in
compression, shearing, and especially torsion. Interest-
ingly, all investigators noted that as compared with the
intact spine, torsional stiffness was minimally changed or
decreased by the use of screwlike implants.

Very little information on biomechanical testing of
cages with cylinder designs is available. Heller et al® used
the Harms titanium cage in a calf lumbar spine corpo-
rectomy model, showing that only an anteroposterior
construct was able to restore stability comparable with
that of the intact state. To the authors’ knowledge, Hol-
lowell et al'® were the first to use the Harms titanium
cage in a biomechanical study applying a discectomy
model of the human thoracic spine. These researchers
focused mainly on subsidence without testing the three-
dimensional displacement stiffness of this implant. Pitzen
et al>*3% used the Harms titanium cage in a lumbar spine
discectomy model. Their results showed a greater initial
stability for posterior lumbar interbody fusion with the
Harms titanium cage and posterior instrumentation than
for posterior lumbar interbody fusion with the BAK cage
alone.

As with cylinder designs, information about biome-
chanical data of cages with box designs is scarce. Bran-
tigan et al,? using a posterior lumbar interbody fusion
model in the lumbar spine, demonstrated that their car-
bon fiber implant had superior biomechanical proper-
ties, as compared with those of the bone graft. To the
authors’ knowledge, only Shono et al®*” performed bio-
mechanical studies in the cervical spine, demonstrating
that the Brantigan carbon fiber cage* was more rigid
than an iliac bone graft.

The aim of the current study was to evaluate the bio-
mechanical effects of cervical spine interbody fusion
cages, and to compare three CSIFC design groups. To the
authors’ knowledge, no biomechanical study addressing
different cervical spine interbody fusion cages is cur-
rently available. Additionally, no data are available that
compare different cage design groups. Cage size has a
significant influence on the biomechanical behavior of
different cages.® Therefore, to allow comparison be-
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tween the different cage designs, cages of similar height,
width, and depth were used in this study.

Any cage implantation increased flexion stiffness over
that of the intact motion segment. In contrast, rotation
stiffness decreased after implantation of a CSIFC, except
for the Novus CSRC, Syncage, and Kaden cage. As com-
pared with the intact motion segment, extension and
bending stiffness increased with the cylinder designs
and with the Syncage, a box design, whereas extension
and bending stiffness for screw designs decreased or re-
mained unchanged.

Comparison between the different cage designs
showed that if two screws were inserted (Novus CTTi
and BAK-C 8 mm), no significant difference in flexion
stiffness between screw and cylinder design groups was
registered. Yet, if one screw was inserted (BAK-C 12
mm), flexion stiffness was greater for cylinder designs
(P < 0.05). Extension and bending stiffness were always
greater with cylinder designs (P < 0.05). The best bio-
mechanical results were observed in the Syncage, a box
design.

Volume-Related Stiffness
Secondary stability in cervical spine interbody fusion is
determined biologically, resulting from the amount of
bony fusion.

The ideal biologic environment for spondylodesis is
influenced by several factors including optimal grafting
techniques, maximum graft filling of the intervertebral
space, mechanical protection of the graft in the interver-
tebral space, and optimal surface contact area of graft
and vertebral body.*> However, as cage volume in-
creases, graft volume decreases. Therefore, some kind of
competition exists between cage and graft volume. In
conclusion, one important biologic factor for a fusion
cage is having the smallest possible cage volume, which
allows the maximum graft filling of the intervertebral
space.*> However, cages also must provide adequate me-
chanical stability. In an attempt to take these two factors
into consideration during the current study, the volume-
related stiffness was determined by dividing stiffness re-
sults by cage volume. This parameter should allow the
interpretation of biomechanical test results from a more
biologic point of view.

The volume-related stiffness was significantly highest
with the Harms cage and the Syncage. In conclusion,
with these cages, less implant in needed for mechanical
stabilization. Therefore, sufficient space remains to be
filled by bone graft, which in turn might lead to a better
biologic environment for bony fusion. Several stud-
ies'”3? have documented that if graft volume increases,
the chance for bony fusion also increases. Therefore, the
data suggest that the Harms cage and the Syncage prob-
ably will provide a better biologic environment for spon-
dylodesis than the other cages tested. Further in vivo
studies with different cage designs are necessary to deter-
mine whether the volume-related stiffness parameter is

able to predict secondary stability in cervical spine inter-
body fusion.

H Conclusion

The ideal CSIFC should correct an existing deformity,
provide stability to the segment until fusion occurs, and
supply a good environment for successful spondylodesis
without concurrent morbidity associated with its use.*?
This study aimed to evaluate the mechanical properties
of CSIFC and to compare three CSIFC design groups.
From biomechanical perspectives, the results suggest
that intragroup design variations in the screw and cylin-
der design groups are of little importance. However,
cages with a cylinder design were able to control exten-
sion and bending more effectively than cages with a
screw design.

A question that cannot be answered by this in vitro
study concerns the level of rigidity required to obtain
long-term stability and fusion by cervical spine interbody
fixation methods. It may be assumed, however, that the
more spinal motion is eliminated, the greater will be the
chance of definite spinal fusion. Therefore, it seems rea-
sonable that the most reliable and rigid fixation method
would be the method of choice. In conclusion, the au-
thors suggest the use of cages with a cylinder or box
design for cervical spine interbody fusion.

Another unanswered question concerns the secondary
stability of CSIFC. Volume-related stiffness may allow
the interpretation of mechanical test results from a more
biologic point of view, but further iz vivo investigations
are necessary.

B Key Points

e Biomechanical results indicate that design varia-
tions in screw and cylinder design groups are of
little importance.

e Cages with cylinder design were able to control
extension and bending more effectively than cages
with screw design.

e Volume-related stiffness might allow interpreta-
tion of biomechanical test results from a more bi-
ological point of view.
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Diese Untersuchung konnte zeigen, dass Cages mit Schraubendesign nur eine
geringe Primirstabilitdt in vitro aufweisen. Hingegen legt die in dieser Untersuchung
dokumentierte hohe in vitro Primérstabilitdit des Syncage-C dessen in vivo
Evaluation nahe. Der aus dieser Untersuchung hervorgegangene Parameter der
Volumen-bezogenen-Steifigkeit macht dariiber hinaus auch die Evaluation des
Harmscages in vivo interessant, obwohl dessen in vitro Primaérstabilitit deutlich

geringer ist als die des Syncage-C.
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2.2.2 1Invivo Untersuchung zervikaler Cages

In klinischen Untersuchungen finden sich Hinweise, dass Cages im Vergleich zum

trikortikalen Beckenkammspan in der Lage sind, die Ergebnisse der intervertebralen

Spondylodese zu verbessern [19,21,66,67,111,112,113,152]. Zusitzlich konnte trotz

dhnlicher Evaluationsprotokolle eine relevante Variabilitit des operativen Erfolges

bei Verwendung verschiedener zervikaler Cagedesigns demonstriert werden

[66,67,152,155]. Ob diese Ergebnisvariabilitit eine Folge von operativen Faktoren ist

oder ob das Implantatdesign der Cages hierbei eine entscheidende Rolle spielt, ist

derzeit unbekannt.

e Daher sollten in dieser Untersuchung in einem operativ standardisiertem
Tiermodell — unterschiedliche = Cagedesigns  hinsichtlich  radiologischer,
biomechanischer und histologischer Parameter der Einheilung miteinander
verglichen werden.

e Zusitzlich sollte evaluiert werden, ob Spongiosa gefiillte Cages der
herkdmmlichen Spondylodese mit autologem trikortikalem Beckenkammspan
hinsichtlich radiologischer, biomechanischer und histologischer Parameter

wihrend der Einheilung gleichwertig sind.
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Object. The purpose of this study was to compare the characteristics of interbody fusion achieved using an autolo-
gous tricortical iliac crest bone graft with those of a cylinder- and a box-design cage in a sheep cervical spine model.
This study was designed to determine whether there are differences between three interbody fusion proceduresin: 1)
ability to preserve postoperative distraction; 2) biomechanical stability; and 3) histological characteristics of interver-
tebral bone matrix formation.

Methods. Twenty-four sheep underwent C3—4 discectomy and fusion in which the following were used: Group 1,
autologoustricortical iliac crest bone graft (eight sheep); Group 2, titanium cylinder-design cage filled with autologous
iliac crest bone graft (eight sheep); and Group 3, titanium box-design cage filled with autologousiliac crest graft (eight
sheep). Radiography was performed pre- and postoperatively and after 1, 2, 4, 8, and 12 weeks. At the same time
points, disc space height, intervertebral angle, and lordosis angle were measured. After 12 weeks, the sheep were
killed, and fusion sites were evaluated by obtaining functional radiographsin flexion and extension. Quantitative com-
puterized tomography scans were acquired to assess bone mineral density, bone mineral content, and bone callus vol-
ume. Biomechanica testing was performed in flexion, extension, axial rotation, and lateral bending. Stiffness, range
of motion, neutral zone, and elastic zone were determined. Histomorphologica and histomorphometric analyses were
performed, and polychrome sequential labeling was used to determine the time frame of new bone formation.

Over al12-week period significantly higher valuesfor disc space height and intervertebral angle were shownin cage-
treated sheep than in those that received bone graft. Functional radiographic assessment revealed significantly lower
residual flexion—extension movement in sheep with the cylinder cage—fixed spines than in those that received bone
graft group. The cylinder-design cages showed significantly higher values for bone mineral content, bone callus con-
tent, and stiffness in axial rotation and lateral bending than the other cages or grafts. Histomorphometric evaluation
and polychrome sequential labeling showed a more progressed bone matrix formation in the cylindrical cage group
than in both other groups.

Conclusions. Compared with thetricortical bone graft, both cages showed significantly better distractive properties.
The cylindrical cage demonstrated a significantly higher biomechanical stiffness and an accelerated interbody fusion
compared with the box-design cage and the tricortical bone graft. The differencesin bone matrix formation within both
cages were the result of the significantly lower stress shielding on the bone graft by the cylinder-design cage.

Key WorDs ¢ cervical spine < interbody cage ¢ spinal fusion < sheep

widely accepted surgical treatment for patients
with cervical spondylosis. Until now, tricortica
iliac crest bone graft has been the gold standard, athough
it is associated with a high rate of donor-site morbidity.

Q NTERIOR decompression and interbody fusion are a

Abbreviations used in this paper: BCV = bone callus volume;
BMC = bone mineral content; BMD = bone mineral density; CT =
computerized tomography; DSH = disc space height; EZ = elagtic
zone; IVA = intervertebral angle; LA = lordotic angle; NZ = neu-
tral zone; ROI = region of interest; ROM = range of motion; SD =
standard deviation; 2D = two-dimensional.
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Additional problems such as pseudarthrosis, graft col-
lapse-induced kyphotic deformity, and graft extrusion
have led to arapid increase in the use of cervical spinein-
terbody fusion cages as an adjunct to arthrodesis, 1721242527
although experimental data are lacking.

Several interbody construct designs have been devel-
oped. According to Weiner and Fraser®” cage designs can
be subdivided into three groups: screw (horizontal cylin-
der), box, or cylinder (vertical ring) designs.

Devices used for interbody stabilization must ensure
good primary stability. Cages have been specialy de-
signed to provide immediate strong anterior column sup-
port. This effect has already been proven in severa bio-
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mechanical in vitro studiesin which all cage designs were
evaluated.231-141921.232831-8.35.36 | particular, in vitro bio-
mechanical fixation properties of screw-design cages have
been evaluated extensively.3114192328313235 Only scarce
data, however, are available concerning comparative eval-
uation of different cage designs. Recently, Oxland, et d.,»
compared a box- and a cylinder-design cage in a biome-
chanical clinica in vitro study and found no differences
between the two cages. In contrast, Mittlmeier, et d.,*
found fundamental differences among box-, screw- and
cylinder-design cages in a sheep cervical spine model.
They demonstrated that cylinder-design and box-design
cages were able to control extension and bending more
effectively than screw-design cages.

Additionally, interbody cages have been developed to
provide interspace structural stability during bone fusion.
Cages should retain interbody distraction and should be
resistant to subsidence into the adjacent vertebrae to fos-
ter a biological environment that guarantees the desired
quality of osseous fusion. This can only be evaluated,
however, by performing in vivo investigations. The struc-
tural stability of screw-design cages has already been
proven by authors of some in vivo studies,*2* who have
shown that these cages preserved interbody distraction
more effectively than autologous tricortical iliac crest
bone graft. Experimental in vivo datafor cylinder- or box-
design cages, however, are not available. Additionally, no
information is available concerning comparative experi-
mental in vivo evaluation of different cage designs.

Therefore, the purpose of this study was to compare
a developing interbody fusion fostered by an autologous
tricortical iliac crest bone graft with those of a cylinder-
and a box-design cage in a sheep cervical spine inter-
body fusion model. This study was designed to determine
whether there were differences, at a given early time
point, in adevel oping fusion mass between the three inter-
body fusion techniques with regard to: 1) ability to pre-
serve postoperative distraction; 2) biomechanical stabili-
ty; and 3) histological characteristics of intervertebral
bone matrix formation.

Materials and Methods

Sudy Design

Twenty-five (2-year-old) adult female merino sheep underwent
C3-4 discectomy and fusion; one animal was lost to follow up. The
remaining 24 sheep were randomly assigned to the following
groups: Group 1, autologous tricortica iliac crest graft (eight
sheep); Group 2, cylinder-design titanium cage filled with autolo-
gous cancellous iliac crest bone graft (eight sheep); and Group 3,
box-design titanium cage filled with autologous cancellous iliac
crest graft (eight sheep).

The sheep were evaluated prospectively for 12 weeks, after
which they were killed and underwent radiographic, biomechanical,
and histological evaluations. All animal-related experimental work
was approved by local authorities.

Surgical Technique and Postoperative Care

All sheep received 2 g amoxicillin intravenously before surgery.
Surgery was performed after induction of general endotracheal
anesthesia (0.5 g thiopental-natrium and 0.1 mg fentanyl citrate).
For maintenance of anesthesia, inhalational isofluran and intra-
venous dosages of 0.2 mg fentanyldihydrogencitrat were applied.
The anterior part of the neck and the left iliac crest was prepared in
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a sterile fashion, and a left anterolateral approach to the cervical
spine was undertaken through a longitudina skin incision. The
longus colli muscle was incised in the midline, and the interverte-
bral C3—4 disc was exposed. After a Caspar device was used to dis-
tract the motion segments, anterior C3-4 discectomy was per-
formed. The endplates were shaved using a 2-mm high-speed
diamond drill down to bleeding bone, resulting in an excision of 1
mm of each endplate. No attempt was made to excise the posterior
longitudinal ligament or expose the spinal canal. For interbody sta-
bilization, titanium cylinder-design cages (Group 2, Harms cage;
width 14 mm, depth 14 mm, and cage volume 0.1 cm?) or box-
design cages (Group 3, SynCage-C; width 15 mm, depth 13 mm,
and cage volume 0.26 cm?®) of appropriate height (mean height 8
mm for both groups) were used. Prior to insertion, cages werefilled
with autologous cancellous bone grafts. In Group 1 a tricortical
autologous bone graft (mean height 8 mm, mean depth 14 mm, and
11 mm average width) was taken from the left iliac crest. Prior to
insertion the volumes of the cagesfilled with autologous bone or the
volumes of the bone grafts were determined using water displace-
ment technique (Archimedes principle). The tricortical bone graft
was inserted press-fit into the intervertebral space with the cortical
shape of the graft anterior (Robinson technique). Finally, the wound
was irrigated with saline, and the longus colli muscle was closed
using arunning suture. The subcutaneous tissue and skin were reap-
proximated using interrupted sutures, and a soft bandage was ap-
plied to the neck.

After surgery, the sheep were observed until fully recovered from
anesthesia. They received two 0.5-g doses of metamizol-natrium
per day for 5 days intramuscularly. Clinical examination was per-
formed daily for the first 10 days and weekly thereafter. The sheep
were alowed ad libitum activity for the remainder of the experi-
ment. Fluorochrome sequential labeling was performed at 3, 6, and
9 weeks postoperatively (oxytetracyclin [25 mg/kg intravenously]
at 3 weeks, calcein green [15 mg/kg intravenously] at 6 weeks, and
xylenol orange [90 mg/kg intravenously] at 9 weeks). Twelve
weeks after surgery, after induction of anesthesia (0.5 g thiopental-
natrium and 0.1 mg fentanyldihydrogencitrat) the sheep were killed
by an intravenous injection of potassium chloride. The complete
cervica spine, including parts of the occiput and T-1, was excised
and cleaned from the surrounding tissue.

Radiographic Evaluation

To dlow for comparable radiographic evaluation, specid fixation
devices for the sheep cervica spine were developed. The repro-
ducibility of the positioning of the sheep cervica spinein this fixa
tion device was investigated by repeated measurements. Prior to sur-
gery, one sheep in each group was selected randomly to undergo
radiography, and 10 latera and 10 anteroposterior digital radiographs
were obtained. After each radiograph was acquired, the sheep was
removed from the fixation device, turned around, and then reposi-
tioned in the fixation device. Thus, the complete series of linear and
angular measurements was performed on each radiograph.

Latera and anteroposterior digital radiographs were acquired
pre- and postoperatively and after 1, 2, 4, 8, and 12 weeks. During
the same time periods anterior, middle, and posterior intervertebral
DSH, IVA, and LA of the C3—4 motion segment were measured on
lateral radiographs (Fig. 1). The mean intervertebral DSH was cal-
culated from anterior, middle and posterior DSH measurements
(anterior + middle + posterior DSH/3). After 12 weeks, bone fusion
was categorized using the following parameters: A) no bone fusion;
B) maximum intervertebral gap of more than 5 mm; C) maximum
intervertebral gap of less than 5 mm; and D) complete bone fusion.
The maximum intervertebral gap in the craniocaudal direction was
measured directly on lateral x-ray films by using aruler. All radio-
graphic measurements were evaluated by three independent ob-
servers.

Functional Radiographic Analysis

After sacrifice fusion sites were evaluated using lateral digital
functiona radiographic scansin flexion and extension (Fig. 2). For
this purpose, T-1 was rigidly fixed with a Steinmann pin while a
60-N load was applied through C-1 by using a newton meter. Flex-
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Fic. 1. Radiographic mrements. Left: Anterior DSH
(aDSH), posterior DSH (pDSH), and middle DSH (mDSH).
Right: The IVA and LA.

ion—extension differencesin IVA and LA were calculated. All func-
tional radiographic measurements were evaluated by three indepen-
dent observers.

Quantitative CT Analysis

After the sheep were killed, quantitative CT scanning was per-
formed using a scanner. Axial cuts with 1-mm dlice thickness were
made parallel to the intervertebral disc space. Bone mineral density
measurements of the bone callus have been described in detail ear-
lier.’® Measurements were calibrated with a six-point BMD phan-
tom and were performed using software designed specifically for
the scanner. Bone callus volume was measured using an image ana-
lyzing system. Bone mineral content was calculated from BMD and
BCV measurements (BMC = BCV X BMD). After 12 weeks bone
fusion was categorized on sagittal and corona 2D CT reconstruc-
tions by using the aforementioned parameters. The maximum inter-
vertebral gap in the craniocaudal direction was measured directly on
midsagittal 2D CT reconstructions by using the specifically de-
signed scanner software. All CT measurements were evaluated by
three independent observers.

Biomechanical Analysis

After the sheep were killed, the specimens were biomechanically
tested in anonconstrained testing apparatus by using anondestructive
flexibility method previoudy described.’5® Pure bending moments
were applied to the C3—4 motion segments by using a system of
cables and pulleys to induce flexion, extension, left and right lateral
bending, and left and right axial rotation. Tension was applied to the
cables with a uniaxial testing machine. Three-dimensional displace-
ment of each motion segment was measured using an optica mea-
surement system. Triangular markerswith three diodes were attached
to the vertebral bodies of C-3 and C-4. Marker positions were detect-
ed using two cameras and recorded using a computerized motion
analysis system. Angular displacement of the upper vertebra (C-3) in
relation to the lower vertebra (C-4) was calculated from marker posi-
tion by using custom-made computer software. The experimentdl er-
ror associated with this method was + 0.1°.18

The vertebrae were mounted in pots by using polymethylmetha-
crylate. The lower pot wasrigidly attached to the base of the testing
apparatus. This test setup resulted in a compressive preload of 25 N
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Fic. 2. The C3-4 motion segment was evaluated using lateral
digital functional radiography in flexion (left) and extension (right).
Flexion-extension differences of IVA and LA were calculated.

because of the weight of the upper fixation pot, which represents the
mean weight of the head of the sheep. Moments were applied in a
quasistatic manner in increments of 1 Nm to a maximum of 6 Nm.
Specimens were preconditioned with three cycles of 6-Nm load with
avelocity of 1.2 mm/second of the transverse bar. The fourth cycle
was measured.

The mean apparent stiffness values in the EZ were calculated
from the corresponding |oad-displacement curves. Range of motion,
NZ, and EZ were determined.

Histomorphological, Histomorphometric, and Fluorochrome
Analyses

All C3-4 motion segments were harvested at 12 weeks for histo-
logical examination of the bone. The motion segments had been
fixed for 7 daysin 10% normal buffered formaldehyde followed by
dehydration in ascending concentrations of ethanol and embedded
without being decalcified, in methylmethacrylate.

For histomorphological and histomorphometric analyses longitu-
dinal sections in the sagittal plane were cut at 6 wm by using a
microtome and a 40 stainless-stee! knife. The residual parts of the
cages were then removed, and the following stains were used: saf-
ranin Oflightgreen, Safranin O/van Kossa, astrablue, and Masson—
Goldner. Masson—-Goldner staining was used for histomorphologi-
cal analysis.

Histomorphological analysis included evaluation of bone fusion
according to the A through D parameters previously defined. The
maximum intervertebral gap in craniocauda direction was mea
sured directly on midsagittal sections.

Histomorphometric parameters were measured on the residua
stainings using a L eicamicroscope and theimage analyzing system.
Parameters were measured at a magnification of X 1.6. The sagittal
diameter distance of C-3 and the mean preoperative DSH were
determined to define the size of the ROI for histomorphometric
evaluation (Fig. 3). The complete intervertebral fusion areawas in-
cluded in this ROI. The following structural indices were calculat-
ed in the ROI: bone volume/total volume, cartilage volume/total
volume, and mineralized cartilage volume/cartilage volume.
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Fic. 3. Region of interest for histomorphometric evaluation. The ROI for histomorphometric evaluation was deter-
mined using the points A (posterior edge of the C-3 endplate) and B (anterior edge of the C-3 endplate) and the preop-
erative average DSH (aDSH) evaluated on latera x-ray films of the C3—4 motion segment. The distance between A and
B was defined as the sagittal diameter distance (S). From points A and B aline was drawn with a distance of one aDSH
incrania and two aDSH (2xaDSH) in caudal direction. From the resulting upper and lower endpoints, an additional hor-
izontal line was drawn with a distance of haf S (0.5XS). Interconnecting the resultant endpoints leads to a hexagonal
structure representing the complete ROI for histomorphometic evaluation.

For fluorochrome analysis longitudinal sections in the parasagit-
tal plane were cut at 400 pm with a precise macrogrinding machine.
These slices were then ground to a thickness of 80 wm by using a
precise microgrinding machine. Fluorochrome markers were ana
lyzed under appropriate lighting conditions by using a Leicamicro-
scope and an image analyzing system. Parameters were measured at
amagnification of X1.6.

Fluorochrome analysis of intervertebral fusion areas has previ-
ously been described in detail.® The first appearance of the marker
served to indicate formation of new bone matrix. The presence or
absence of each marker around or within the cage or the bone graft,
respectively, was used to determine the relative time frame of new
bone formation.

Sources of Equipment

We obtained the Harms cages from Motech GmbH (Schwennin-
gen, Germany) and the SynCage-3 implants from Synthes GmbH
(Bochum, Germany). Theradiography unit (Mobilett Plus), the quan-
titative CT scanner (Somatom plus 4), and scanner software (Sienet
MagicView VA 30A) were purchased from Siemens AG (Erlangen,
Germany). We acquired the x-ray film (CR 24X 30) from Fuji (Kleve,
Germany). The macro- and microgrinding machines were manufac-
tured by Fa Exact (Norderstedt, Germany). The device for measur-
ing Newtons was obtained from Inha GmbH (Berlin, Germany). The
imaging analysis system (model KS 400) used to measure BCV was
produced by Zeiss GmbH (Oberkochen, Germany).

We acquired the uniaxial testing machine (model 1456) from
Zwick GmbH (UIm, Germany). The optical measurement system,
the three-diode triangular markers, and the computerized motion
analysis system (PC-Reflex) were purchased from Qualysis (Save-
balden, Sweden). We acquired the polymethylmethacrylate (Tech-
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novit 3040) and the methylmethacrylate (Technovit 9100) from
Heraeus Kulzer GmbH (Wehrheim/Ts, Germany). The SPSS soft-
ware was obtained from SPSS (Chicago, IL).

Satistical Analysis

Comparison of data was performed using one-way analysis of
variance for independent samples followed by Tukey post-hoc anal-
ysis for multiple comparison proceduresin which Bonferroni correc-
tion was used for multiple measurements. Intraobserver variability
for radiographic, functional radiographic evauation and CT mea-
surements was determined using  statistics. The A through D
scores previously described (see Radiographic Evaluation) used to
categorize semiquantitative bone fusion on plain radiographs, CT
scans, and histologica stainings; however, no statistical evaluation
of this score was performed. Statistically significant differences
were defined at a 95% confidence level. The values are given as
mean * standard deviation. The SPSS software supported statisti-
cal evaluation.

Results
Failure Parameters and Complications

One sheep died of an anesthesia-related complication
on Day 0. This animal was excluded from the study and
replaced by another animal.

In Group 1, one sheep developed a hematoma at the
donor site of the iliac crest graft. In group 3, one sheep
developed wound healing problems at the donor site. Both
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Fic. 4. Radiographic andyses. Upper: Mean DSH of the different groups throughout the observation period. *p <
0.05 compared with the bone graft. **p < 0.05 compared with the bone graft and the cylinder-design cage. Center:
Mean IVA of the different groups throughout the observation period. *p < 0.05 compared with the bone graft. **p <
0.05 compared with the bone graft and the cylinder-design cage. Lower: Mean LA of the different groups throughout
the observation period. *p < 0.05 compared with the bone graft.

complications resolved without further difficulty under
provision of conservative treatment.

Volume of the Implants
The volume of the implants was evaluated prior to in-
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sertion by using water-displacement technique. The mean
volume of the autologous tricortical iliac crest bone graft
was 1.3 = 0.1 cm®. The mean volumes of the autologous
iliac crest graftfilled cylinder- and box-design cages
were 1.52 + 0.1 and 1.5 = 0.1 cn?, respectively.
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Group 1

Group 2
bone graft

fusion score; C

cylinder cage + bone graft

fusion score: B

Group 3
box cage + bone graft

fusion score: B

Fic. 5. Radiographic analysis. After 12 weeks, the extent of osseous fusion was evaluated on radiographs. The small
pictures within the radiographs show the different implants. Notice the larger contiguous crania pore in the cylinder-
design cage. The results of the fusion score are depicted: A, no osseous fusion; B, maximum intervertebral gap of more
than 5 mm; C, maximum intervertebral gap of less than 5 mm; and D, complete osseous fusion.

Radiographic Results

We conducted repeated measurements to determine the
reproducibility of the positioning of the cervica spinesin
the fixation devices for radiographic evaluation. The re-
producibility of the mean DSH and IVA was high, showing
a maximum difference on 10 radiographs of 0.8 mm (ap-
proximately 10% of total value) and 1.5° (approximately
10% of total value), respectively. The reproducibility of the
LA, however, was moderate showing a maximum differ-
e;lce §>n 10 radiographs of 4° (approximately 60% of total
vaue).

Intraobserver agreement for radiographic measurements
was good, showing k vaues ranging from 0.76 to 0.92.

With regard to preoperative baseline values of all radio-
graphic parameters, there were no intergroup differences.
At 8 and 12 weeks both cage-fitted groups showed signif-
icantly higher values for mean DSH than Group 1 (p <
0.05; Fig. 4 upper). At 1 week mean DSH values for the
box-design cage were significantly higher than those for
the cylinder-design cage and the tricortical iliac crest bone
graft (p < 0.05); however, no differences were found in
DSH between the two cage types during the experimental
period. At 2, 4, 8, and 12 weeks both cage-treated groups
(Groups 2 and 3) showed significantly higher values for
IVA (p < 0.05; Fig. 4 center) compared with the autolo-
gous tricortical iliac crest graft—treated group (Group 1).
During the experimental period, no significant differences
in IVA were found between the cage groups, except for at
the 2-week time point, a which the box-design cage

326

showed a significantly higher IVA than the cylinder-de-
sign cage (p < 0.05). At 1, 4, 8, and 12 weeks the box-
design cage (Group 3) showed significantly higher values
for LA (p < 0.05; Fig. 4 lower) compared with the autol-
ogous iliac crest graft group (Group 1) and the cylinder-
design cage group (Group 2).

After 12 weeks, bone fusion was eval uated radiograph-
ically scans (Fig. 5). In the cage groups (Groups 2 and 3),
a dightly more advanced interbody fusion was found
compared with that in Group 1 (Table 1).

Functional Radiographic Results

Intraobserver agreement with regard to functiona radio-
graphic measurements was excellent, showing « vaues
ranging from 0.84 to 0.96.

Flexion—extension differences in LA were not signifi-
cantly different between Groups 2 and 3 (Table 2); how-
ever, functional radiographic assessment revealed signifi-
cantly lower residual flexion—extension movement in the
cylinder-design cage group (Group 2) than in the tricorti-
cal iliac crest graft group (Group 1) (p < 0.05).

Quantitative CT Results

Intrachserver agreement for CT measurements was ex-
cellent, showing k vaues ranging from 0.82 to 0.92.

After 12 weeks, there were no significant differences
for BMD between the tricortica iliac crest graft group
(Group 1) and both cage groups. In the cylinder-design
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TABLE 1
Radiographic fusion results after 12 weeks*

No. of Specimens

Fusion

TABLE 2

Summary of functional radiographic flexion—extension data
after 3 weeks

Difference in Degrees (range)

Parameter Group 1 Group 2 Group 3 Flexion/
(score) (bone graft)  (cylinder cage)  (box cage) Extension  Group 1 Group 2 Group 3
A 0 0 0 IVA 13.6 =+ 3.7 77*+30 96*+28
B 5 4 5 (6.0-135) (45-110) (7.0-125)
C 3 3 3 LA 141 =50 79+ 34 101+ 32
D 0 1 0 (65-17.0) (45-115)  (6.0-135)

* See Radiographic Evaluation for definition of scores.

cage group (Group 2) BMC of the callus was significant-
ly higher than that in Groups 1 and 3 (p < 0.05). The
cylinder-design cages (Group 2) showed significantly
higher values for BCV (p < 0.05) than the other groups
(Fig. 6, Table 3).

Bone fusion was evaluated on 2D CT reconstructions
(Table 4). In the two cage groups a slightly more advanced
interbody fusion was found compared with that in Group
1 (Table 1).

Biomechanical Results

Biomechanical results for stiffness, ROM, NZ, and EZ
are depicted in Fig. 7 and Table 5.

The highest stiffness values and the lowest ROM, NZ,
and EZ values in rotation and bending were consistently
found in Group 2. The mean stiffness value in axia rota-
tion and lateral bending was significantly higher (p <
0.05) in the cylinder-design cages than in the other groups.
The ROM in rotation was significantly lower (p < 0.05)
in Group 2 than in the other groups.

Histomorphological Results

Histomorphological analysis supported the findings of
radiographic and biomechanical examinations (Fig. 8).

The spines fixed with autologousiiliac crest graft (Group
1) showed extensive callus formation with cartilage and
connective tissue cdls. Thetricortical bone graft, however,
collapsed and was mainly resorbed. Osteoclastic activity was
noted as an indicator of graft resorption. Mot of the callus
was seen ventrally. Those spines fixed with the two types
of cage (Groups 2 and 3), showed idands of bone between
the endplates with cartilage and fibrous tissue components.
These findings were accompanied by capillary ingrowth
and resorptive lacunae. The tissue surrounding the cages
appeared similar in both groups. Within the Group 3 cages,
extensive osteoclastic activity was noted as an indication of
graft resorption.

Bonefusion was evaluated histomorphologically (Table
6). In the two cage groups a more advanced interbody fu-
sion mass was found compared with that in the tricortical
iliac crest graft group. In the cylinder-design cages, how-
ever, aslightly more advanced bone matrix formation was
shown than in the box-design cage.

Histomorphometric Results
The results of histomorphometric analysis are summa-
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* p < 0.05 compared with Group 1.

rized in Table 7. No significant differences in sagittal
diameter distance (baseline) were determined among al
groups. Compared with the bone graft group and the box-
design cage group histomorphometric parameters showed
significantly more advanced bone formation (bone vol-
ume/total volume) in the cylinder-design cage group (p <
0.05). The bone graft—stabilized group showed signifi-
cantly higher histomorphometric values in cartilage vol-
ume/total volume and mineralized cartilage volume/total
volume than both cage groups (p < 0.05).

Fluorochrome Analysis Results

The results of fluorochrome analysis are summarized in
Table 8. In spines stabilized with both cage types earlier
new bone formation was exhibited both within and around
the cages compared with those stabilized with the bone
graft group at al time points. Compared with the box-
design cage, the cylinder-design cage showed a greater
amount of new bone formation both within and around the
cages at 6 and 9 weeks.

Discussion

The objective of this study was to compare characteris-
tics of interbody fusion among an autologous tricortical
iliac crest bone graft, a cylinder-design cage, and a box-
design cage in a sheep cervical spine interbody fusion
model. This study was designed to determine whether
there were differences among the three interbody fusion
materials with regard to: 1) the ability to preserve postop-
erative distraction; 2) biomechanica stability; and 3) his-
tological characteristics of intervertebral bone matrix for-
mation.

Distractive Properties

The authors of several clinical studies have demonstrat-
ed that tricortica iliac crest graft—assisted interbody fu-
sion induced decreases in DSH during the postoperative
period.t*2 The findings in these clinica investigations
are in agreement with the experimental results in our
study, with regard to a significant decrease in DSH in the
bone graft group. Interbody cages have been specialy
developed in the quest to provide interspace structural sta-
bility during bone fusion. Cages should retain interbody
distraction and should be resistant to subsidence into the
adjacent vertebrae to guarantee the desired quality of fu-
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Group 1 Group 2

bone graft

cylinder cage + bone graft

Group 3

box cage + bone graft

Fic. 6. Computerized tomography analysis. After 12 weeks, interbody fusion was evaluated on axial CT scans ob-

tained parallel to the intervertebral space.

sion.¥” Currently, however, subsidence of cages has only
been investigated in one anima experimental in vivo
study. Sandhu, et a.,* demonstrated in a sheep model that
screw-design cages preserved interbody distraction more
effectively than an autologous iliac crest bone graft. Ex-
perimental in vivo data for cylinder- or box-design cages
are not currently available. Analysis of the datain the pre-
sent study demonstrated that, at the time of surgery, both
cages and the tricortical iliac crest graft were able to dis-
tract intervertebral spaces beyond their baseline measure-
ments to nearly the same values. In all conditions, howev-
er, significant subsidence developed beyond normal DSH
values during the 12-week observation period. Whereas
the loss of DSH of the cages resulted from subsidence into
the subchondral bone of the adjacent vertebral bodies, the
loss of the intervertebral space in the tricortical iliac crest
graft group resulted mainly from gradual graft collapse.
Both cages were able to decrease the loss of DSH signifi-
cantly compared with the tricortical iliac crest graft. Al-
though the box-design cage showed significantly less sub-
sidence after 2 weeks, both cages demonstrated similar
DSH values at fina measurements.

TABLE 3

Summary of quantitative CT data for BMD, BMC,
and BCV after 12 weeks

Quantitative
Scanning Group 1 Group 2 Group 3
BMD (g/cmd) 0.58 + 0.04 0.55 + 0.05 0.58 + 0.07
(0.56-0.64) (0.52-0.59) (0.52-0.59)
BMC (g) 23+10 32+ 0.3ff 22+03
(1.7-31) (2.8-3.7) (1.8-3.6)
BCV (cmd) 40+ 1.0* 54 = 1.4t 38+ 0.3
(3.8-5.1) (3.8-6.3) (3.04.49)

* |nitial bone graft volumes of theiliac crest graft, the cylinder cage, and
box cage were 1.3, 1.5, and 1.52 cm?3, respectively.

T p < 0.05 compared with Group 1.

1 p < 0.05 compared with Group 3.
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Biomechanical Properties

In thisin vivo experiment the tricortical iliac crest bone
graft has shown significantly less biomechanica stiffness
in bending and rotation and a higher ROM in rotation than
the cylinder-design cage. These in vivo results are in ac-
cordance with those reported in severa in vitro studies; a
higher biomechanica stiffness was demonstrated for the
cylinder-design cage used in this study than for a bone
graft.?2? In aprevious biomechanical in vitro study report-
ed by Mittimeier, et a.,% the authors found that a signifi-
cantly higher biomechanical stiffness was associated with
the box-design cage than with the tricortical bone graft. In
contrast to the findings of Mittlmeier, et a.,? we found no
significant biomechanical difference between the box-
design cage and the bone graft after 12 weeks in vivo.
Additionally, we found a higher biomechanical stiffnessin
rotation and bending and alower ROM in rotation for the
cylinder-design cage than for the box-design cage. These
invivo resultsareaso in crucia contrast to in vitro results
obtained by our own working group.? In our previous in
vitro studies,®® we demonstrated significantly higher stiff-
ness for the box-design cage than for the cylinder-design
cage. The differences between biomechanical in vitro and
in vivo results may be aresult of the “biological qualities”

TABLE 4

Summary of fusion results observed on 2D CT reconstructions
after 12 weeks

Fusion No. of Specimens
Parameter
(score) Group 1

Group2  Group 3

0

o0Ow>»
owuo
W

oN OO
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6 Nm/degree
Oflexion Oextension
H right rotation H left rotation
Eright bending M left bending

0 -

Bone graft

Cylinder cage + bone graft

Box cage+bone graft

Fic. 7. Bar graph demonstrating results of biomechanical stiffness of the different groups for the different test modes.
a=p < 0.05 compared with the bone graft (Group 1) and the box-design cage (Group 3).

of different cage designs in vivo, suggesting that current-
ly available biomechanical in vitro tests are not highly
predictive of the in vivo performance of any interbody
fusion cage. The predictive value of biomechanica in vi-
tro tests for the in vivo performance of spinal implants has
also been questioned by other authors,622263236

Histological Characteristics

Histomorphometric analysis demonstrated the presence
of significantly higher intervertebral bone volume in the
cylinder-design cage group than in the bone graft group.
Additionally, significantly higher values for bone matrix
formation were found in the cylinder design-group than in
the box-design group. There are some possible explana
tions for these findings.

The limited biomechanical properties of the tricortical
iliac crest bone graft resulted in a compression and some-
times fragmentation of the graft, which was followed by
extensive osteoclastic activity and finally graft resorption.
In contrast, because the bone grafts packed inside the
cages have a biomechanically protected and, consequent-
ly, biologically improved environment for fusion,®” amore
stable interbody fusion mass develops, especialy in the
cylinder-design cage group.

The initial biomechanical in vivo stability of the cage
combined with the graft composite is nearly exclusively a
result of the biomechanical properties of the cage.*>% Only
secondarily, the interbody fusion mass arising from the
incorporated bone graft contributes to biomechanical sta-
bility.*> With the biomechanical in vitro results of both
cages in mind,® the significantly greater biomechanical
stability in the cylinder cage—fixed group compared with
the box cage-fixed group in vivo was an effect of an
accelerated interbody fusion in the former. Biomechanical
loads in vivo consist of shear and compression. Whereas
shear loads promote bone matrix formation, compressive
loads do not.>”* In contrast to the bone graft, the cage
mainly functions as a protector against compressive [oads.
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Therefore, this cage-related factor contributed to the more
stable interbody fusion mass in the cylinder-design cage
group compared with the bone graft group.

The ideal biologica environment for bone fusion is
achieved by optimum grafting techniques and the maxi-
mum filling of the intervertebral space with graft materi-
al.> As cage volume increases, however, graft volume

TABLES
Summary of biomechanical results after 12 weeks*

Test mode

(degrees) Group 1 Group 2 Group 3
flexion

ROM 29+*10 39*x13 39*+14

NZ 0705 13+x09 16=*=10

EZ 19+07 26*+x08 23=*09
extension

ROM 3315 38*x12 39*14

NZ 09+07 14+x09 17=x10

EZ 24+*08 24+x10 23*10
right rotation

ROM 33+14 20+ 10ttt 29+08

NZ 07+03 04+x02 06*=03

EZ 27+11 16+09t 23*+0.9
|eft rotation

ROM 33+14 21+10tf29=+09

NZ 07+05 05+03 06*03

EZ 2718 16*09 23*07
right bending

ROM 45+24 42*22 56*22

NZ 1515 12+12 19%*10

EZ 3.0*13 30£19 37*x18
|eft bending

ROM 46*+22 41*21 56*22

NZ 17+16 13*+x12 20%x13

EZ 29+*07 28*19 36*18

* All values are presented in degrees.
T p < 0.05 compared with Group 1.
¥ p < 0.05 compared with Group 3.
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M: 1.6x M:1.6x

box cage

fusion score. B

Fic. 8. Histomorphological analysis. After 12 weeks, interbody fusion was evaluated histomorphologically and histo-
morphometrically. Safranin-O/v. Kossa staining, original magnification (M) X 1.6.

decreases. Therefore, biologically, theideal cagewould be
the one with the smallest cage volume that will provide
adequate mechanical stability, because this cage will al-
low for the maximum filling of the intervertebral space
with graft material.®” Although both cages in this study
were of similar volumes when filled with bone grafts
(cylinder-design cage: 1.52 cm?; box-design cage: 1.50
cm?), the volume of the isolated cages was substantially
different (cylinder-design cage: 0.1 cm?®; box-design cage:
0.26 cm®). Therefore, a higher bone graft volume was
incorporated in the cylinder-design cage, which potential-
ly contributed to the more stable intervertebral fusion
mass in this group.

Kanayama, et d.,*> in an in vitro study, showed that the
cage design has a significant influence on the loads of a
graft within a cage. They demonstrated that a larger con-
tiguous pore is important to decrease the stress-shielding
effect on a graft within an interbody fusion device. The
authors assumed that the lower the stress-shielding effect
on agraft, the greater the possibility for interbody fusion.
Finally, they wrote that “it remains unclear whether the
stress-shielding environment influences the bone quality
of the developing interbody fusion mass’ in vivo.> The
incorporation and remodeling of a bone graft within an
interbody cage has been investigated in several animal
experiments. Brantigan, et al.,' placed carbon cage im-
plantsin agoat model and found a complete incorporation

TABLE 6

Summary of fusion results determined by histomorphological
analysis after 12 weeks

Fusion Parameter
(score) Group1l Group2 Group 3

P WwWHO

0 0
5 5
3 3
0 0

o0 w>
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of the autograft and continuous trabecular bridging within
the cage. Cunningham, et al.,° and Zdeblick, et a.,® inves-
tigated the efficacy of a screw-design cage in a sheep
model. They found no significant difference in bone qual-
ity of the interbody fusion mass between the autologous
bone—packed screw-design cage and the tricortical iliac
crest graft during a short-term postoperative observation
period. In the present study we evaluated bone matrix for-
mation within both cages. A significantly higher interbody
bone volume and an accelerated interbody fusion on poly-
chrome sequential labeling was shown in the cylinder-
design cagesthan in the box-design cage. Therefore, it can
be assumed that whereas both cage designs were able to
provide an adequate biologica environment for interbody
fusion, the cylinder-design cage was more effective than
the box-design cage. Comparing both cages, a significant-
ly larger contiguous pore was obvious in the cylinder-
design cage (Fig. 5). Therefore, based on the results re-
ported by Kanayama, et a.,*> the cylinder-design cage
apparently has a significant lower stress-shielding effect
on the incorporated bone graft than the box-design cage.

TABLE 7
Summary of histomorphometric results obtained after 12 weeks*
Index Group 1 Group 2 Group 3
baseline SDD (mm) 262=*=10 255+11 26.1*+ 08
(25.0-28.3) (24.6-27.8) (25.2-28.0)
BV/TV (%) 314+ 39 455+ 6.7tF 316 = 38
(24.8-39.0) (38.5-61.3) (20.5-42.3)
CVITV (%) 10.1+ 2.8 46 = 2.7t 42+ 1.1%
(1.0-22.1) (0.8-9.4) (2.8-6.4)
mCV/CV (%) 55+ 20 2.8 = 1.3f 32+ 14t
(0.6-9.4) (0.2-7.6) (1.0-5.1)

* |nitia graft volumes of theiliac crest graft, the cylinder cage, and box
cage were filled 1.3, 1.5, and 1.52 cmd, respectively. Abbreviations:
BV/TV = bone volume/total volume; CV/TV = cartilage volume/total vol-
ume; mCV/TV = mineralized CV/TV; SDD = sagittal diameter distance.

T p < 0.05 compared with Group 1.

1 p < 0.05 compared with Group 3.
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TABLE 8
Summary of results of fluorochrome analysis after 12 weeks*
Group 1 Group 2 Group 3
Index Adjacent  W/in Adjacent  WI/in Adjacent  WI/in
3 wks 0 0 0 1 1 0
6 wks 1 0 4 6 2 4
9 wks 1 0 4 6 4 4

* Depicted are the number of fusion sites (of the different groups at dif-
ferent time points) in which the fluorochrome marker was present adjacent
to or within the cage or bone graft, respectively.

In conclusion, the significantly lower stress-shielding
effect of the bone graft within the cylinder-design cage
might be the most important cause of the significantly
higher interbody fusion mass found in this cage design.

Conclusions

Compared with the tricortical bone graft, both cage
designs were associated with significantly better distractive
properties. A significantly greater biomechanical stiffness
in rotation and bending and an accel erated interbody fusion
was associated with cylinder-design cages than the box-
design cage and the tricortical bone graft. The differences
in bone matrix formation within both cages were mainly a
result of the significantly lower stress-shielding effect of
the bone graft within the cylinder-design cage. Further in-
vestigations are necessary to determine quantitatively the
small borderline between biomechanically protected envi-
ronment of the graft within a cage that accelerates inter-
body fusion and the stress shielding of a graft within the
cage that inhibits interbody fusion.
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Diese Untersuchung konnte nachweisen, dass mit Spongiosa gefiillte Cages im
Vergleich zum trikortikalen Beckenkammspanimplantat in der Lage sind, die
Ergebnisse der =zervikalen Spondylodese zu verbessern. Die vorliegende
Untersuchung konnte des weiteren zeigen, dass trotz standardisierter
Operationsbedingungen Unterschiede im Einheilungsverhalten verschiedener

Cagedesigns existieren.
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2.2.3 Einfluss von Designparametern auf das Cage-Einheilungsverhalten

Da das Design von Cages offensichtlich eine wesentliche Bedeutung fiir die
Einheilung der Implantate hat, sollte in dieser Untersuchung gekliart werden, welche
Designparameter im Einzelnen Einfluss auf das Einheilungsverhalten ausiiben. Als
entscheidende Designparameter wurden bisher in in vitro Untersuchungen die
Endplattenkonfiguration (Auflagefldche), die maximale Pore in der Auflagefliche
und die in vitro Primérstabilitit des Cages definiert [25,29,51,79,87,165]. Ziel dieser
Untersuchung war es daher, folgende aus vorausgegangenen Untersuchungen

hervorgegangene Hypothesen auf ihre Bedeutung zu priifen:

e Je grofBer die Auflagefliche des Cages, desto geringer die Sinterung des Cages.

e Je groBer die maximale Pore in der Auflagefliche eines Cages, desto geringer das
»stress shielding” auf die inkorporierte Spongiosa und desto besser das
Einheilungsverhalten des Cages.

e Je hoher die biomechanische Primirstabilitdt eines Cages in vitro, desto hoher die

biomechanische Sekundarstabilitit in vivo.
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Experimental fusion of the sheep cervical spine.
Part I: Effect of cage design on interbody fusion

Abstract

Introduction. There has been a rapid increase in the use of interbody
fusion cages as an adjunct to spondylodesis, although experimental
data are lacking. A sheep cervical spine interbody fusion model was
used to determine the effect of different cage design parameters
(endplate-implant contact area, maximum contiguous pore) on inter-
body fusion.

Material and Method. In vitro evaluation: 24 sheep cadaver speci-
mens (C2-C5) were tested in flexion, extension, axial rotation, and
lateral bending with a nondestructive flexibility method using a non-
constrained testing apparatus. Four different groups were examined:
(1) control group (intact) (n=24), (2) autologous tricortical iliac crest
bone graft (n=8), (3) Harms cage (n=8),and (4) SynCage-C (n=8).

In vivo evaluation: 24 sheep underwent C3/4 discectomy and fusion:
group 1: autologous tricortical iliac crest bone graft (n=8), group 2:
Harms cage filled with autologous cancellous iliac crest bone grafts
(n=8),and group 3: SynCage-C filled with autologous cancellous iliac
crest bone grafts (n=8).Radiographic scans were performed pre- and
postoperatively and after 1,2,4,8,and 12 weeks, respectively. At the
same time points, disc space height (DSH), height index (HI), interver-
tebral angle (IVA),and endplate angle (EA) were measured. After

12 weeks the animals were killed and fusion sites were evaluated
using biomechanical testing in flexion, extension, axial rotation, and
lateral bending. Additionally, histomorphological and histomorpho-
metrical analyses were performed.

Results. Over a 12-week period the cage groups showed significantly
higher values for DSH, HI, IVA, and EA compared to the bone graft.In
vivo stiffness was significantly higher for the tricortical iliac crest bone
graft and Harms cage than in vitro stiffness. However, there was no
difference between in vitro and in vivo stiffness of the SynCage-C.
Histomorphometrical evaluation showed a more progressed bone
matrix formation in the Harms cage group than in both other groups.
Conclusion. The parameter endplate-implant contact area was not
able to determine subsidence of cages. In contrast, the maximum
contiguous pore of a cage significantly correlates with interbody bone
matrix formation inside the cage. Additionally, there was no correla-

tion between in vitro and in vivo stiffness of interbody fusion cages.
Therefore, biomechanical in vitro studies are not able to determine in
vivo outcome of fusion cages. Animal experimental evaluations of
interbody fusion cages are essential prior to clinical use.

Keywords

Cervical spine - Sheep - Animal model - Interbody fusion - Cages -
Design - Biomechanics

Zusammenfassung

Einleitung. Die intervertebrale Spondylodese mit Spongiosa-
augmentierten intervertebralen Cages findet zunehmende klinische
Verbreitung, obwohl experimentelle Daten weitgehend fehlen. Ziel
dieser Studie war es daher, in einem zervikalen Schafsmodell den
Effekt von Designparametern (Auflagefldche, maximale Pore) auf das
Einheilungsverhalten von Cages zu untersuchen.

Material und Methode. In-vitro-Untersuchungen: 24 Wirbelsdulen-
explantate (C2-C5) von Merinoschafen wurden in Flexion, Extension,
Rotation und Seitneigung mittels nichtdestruktiver Steifigkeitsmes-
sung biomechanisch getestet. Die Praparate wurden (1) intakt
(Kontrollgruppe; n=24) sowie nach Diskektomie C3/C4 und Stabilisie-
rung mit (2) autologem trikortikalem Beckenkammspan (n=8), (3)
Harmscage (n=38) und (4) Syncage-C (n=8) evaluiert. In-vivo-Unter-
suchungen: Bei 24 Merinoschafen wurde eine intervertebrale zervika-
le Fusion C3/C4 mit 3 verschiedenen Stabilisierungsverfahren (n=8)
durchgefiihrt. Gruppe 1: autologer trikortikaler Beckenkammspan;
Gruppe 2: Harmscage, gefiillt mit autologer Spongiosa; Gruppe 3:
Syncage-C, gefiillt mit autologer Spongiosa. Prd- und postoperativ
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sowie nach 1,2,4,8 und 12 Wochen wurden Rontgenbilder angefer-
tigt anhand derer Intervertebralwinkel, Grund-Deckplattenwinkel
sowie Bandscheibenraumhdhen und intervertebraler Hohenindex
vermessen wurden.Nach 12 Wochen wurden die Tiere getdtet und
biomechanische Testungen in Flexion/Extension, Rotation und
Neigung durchgefiihrt, um die Steifigkeit des Bewegungssegmentes
zu ermitteln. Histomorphologische und histomorphometrische
Untersuchungen wurden vorgenommen.

Ergebnisse. Im Vergleich zum trikortikalen Beckenkammspan waren
beide Cages in der Lage, die Hohe des Bandscheibenraums und die
Lordosierung des Bewegungssegmentes signifikant besser zu erhal-
ten. In vitro zeigte der Syncage-C, in vivo der Harmscage die signifi-
kant hochste biomechanische Steifigkeit. Die Unterschiede zwischen
In-vitro- und In-vivo-Steifigkeit waren fiir den Beckenkammspan und
den Harmscage signifikant, jedoch nicht fiir den Syncage-C. Der
Harmscage zeigte histomorphometrisch ein signifikant beschleunig-
tes Einheilungsverhalten im Vergleich zum Syncage-C.
Schlussfolgerung. Die Auflageflache eines Cages hat fiir das Sinte-
rungsverhalten des Implantats in vivo nur eine untergeordnete
Bedeutung.Hingegen weist die GroRe der maximalen Pore eines
spongiosagefiillten Cages eine positive Korrelation zum Einheilungs-
verhalten des Implantates auf. Da kein Zusammenhang zwischen der
In-vitro-Primarstabilitdt und der In-vivo-Sekundarstabilitat von inter-
vertebralen Implantaten in dieser Studie bestand, sind biomechani-
sche In-vitro-Untersuchungen nicht dazu geeignet, das Einheilungs-
verhalten eines Cages zu prognostizieren. Daher ist eine tierexperi-
mentelle In-vivo-Evaluation neuer Cagedesigns vor deren Markt-
einfiihrung zu fordern.

Schliisselworte

HWS - Schaf - Tiermodel - Cage - Intervertebrale Fusion -
Designparameter - Biomechanik

Der trikortikale Beckenkammspann war jahrzehntelang das
Implantat der Wahl zur ventralen interkorporellen Spondylode-
se der Halswirbelsédule [4,16]. Die Entnahme des trikortikalen Be-
ckenkammspanimplantates ist jedoch mit einer nicht unerhebli-
chen Morbiditit assoziiert [1,2,18]. Additive, vorwiegend mecha-
nische Probleme des Beckenkammspanimplantats wie Implan-
tatversagen mit kyphotischer Deformitit [23] und Implantatwan-
derungen [13] fithrten zum zunehmenden Ersatz durch Spongio-
sa-augmentierte intervertebrale Cages [6, 21, 26, 27, 28]. Mittler-
weile befinden sich zahlreiche Cages in klinischer Anwendung.
Nach Weiner [36] lassen sich Cages in 3 Designgruppen eintei-
len: Schraubendesigns, Boxdesigns und Zylinderdesigns.
Intervertebrale Cages wurden mit der Zielsetzung entwi-
ckelt, die mechanische Stabilitit des Bewegungssegmentes zu
gewihrleisten [4, 7,22]. Unter biomechanischen Gesichtspunk-
ten kann die Stabilitét des Cage-fixierten Bewegungssegmen-
tes in eine Primdrstabilitdt und eine Sekundérstabilitdt unter-
teilt werden [36]. Wahrend die Primérstabilitét die direkt post-
operativ erzielte Stabilitdt beschreibt, wird die Sekundérstabili-
tdt der Implantate durch deren kndchernen Einheilung erreicht.
Die hohere Primérstabilitdt unterschiedlicher Cagedesigns
im Vergleich zum Beckenkammspanimplantat wurde in zahl-
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reichen biomechanischen In-vitro-Untersuchungen an Hals-
und Lendenwirbelsdulenpréparaten dokumentiert [6,12,15,17,
21, 22, 24, 25, 29, 34, 35]. Jedoch existieren nur wenige biome-
chanische Studien die unterschiedliche Cagedesigns miteinan-
der vergleichen [21,30]. Zudem ist die aus diesen Untersuchun-
gen resultierende Datenlage nicht konstant. So konnte Oxland
[30] z. B.beim Vergleich von Box- und Zylinderdesign-Cages an
der Lendenwirbelsdule keinen Unterschied zwischen den Ca-
gedesigns nachweisen. Eigene Untersuchungen [21] an der
Halswirbelsdule zeigten jedoch bei dhnlichem Versuchsaufbau
eine signifikant h6here mechanische Stabilitdt von Boxdesign-
Cages. Dariiber hinaus ist derzeit unbekannt, welcher Zusam-
menhang zwischen der Primirstabilitit eines Cages und dem
knochernen Einheilungsvorgang (Sekundirstabilitdt) besteht
[17]. Vermutet wird, dass eine hohere Primérstabilitdt durch
die,,mechanische Ruhe“im Bewegungssegment zu einem bes-
seren Einheilen des Cages und damit zu einer héheren Sekun-
dirstabilitit fihrt [6, 17, 21, 22, 24, 29, 31, 34, 35].

Die Sekundarstabilitdt eines Cages ergibt sich einerseits
aus der Fidhigkeit des Implantats, die strukturellen Integritat
des Zwischenwirbelraumes zu erhalten [16, 33] und anderer-
seits den biologischen Durchbauungsvorgang zu férdern 5, 17,
36]. Als entscheidender Designparameter fiir den Erhalt der
Zwischenwirbelraumhohe wurde die Endplattenkonfiguration
des Cages definiert [15, 33]. Hierbei wurde die einfache Glei-
chung formuliert: je grofler die Auflagefliche des Cage desto
geringer die Sinterung des Cages in vivo [15]. Zusétzlich weisen
experimentelle Untersuchungen darauf hin, dass die maxima-
le Pore in der Auflagefliche eines Cages eine entscheidende
Funktion fiir den kndchernen Durchbauungsvorgang aufweist
[8,9,17]. Kanayama [17] konnte nachweisen, dass eine gréf3ere
Pore in der Auflagefliche zu einer Reduktion der Stressprotek-
tion der inkorporierten Spongiosa im Cage fithrt. Des Weiteren
vermutete er, dass es durch die Reduktion der Stressprotekti-
on zu einer Stimulation der inkorporierten Spongiosa kommt
und somit das Einheilungsverhalten des Cages in vivo verbes-
sert wiirde [17].

Die oben genannten Anforderungsprofile an das Design
eines Cages stehen sich konkurrierend gegeniiber. Ein idealer
Cage miisste demzufolge sowohl eine maximale Auflagefldche
als auch eine maximale Pore in der Auflagefliche aufweisen.

Ziel dieser Untersuchung war es daher, die folgenden Hy-
pothesen in Bezug auf ihre klinische Relevanz zu iiberpriifen:

1. Je grofler die Auflagefliche des Cages, desto geringer die
Sinterung des Cages.

2. Je groflere die maximale Pore in der Auflagefldche eines
Cages, desto geringer das ,stress shielding® auf die inkor-
porierten Spongiosa und desto besser das Einheilungsver-
halten des Cages.

3. Je hoher die biomechanische Primirstabilitit eines Cages,
desto hoher die biomechanische Sekundarstabilitét.

Hierzu wurden aus Voruntersuchungen [21] 2 klinisch etablier-
te intervertebrale Implantate ausgewdhlt, die sich sowohl in der
Auflagefldche als auch in der maximalen Pore des Cages deut-
lich unterscheiden. Beide Cages wurden in einem Wirbelsdu-
lenfusionsmodell der Schafshalswirbelsdule [20] in vitro und
in vivo untersucht und mit dem trikortikalen Beckenkamm-
spanimplantat als ,,golden standard“ verglichen.



Material and Methode

Implantate

Die verwendeten Cages sowie der Beckenkammspan sind in
Abb.1 dargestellt. Die wesentlichen Designparameter der Cages
wurden in Voruntersuchungen [17, 21] ermittelt und sind in Ta-
belle 1 dem Beckenkammspanimplantat gegeniibergestellt. Der
Intra-Cage-Kompressionsdruck beschreibt dabei die Druck-
krifte die innerhalb eines Cages wirken. Unter maximaler Pore
versteht man die groite Kontinuitdtsunterbrechung der Auf-
lagefldche eines Cages. Wesentliche Unterschiede zwischen den
Cages bestehen fiir die Endplatten-Implantat-Kontaktfldche,
die maximale Pore und den Intra-Cage-Kompressionsdruck.
Wiéhrend der Harmscage im Vergleich zum Syncage-C eine ge-
ringere Auflagefliche aufweist, besitzt er eine grolere Pore, die
zu einem hoheren Intra-Cage-Kompressionsdruck auf die in-
korporierte Spongiosa fiihrt (s. Tabelle 1; [17]).

In-vitro-Untersuchungen
Praparate

Es wurden 24 intakte Wirbelsdulenexplantate (C2-Cs) von
2 Jahre alten weiblichen Merinoschafen sowie 8 autologe Be-
ckenkammpréparate der Schafe entnommen. Die En-bloc-Pri-
parate wurden bei —20°C gelagert und im Warmwasserbad bei
25°C fiir die biomechanische Testung aufgetaut. Die Muskulatur
wurde entfernt und das Bewegungssegment C3/C4 dargestellt.
Besonderes Augenmerk wurde darauf gelegt, alle ligamentdren
und ossdren Strukturen zu erhalten. Jedes Préparat wurde ra-
diologisch untersucht, um sicher zu stellen, dass keine Osteoly-
sen, Frakturen oder andere Abnormalitéten vorlagen.

Um klinische relevante Verhiltnisse zu simulieren, wurde
eine komplette Diskektomie C3/C4 unter Resektion des vorde-
ren Lingsbandes durchgefiihrt. Die Endplatten wurden mit ei-

Tabelle 1

Abb. Ta—c @Implantate. Bemerkenswert ist der
Unterschied in der Auflageflache und der maxima-
len Pore der beiden Cagedesigns (s.auch Tabelle 1).
a Beckenkammspan, b Harmscage, c Syncage-C

ner Hochgeschwindigkeitsfrise angefrischt. Alle Cages wurden
gemif Herstellerinformation implantiert. Der Beckenkamm-
span wurde in der Technik nach Robinson [32] im Interverte-
bralraum ,,press-fit“ fixiert.

Biomechanische Testung

Jedes Préparat diente als seine eigene Kontrollgruppe und wur-
de in der folgenden Sequenz getestet:

1) intaktes Praparat (Kontrollgruppe; n=24). Anschlieflend
wurde eine Diskektomie C3/C4 vorgenommen und sdmt-
liche Préparate randomisiert den jeweiligen Studiengrup-
pen zugeordnet;

2)autologer trikortikaler Beckenkammspan (n=8),

3) Harmscage (n=8) und

4)Syncage-C (n=8).

Das Bewegungssegment C3/C4 wurde mittels nichtdestrukti-
ver Steifigkeitsmessung getestet. Der hierfiir verwendete Ver-
suchsaufbau wurde bereits beschrieben [19,20,21]. Um die Be-
wegungen Flexion, Extension, Links- und Rechtsneigung und
Links- und Rechtsrotation zu induzieren, wurde ein System aus
Seilziigen und Rollen verwendet. Mit einer uniaxialen Materi-
alpriifmaschine (Zwick 1456, Zwick GmbH, Ulm) wurden Kréf-
te auf das Seilzugsystem ausgeiibt. Die aufgebrachten Krifte
konnten mit einer axialen Kraftmessdose (Z12, HBM, Darm-
stadt), die im Testaufbau integriert ist, gemessen werden. Die
reinen Biegemomente wurden durch Multiplikation der aufge-
wendeten Kréfte mit dem Radius der Rollen am Wirbelsdulen-
teststand berechnet.

Die dreidimensionalen Bewegungen von C3/C4 wurden
mithilfe eines optischen Messsystems (Qualysis Inc., Sdvebal-
den, Schweden) erfasst. Hierzu wurden 2 aus jeweils 3 Mess-
punkten bestehende Marker (Qualysis Inc., Sdvebalden, Schwe-
den) an der Wirbelkorpervorderwand von C3 und C4 ange-

Spezifikation der Designparameter der Implantate. (Aus [17, 21]

Implantat Hersteller Material Hohe Breite Tiefe Implantatvolumen EIKFo EIKFu Max. Pore ICKD
[mm] [mm] (mm)  [em?] [em?] [em?] [em?] [kPa]
BKS - Knochen 7 14 14 1,32 - - - -
Harms DePuyAcroMed Titan 7 14 14 0,10 0,10 0,10 1,13 314
Syncage-C Synthes Titan 7 15 13 0,26 0,26 0,21 0,63 178

EIKF Endplatten-Implantat-Kontaktfldche; o oben; u unten; Max. Pore maximale Pore des Cages; |CKD Intra-Cage-Kompressionsdruck.
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bracht. Die Positionen der Marker wurden mit 2 Kameras er-
fasst und mit einem computergesteuerten Bewegungsanalyse-
system (PC-Reflex, Qualysis Inc., Sdvebalden, Schweden) aufge-
zeichnet. Die anguldre Beweglichkeit von C3 iiber C4 wurde
von speziell angefertigter Computersoftware berechnet. Die
experimentelle Unschirfe dieser Methode betrigt +0,12°.

Beide Wirbelkorper wurden mithilfe von PMMA (Techno-
vit 3040; Heraeus Kulzer GmbH, Wehrheim/Taunus) in Fixati-
onstopfen eingebettet. Das Gewicht des apikalen Fixationstop-
fes fithrte zu einer axialen Vorlast von 25 N, etwa dem Kopfge-
wicht eines Schafes. Die Préparate wurden wihrend der gesam-
ten Tests feucht gehalten. Zundchst wurden 3 Zyklen a 6 Nm
durchgefiihrt, um eine viskoelastische Relaxation zu ermdgli-
chen. Fiir den 4. Zyklus (ebenfalls 6 Nm) wurden die Messer-
gebnisse aufgezeichnet. Der Bewegungsumfang, die neutrale
und elastische Zone sowie die Steifigkeit wurden anhand der
Last-Dislokationskurven bestimmt.

In-vivo-Untersuchungen
Studiendesign

Bei 24 ausgewachsenen (2 Jahre alten) weiblichen Merinoscha-
fen wurde eine ventrale interkorporelle Spondylodese C3/C4
durchgefiihrt. Die Versuchstiere wurden randomisiert auf die
folgenden Gruppen verteilt:

e Gruppe 1: autologer trikortikaler Beckenkammspan (n=8);

e Gruppe 2: Harmscage, gefiillt mit autologer Spongiosa
(n=8);

e Gruppe 3: Syncage-C, gefiillt mit autologer Spongiosa
(n=8);

Nach 12 Wochen wurden die Schafe getdtet und radiologisch,
biomechanisch und histologisch evaluiert. Die Untersuchun-
gen wurden durch die lokalen Tierschutzbehdrden genehmigt.

Operationstechnik und postoperative Nachsorge

Die Operationstechnik wurde im Detail in vorangegangenen
Untersuchungen beschrieben [20]. Uber einen linkseitigen an-
terolateralen Zugang wurde das Bewegungssegment C3/C4 ex-
poniert. Unter Zuhilfenahme eines Kaspar-Distraktors erfolg-
te die Diskektomie C3/C4 unter Erhalt des Lig. longitudinale
posterior. Anschlieflend wurden die angrenzenden Endplatten
mittels einer 2 mm starken Hochgeschwindigkeitsfrase ange-
frischt, bis petechiale Blutungen auftraten. Intraoperativ wur-
de das Volumen des autologen Knochenmaterials, entnommen
aus dem linken Beckenkamm, nach dem archimedischen Prin-
zip bestimmt. Schlieflich wurden die Harmscages bzw. Synca-
ge-C-Implantate mit jeweils 1,5 cm? autologer Beckenkamm-
spongiosa gefiillt und im Intervertebralraum platziert. Der au-
tologe trikortikale Beckenkammspan wurde in der Technik
nach Robinson [32] im Intervertebralraum ,,press-fit“ fixiert.
Anschlieflend wurde die Wunde verschlossen.

Postoperativ wurden die Versuchstiere fiir 5 Tage mit 0,5 g
Metamizol-Natrium (Novaminsulfon®, Lichtenstein) 2-mal
tdglich intramuskuldr analgesiert. Eine klinische Kontrollun-
tersuchung der Tiere erfolgte in den ersten 10 Tagen tiglich,
anschlieSend wochentlich. Zwolf Wochen postoperativ wur-
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den die Versuchstiere nach Narkotisierung mit einer Uberdo-
sis Kaliumchlorid getotet. Anschlieflend wurde die komplette
Halswirbelsdule entnommen.

Radiologische Evaluation

Die Details der radiologischen Evaluation wurden bereits in
Voruntersuchungen beschrieben [20]. Pré-, postoperativ und
nach 1,2, 4, 8,12 Wochen wurden digitale Rontgenbilder (Ront-
gengerdt: Mobilett Plus, Siemens AG, Rontgenbild: Fuji CR
24x30) der Schafshalswirbelsdule in seitlicher und posterior-
anteriorer Projektion erstellt. Zum selben Zeitpunkt wurden die
vordere, mittlere und hintere Bandscheibenraumhdhe und der
Intervertebral- und Grunddeckplattenwinkel auf seitlichen
Rontgenbildern bestimmt [20]. Die durchschnittliche Band-
scheibenraumhdohe wurde aus vorderer, mittlerer und hinterer
Bandscheibenraumhéhe errechnet (vordere, mittlere und hin-
tere Bandscheibenraumhohe/3). Zusitzlich wurde der interver-
tebrale Hohenindex nach Sandhu [33] bestimmt. Sowohl die
durchschnittliche Bandscheibenraumhéhe als auch der inter-
vertebrale Hohenindex wurden zur Bestimmung der Sinterung
der Implantate herangezogen. Der Intervertebral- und Grund-
deckplattenwinkel wurden vermessen um die Kyphosierung des
Bewegungssegmentes zu vermessen. Alle radiologischen Para-
meter wurden von 3 unabhidngigen Untersuchern ausgewertet.

Biomechanische Evaluation

Nach der Toétung der Tiere wurde das Bewegungssegment
C3/C4 mittels nichtdestruktiver Steifigkeitsmessung in Analo-
gie zu der In-vitro-Testung biomechanisch evaluiert.

Histologische Evaluation

Im Anschluss an die biomechanische Testung wurde das Hals-
wirbelsdulenpraparat histologisch aufgearbeitet. Hierzu wur-
de das Bewegungssegment C3/C4 fiir 7 Tage in gepuffertem
Formalin fixiert,in aufsteigender Alkoholreihe entwissert und
entfettet und schliefflich unentkalkt in Methylmetacrylat
(Technovit 9100, Heraeus Kulzer GmbH, Deutschland) einge-
bettet.

Fiir die histomorphologische und die histomorphometri-
sche Analyse wurden 6 pm starke longitudinale Schnitte in der
Sagittalebene mit einem Leica-SM-2500S-Mikrotom angefer-
tigt. Nach Entfernung der residualen Cage-Bestandteile wur-
den folgende Farbungen angefertigt: a) Safranin-O/Lichtgriin,
b) Safranin-O/v. Kossa, c) Astrablau und d) Masson-Goldner.

Die Masson-Goldner-Priaparate wurden fiir die histomor-
phologische Analyse verwendet. Die Safranin-O/Lichtgriin-,
Safranin-O/v. Kossa- und Astrablau-Priparate wurden fiir die
histomorphometrische Analyse herangezogen. Zur Vermes-
sung histomorphometrischer Parameter wurde eine ROI (,,re-
gion of interest®) definiert, die den gesamten Bandscheiben-
raum beinhaltete. Die ROI wurde durch die sog. midsagittale
Distanz (Distanz zwischen Hinter- und Vorderkante der Deck-
platte C4 in der midsagittalen Ebene) und die durchschnittli-
che priaoperative Bandscheibenraumhahe festgelegt. In dieser
ROI wurden mit einem Leica-DM-RB-Mikroskop und unter
Zuhilfenahme eines Bildanalysesystems (Zeiss KS 400, Zeiss
GmbH, Jena, Deutschland) die folgenden Parameter bei einer



Abb. 2a—c d Ergebnisse der Steifigkeitsmessung in Relation

zum intakten Bewegungssegment (=100%; zur statistischen
Auswertung s.Text). a In-vitro- und In-vivo-Ergebnisse der
biomechanischen Testung in Flexion/Extension. b In-vitro- und
In-vivo-Ergebnisse der biomechanischen Testung in Neigung.
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1,6fachen Vergroflerung vermessen: Knochenvolumen/Ge-
samtvolumen (KV/GV), Knorpelvolumen/Gesamtvolumen
(CV/GV), mineralisiertes Knorpelvolumen/Knorpelvolumen
(mCV/CV).

Statistik

Zum Datenvergleich wurde eine One-way-ANOVA fiir unab-
hingige Stichproben, gefolgt von einer TUKEY-post-hoc-Ana-
lyse fiir multiple Vergleiche und einer Bonferroni-Korrektur
fiir multiple Messungen durchgefiihrt. Die Intraobservervaria-
bilitdt fiir die radiologischen Messungen wurden mittels Kap-
pa-Statistik ermittelt. Statistisch signifikante Unterschiede
wurden bei einen 95%-Konfidenz-Intervall angenommen. Die
Werte wurden als Durchschnitt+Standardabweichung angege-
ben. Das Programm SPSS (Version 10.0, SPSS Inc. Chicago, Il-
linois) unterstiitzte die statistische Auswertung.

Ergebnisse
In-vitro-Untersuchungen
Biomechanik

Die biomechanischen In-vitro-Ergebnisse fiir die Steifigkeit in
den Bewegungsrichtungen Flexion/Extension, Rotation und

Neigung sind in Abb. 2a-c in Relation zum intakten Bewe-
gungssegment dargestellt.

Im Vergleich zum intakten Bewegungssegment konnten in
Flexion/Extension alle Implantate, in Neigung der Harms- und
der Syncage-C und in Rotation nur der Syncage-C die Steifig-
keit signifikant (p<0,05) erh6hen. Verglichen mit dem Becken-
kammspanimplantat zeigte der Harmscage eine signifikant
(p<0,05) hohere Steifigkeit in Neigung, jedoch eine signifikant
(p<0,05) geringere Steifigkeit in Flexion/Extension und Rota-
tion. Im Gegensatz dazu fand sich fiir den Syncage-C in allen
Bewegungsrichtungen eine signifikant (p<o,05) h6here Stei-
figkeit als fiir das Beckenkammspanimplantat. Beim Vergleich
beider Cages ergab sich fiir den Syncage-C in allen Bewegungs-
richtungen eine signifikant (p<o,05) hohere Steifigkeit als fiir
den Harmscage.

In-vivo-Untersuchungen
Radiologische Ergebnisse

Die Intraobservervariabilitit fiir die radiologischen Untersu-
chungen (Abb. 3) war gut bis sehr gut (Kappa-Werte zwischen
0,76 und 0,92).

Fiir die prdoperativ erhobenen radiologischen Parameter
ergab sich kein signifikanter Unterschied zwischen den Grup-
pen. Nach 8 und 12 Wochen zeigten beide Cage-Gruppen
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(Gruppe 2 und 3) signifikant (p<o0,05) héhere Werte fiir die
durchschnittliche Bandscheibenraumhdohe (Abb. 4a) und den
intervertebralen Hohenindex als die Beckenkammspangrup-
pe (Gruppe 1). Beim Vergleich beider Cages wies der Syncage-
C (Gruppe 3) nach einer Woche signifikant (p<o,05) hohere
Werte fiir die durchschnittliche Bandscheibenraumhéhe und
den intervertebralen Hohenindex auf als der Harmscage
(Gruppe 2). Abgesehen davon konnten fiir diese beiden Sinte-
rungsparameter keine Unterschiede zwischen beiden Cages
evaluiert werden. Nach 2, 4,8 und 12 Wochen zeigten beide Ca-
ges (Gruppe 2 und 3) signifikant (p<o0,05) hohere Werte fiir den
Intervertebral- und Grunddeckplattenwinkel als das Becken-
kammspanimplantat (s. Abb. 4b). Aufler zum 2-Wochen-Zeit-
punkt, bei dem der Syncage-C (Gruppe 3) signifikant (p<0,05)
hohere Werte fiir den Intervertebral- und Grunddeckplatten-
winkel aufwies als der Harmscage (Gruppe 2), konnten zwi-
schen den beiden Cages keine Unterschiede fiir diese beiden
Parameter ermittelt werden.

Abb.3a-c 4 Radiologische Ergebnisse: seitliches
Rontgenbild der Versuchsgruppen 12 Wochen
postoperativ. a Gruppe 1: Beckenkammspan,

b Gruppe 2: Harmscage, c Gruppe 3: Syncage-C

Biomechanische Ergebnisse

Die biomechanischen In-vivo-Ergebnisse fiir die Steifigkeit in
den Bewegungsrichtungen Flexion/Extension, Rotation und
Neigung sind in Abb. 2a-c in Relation zum intakten Bewe-
gungssegment dargestellt.

Im Vergleich zum intakten Bewegungssegment konnten
alle Implantate in allen Bewegungsrichtungen die Steifigkeit
in vivo signifikant (p<0,05) erhohen. Verglichen mit dem Be-
ckenkammspanimplantat (Gruppe 1) zeigte der Harmscage
(Gruppe 2) eine signifikant (p<o,05) hohere Steifigkeit in al-
len Bewegungsrichtungen. Im Gegensatz dazu fand sich fiir
den Syncage-C (Gruppe 3) kein signifikanter Unterschied im
Vergleich zum Beckenkammspanimplantat (Gruppe 1). Beim
Vergleich beider Cages ergab sich fiir den Harmscage (Grup-
pe 2) in allen Bewegungsrichtungen eine signifikant
(p<o0,05) hohere Steifigkeit als fiir den Syncage-C (Grup-

pe 3).
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Abb.5a—c A Histomorphologische Ergebnisse: Midsagittaler histo-
logischer Schnitt (Safranin-0/v. Kossa-Farbung) durch den Intervertebral-
raum 12 Wochen postoperativ (M: 1,6x). a Gruppe 1: Beckenkammspan,

b Gruppe 2: Harmscage, c Gruppe 3: Syncage-C

Beim Vergleich der biomechanischen In-vitro- und In-
vivo-Untersuchung innerhalb der Gruppen fand sich fiir den
Harmscage und das Beckenkammspanimplantat eine signifi-
kant (p<o,05) hohere Steifigkeit in vivo. Im Gegensatz dazu
fand sich fiir den Syncage-C kein signifikanter Unterschied
zwischen In-vivo- und In-vitro-Steifigkeit.

Histomorphologische Ergebnisse

Die histomorphologische Analyse (Abb. 5) unterstiitzte die Er-
gebnisse der radiologischen und biomechanischen Untersu-
chungen (s. Abb. 3).

In der Beckenkammspangruppe (Gruppe 1) fanden sich
sowohl zwischen den Endplatten als auch ventral des stabili-
sierten Bewegungssegmentes Kallusformationen mit teilweise
kartilagindren und bindegewebigen Anteilen. Der trikortikale
Beckenkammspan war dabei weitgehend kollabiert und durch

Tabelle 2

Ergebnisse der histomorphometrischen Evaluation

12 Wochen postoperativ. Dargestellt sind die Ergebnisse
der midsagittalen Distanz (SD, Basisparameter) sowie

des Verhéltnis Knochenvolumen/Gesamtvolumen (BV/TV),
Knorpelvolumen/Gesamtvolumen (CV/TV) und minerali-
siertes Knorpelvolumen/Knorpelvolumen (mCV/CV) im
Intervertebralraum (ROI,,,region of intrest”).

Parameter Gruppe 1 Gruppe 2 Gruppe 3
(n=8) (n=8) (n=8)
Beckenkammspan  Harmscage Syncage-C

SD [mm] 26,2+1,0 25,5+1,1 26,1+0,8
(25,0-28,3) (24,6-27,8) (25,2-28,0)

BV/TV [%] 31,443,9 45,5+6,7% ** 31,6+3,8
(24,8-39,0) (38,5-61,3) (20,5-42,3)

CV/TV [%] 10,1+2,8 4,6+2,7* 4,2+1,1%
(1,0-22,1) (0,8-9,4) (2,8-6,4)

mCV/CV[%]  5,5%+2,0 2,8+1,3* 3,2+1,4%
(0,6-9,4) (0,2-7,6) (1,0-5,1)

*p<0,05 im Vergleich zur Gruppe 1;**p<0,05 im Vergleich zur Gruppe 3.

Osteoklastenaktivitit resorbiert. Die Harmscage- und Syncage-
C-Gruppe (Gruppe 2 und 3) zeigte zwischen den Endplatten
Kallusformationen mit Knocheninseln und Knorpelnestern,
die bevorzugt innerhalb der Cages lokalisiert waren. In beiden
Gruppen war der Knochen teilweise bis direkt an die Cages an-
gewachsen, partiell waren die Cages aber auch von Bindege-
webe umgeben. In der Knochen/Implantat-Grenzflache zeig-
ten sich keine wesentlichen Unterschiede zwischen beiden
Cage-Designs. Speziell in der Syncage-C-Gruppe (Gruppe 3)
fand sich jedoch eine ausgedehnte Osteoklastenaktivitit, die
zu einer weitgehenden Resorption der inkorporierten Spon-
giosa gefiihrt hatte.

Histomorphometrische Ergebnisse

Die histomorphometrischen Ergebnisse sind in Tabelle 2 dar-
gestellt. Zwischen den Gruppen konnte kein Unterschied in der
sog. midsagittalen Distanz (Basisparameter zur Definition der
ROI) festgestellt werden. Im Vergleich zur Beckenkammspan-
gruppe (Gruppe 1) und zur Syncage-C-Gruppe (Gruppe 3) fand
sich in der Harmscage-Gruppe (Gruppe 2) eine signifikant
(p<o0,05) fortgeschrittene intervertebrale Knochenmatrixfor-
mation (Knochenvolumen/Gesamtvolumen-Verhiltnis). Die
Beckenkammspangruppe hingegen zeigte fiir die Parameter
Knorpelvolumen/Gesamtvolumen und mineralisiertes Knor-
pelvolumen/Knorpelvolumen signifikant (p<o,05) héhere
Werte als die beiden Cage-Gruppen (Gruppe 2 und 3).

Diskussion

Ziel dieser Untersuchung war es, folgende Hypothesen auf ihre
Bedeutung zu priifen:

1. Je grofler die Auflagefldche des Cages, desto geringer die
Sinterung des Cages.

2. Je grofler die maximale Pore in der Auflagefliche eines
Cages, desto geringer das ,,stress shielding® auf die inkor-
porierten Spongiosa und desto besser das Einheilungsver-
halten des Cages.

3. Je hoher die biomechanische Primérstabilitit eines Cages,
desto hoher die biomechanische Sekundirstabilitat.

Ein Beobachtungszeitraum von 12 Wochen wurde gewihlt, da
zu diesem Zeitpunkt die Spondylodese weit fortgeschritten, je-
doch noch nicht vollstdndig ist [10, 33]. Daher sind in dieser
frithen Phase der Spondylodese besonders gut biomechanische
und histologische Unterschiede im Einheilungsverhalten der
Implantate zu demonstrieren [10].
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Sinterung der Implantate

Zahlreiche klinische Studien konnten bei der intervertebralen Fu-
sion mit autologem trikortikalen Beckenkammspanimplantaten
eine signifikante Reduktion der Bandscheibenraumhdohe und
eine Kyphosierung des Bewegungssegmentes im postoperativen
Verlauf nachweisen [11,13,23,33]. Diese klinischen Beobachtungen
konnte auch iiber einen Zeitraum von 12 Wochen in der vorlie-
genden tierexperimentellen Untersuchung durch die Bestim-
mung des intervertebralen Hohenindex und der durchschnittli-
chen Bandscheibenraumhohe sowie des Intervertebralwinkels
und Deckgrundplattenwinkels bestdtigt werden (s. Abb. 4).

Im Gegensatz dazu wurden intervertebrale Cages mit der
Zielsetzung entwickelt, die Hohe des Intervertebralraums und
die Lordose des Bewegungssegmentes wahrend der kndchernen
Fusion zu erhalten [36]. Jedoch liegt bisher zu diesem Themen-
komplex nur eine tierexperimentelle In-vivo-Untersuchung vor.
Sandhu [33] konnte in einem Wirbelsdulenfusionsmodell am
Schaf nachweisen, dass Schraubendesign-Cages in der Lage sind,
die postoperativ erzielte Distraktion und Lordose besser zu er-
halten als ein autologes trikortikales Beckenkammspanimplan-
tat. Experimentelle Untersuchungen zu den in dieser Studie ver-
wendeten Cagedesigns (Harmscage=Zylinderdesign; Syncage-
C=Boxdesign) hinsichtlich deren Sinterungsverhalten wurden
bisher nicht durchgefiihrt. Die Daten dieser Untersuchung zei-
gen, dass beide Cages und der trikortikale Beckenkammspan in
der Lage waren, postoperativ eine Distraktion und Lordosierung
des Bewegungssegmentes in gleichem Ausmafl zu erzielen
(s.Abb. 4).Jedoch kam es in alle Gruppen wihrend der 12-w6chi-
gen Nachbeobachtungszeit zu einer signifikanten Sinterung der
Implantate, die dazu fiihrte, dass die préoperative Bandschei-
benraumhohe deutlich unterschritten wurde. Zusétzlich zeigte
sich in allen Gruppen eine Rekyphosierung des Bewegungsseg-
mentes. Wahrend die Reduktion der Bandscheibenraumhohe
und der Verlust der Lordose in beiden Cage-Gruppen Folge ei-
nes Einsinken des Cages in die benachbarten Endplatten war, re-
sultierte die Sinterung und Rekyphosierung in der Becken-
kammspangruppe aus einem Kollaps des Implantats. Im Ver-
gleich zum Beckenkammspan waren beide Cages jedoch in der
Lage, im 12-Wochen-Verlauf die Bandscheibenraumhohe und
die Lordose signifikant besser zu erhalten. Obwohl der Synca-
ge-C zum 2-Wochen-Zeitpunkt eine geringere Sinterung und
Rekyphosierung aufwies als der Harmscage, konnten im weite-
ren zeitlichen Verlauf keine Unterschiede zwischen den Cagede-
signs bestimmt werden. Geméf} der initial geduf3erten Hypothe-
se - je grofSer die Auflagefliche des Cages, desto geringer die Sin-
terung des Cages - hitte jedoch der Syncage-C, dessen Auflage-
fliche mehr als doppelt so grof3 ist wie die des Harmscages (s. Ta-
belle 1), ein geringeres Sinterungsverhalten aufweisen miissen.
Daher ist die oben genante Hypothese zu verwerfen. Die Aufla-
gefliche eines Cages scheint die Sinterung des Implantates
hochstens in der direkten postoperativen Phase positiv zu be-
einflussen, ohne jedoch einen deutlichen Effekt auf den Endzu-
stand (in dieser Studie 12 Wochen) zu haben.

Einheilungsverhalten der Implantate
Zum Einheilungsverhalten der hier untersuchten Cagedesigns

liegen bisher keine tierexperimentellen In-vivo-Studien vor.
Jedoch wurden Schraubendesign-Cages intensiv in vivo unter-
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sucht [3, 10, 14, 37]. So konnten mehrere Autoren ein ausrei-
chendes Einheilen von spongiosagefiillten schraubendesignar-
tigen Cages in zahlreichen Tiermodellen histologisch nachwei-
sen [3,10,14,33,37].

Die histomorphometrische Analyse in dieser Studie 12 Wo-
chen postoperativ zeigte eine signifikant hohere intervertebra-
le Knochen-Gesamtvolumen-Relation in der Harmscage-
Gruppe als in der Beckenkammspangruppe. Dabei ist die un-
giinstige Knochen-Gesamtvolumen-Relation des Knochen-
spanimplantats vorrangig auf dessen mechanisch induzierte
Fragmentierung zuriickzufiihren. Kein Unterschied in der
Knochen-Gesamtvolumen-Relation konnte zwischen dem Syn-
cage-C und dem Beckenkammspanimplantat evaluiert werden.
Beim Vergleich beider Cage-Gruppen zeigte sich kein Unter-
schied in der Konfiguration der Knochen/Implantat-Grenzfla-
che. Der Harmscage wies jedoch eine signifikant héhere inter-
vertebrale Knochen-Gesamtvolumen-Relation auf als der Syn-
cage-C, was einem akzelerierten Einheilungsverhalten des
Harmscages entspricht [37].

Cages wurden unter der Vorstellung entwickelt, dass eine
mechanische Protektion des inkorporierten autologen Kno-
chenmaterials eine Einheilung des Implantats fordert [7,22,24].
Dabei wurde behauptet, dass ausschliefllich die mechanische
Stabilitdt und weniger das Design eines Cages von Bedeutung ist
[29, 34]. Kanayama [17] konnte jedoch in einer In-vitro-Unter-
suchung zeigen, dass das Cagedesign einen signifikanten Ein-
fluss auf die Drucke hat, die innerhalb eines Cages auf die inkor-
porierte Spongiosa wirken. Er demonstrierte, dass die Grofle
der maximalen Pore eines Cages entscheidend fiir die Redukti-
on der Stressprotektion der inkorporierten Spongiosa ist. Dabei
formulierte er folgende, auf dem Wolf-Gesetz basierende Hy-
pothese:,,Je groflere die maximale Pore in der Auflagefliche ei-
nes Cages, desto geringer das ,stress shielding“ auf die inkorpo-
rierte Spongiosa und desto besser daher das Einheilungsver-
halten des Cages.“ [17] Diese Hypothese mag die oben genann-
ten Unterschiede in der intervertebralen Knochen-Gesamtvolu-
men-Relation beider Cages erkldren. Der Harmscage besitzt
eine ca. doppelt so grofie maximale Pore und demzufolge einen
deutlich hoheren Intra-Cage-Kompressionsdruck (s. Tabelle 1).
Daher ist das ,stress shielding® der inkorporierten Spongiosa
im Harmscage deutlich reduziert. Diese Hypothese erklért auch
die histomorphologisch evaluierte hohere Osteoklastenaktivi-
tat innerhalb des Syncage-C. Durch die mechanische Stresspro-
tektion der Spongiosa innerhalb des Syncage-C wird die nicht
druckbelastete Spongiosa abgebaut. Demzufolge muss konsta-
tiert werden, dass die maximale Pore eines Cages eine entschei-
dende Rolle fiir dessen Einheilungsverhalten hat.

Zusammenhang zwischen Primér- und Sekundarstabilitat

Die Primérstabilitdt eines Cage/Spongiosa-Komposit-Implan-
tats resultiert fast ausschliefllich aus den mechanischen Eigen-
schaften des Cages [17,21]. Erst sekundér, durch die Ausbildung
der intervertebralen Knochenmatrix, trégt die inkorporierte
Spongiosa zur Gesamtstabilitdt des Komplexes bei [36]. Die
biomechanischen In-vitro-Untersuchungen zeigten die signi-
fikant grof3te Steifigkeit in allen Bewegungsrichtungen fiir den
Syncage-C.Im Gegensatz dazu wies dar Harmscage nur in Nei-
gung eine hohere In-vitro-Steifigkeit als der Knochenspan auf.
Diese Ergebnisse der In-vitro-Testung am Schafsmodell besta-



tigen vorangegangene biomechanische Untersuchungen, in de-
nen eine héhere Primérstabilitdt unterschiedlicher Cages im
Vergleich zum Beckenkammspanimplantat nachgewiesen wer-
den konnte [6, 12,15, 17, 21, 22, 24, 25, 29, 34, 35].

Die In-vivo-Ergebnisse dieser Untersuchung stehen jedoch
in eindeutigem Gegensatz zu den biomechanischen In-vitro-
Ergebnissen. Wihrend der Beckenkammspan und der Harms-
cage die In-vitro-Steifigkeit in vivo signifikant steigern konnten,
bestand zwischen In-vitro- und In-vivo-Steifigkeit des Syncage-
C kein signifikanter Unterschied. In vivo zeigte der Harmsca-
ge, in vitro der Syncage-C die signifikant grofite Steifigkeit in
allen Bewegungsrichtungen. Diese Ergebnisse stehen im Gegen-
satz zu bisherigen Postulaten, nachdem eine hohe Primérstabi-
litit auch zu einer hohen Sekundirstabilitit fiithrt [6,17, 21, 22,24,
29,31,34,35]. Die deutlichen Unterschiede zwischen den biome-
chanischen In-vitro- und In-vivo-Ergebnissen dieser Studie
weisen vielmehr darauf hin, dass offensichtlich ,,biologische
Qualitdten“ eines Cages existieren, die einen entscheidenden
Einfluss auf die Sekundérstabilitdt haben und die durch reine
biomechanische In-vitro-Tests bisher nicht zu determinieren
sind. Zu fordern bleibt demzufolge eine tierexperimentelle Eva-
luation neuer Cage-Designs vor deren Markteinfiihrung.

Schlussfolgerung

Obwohl der Syncage-C deutlich bessere biomechanische In-vi-
tro-Eigenschaften als der Harmscage aufweist, ist innerhalb
der ersten 12 Wochen postoperativ das frithe Einheilungsver-
halten des Harmscage dem des Syncage-C signifikant {iberle-
gen. Offensichtlich bestehen ,,biologische Qualititen® interver-
tebraler Implantate, die das Einheilungsverhalten definieren.
Die Ergebnisse dieser Studie zeigen, dass die Auflagefldche fiir
das Sinterungsverhalten eines Cages in vivo nur von unterge-
ordneter Bedeutung ist. Hingegen erscheint die Gr63e der ma-
ximale Pore eines spongiosagefiillten Cages eine ,,.biologische
Qualitét“ darzustellen, die eine positive Korrelation zum Ein-
heilungsverhalten des Implantates in vivo aufweist. Da kein di-
rekter Zusammenhang zwischen der Primirstabilitdt und der
Sekundérstabilitét von intervertebralen Implantaten in dieser
12-Wochen-Studie bestand, sind biomechanische In-vitro-Un-
tersuchungen nicht dazu geeignet, das frithe Einheilungsver-
halten eines Cages zu prognostizieren. Daher bleibt zu fordern,
dass eine tierexperimentelle Evaluation neuer Cagedesigns vor
deren Markteinfiihrung vorzunehmen ist.
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Diese Untersuchung konnte zeigen, dass designspezifische Charakteristika von
Cages existieren, die das Einheilungsverhalten der Implantate definieren. Von
besonderer Bedeutung fiir das Einheilungsverhalten eines Cages ist das "stress
shielding" des Implantates auf die inkorporierte Spongiosa. Der Harmscage weist
aufgrund des geringeren ‘"stress shielding" ein signifikant besseres
Einheilungsverhalten auf als der Syncage-C. Daher wurde in allen folgenden

Untersuchungen der Harmscage eingesetzt.
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2.3 Wachstumsfaktoren und Carrier-Systeme
2.3.1 Kollagen- und PDLLA-Carrier zur BMP-2 Applikation

Da bei der Verwendung von Polylaktid-Carriern inflammatorische Reaktionen mit
begleitender Ausbildung von Osteolysen beschrieben wurden [53], fanden in der
experimentellen Wirbelsdulenchirurgie bisher, trotz zahlreicher Nachteile,
vorwiegend Kollagen-Carrier zur lokalen Applikation von Wachstumsfaktoren
Anwendung. [127,167,180,184]. Eine neu entwickelte diinne PDLLA-Beschichtung
von Implantaten zur lokalen Freisetzung von Wachstumsfaktoren konnte im
Vergleich zu derzeit verfiigbaren Polylaktid- und Kollagen-Carriern Vorteile
aufweisen [73,171].
e Daher sollten in dieser Untersuchung der PDLLA-Carrier hinsichtlich seiner
lokalen Wirkung auf die intervertebrale Spondylodese im zervikalen

Schafsmodell untersucht werden.

e Zusitzlich sollte die Effektivitit des PDLLA-Carriers mit der eines Kollagen-
Carriers bei der lokalen Applikation von BMP-2 im Spondylodesemodell der

zervikalen Schafswirbelsiule verglichen werden.
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Bone morphogenetic protein—2 application by a
poly(p,L-lactide)—coated interbody cage: in vivo results
of anew carrier for growth factors

FRANK KANDZIORA, M.D., HERMANN BAIL, M.D., GERHARD SCHMIDMAIER, M.D.,
GEORG SCHOLLMEIER, M .D., MATTI ScHOLZ, CHRISTIAN KNISPEL, TIMO HILLER,
ROBERT PFLUGMACHER, M .D., THOMAS MITTLMEIER, M .D., MICHAEL RASCHKE, M .D.,
AND NORBERT P. HAAS, M .D.

Unfall- und Wieder herstellungschirurgie, Universitéatsklinikum Charité der Humboldt Universitat Berlin,
Campus Virchow-Klinikum, Berlin, Germany

Object. Growth factors such as bone morphogenetic protein—2 (BMP-2) have been proven to promote spine fusion and
to overcome the disadvantages of an autologous bone graft. The optimum method to deliver such growth factors remains
a matter of discussion. The purpose of this study was to determine the safety and efficacy of a new poly(p,L-lactide)
(PDLLA) carrier system for BMP-2 and to compare this carrier system with a collagen sponge carrier in a sheep cervical
spine interbody fusion model.

Methods. Thirty-two sheep underwent C3-4 discectomy and fusion: Group 1, titanium cage (eight animals); Group 2, tita-
nium cage coated withaPDLLA carrier (eight animals); Group 3, titanium cage coated withaPDLLA carrier including BMP-
2 (150 p.g) (eight animals); and Group 4, titanium cage combined with a collagen sponge carrier including BMP-2 (150 j.g)
(eight animals). Blood samples, body weight, and temperature were assessed. Radiographs were obtained pre- and postoper-
aively and after 1, 2, 4, 8, and 12 weeks. At the same time points, disc space height, intervertebral angle, and lordosis angle
were measured. After the sheep were killed 12 weeks postoperatively, flexion—extension radiography was performed to eval-
uate fusion sites. Quantitative computerized tomography scans were obtained to assess bone minera density (BMD), bone
minera content (BMC), and bone callus volume (BCV). Biomechanical testing was performed in flexion, extension, axia
rotation, and lateral bending. Stiffness, range of motion, neutral, and elastic zone were determined. Histomorphological and
-morphometrical analyses were performed, and polychrome sequential labeling was used to determine the timeframe of new
bone formation.

There were no differences among the groups concerning blood counts, body weight, and temperature. Compared with the
noncoated cages, al PDLLA-coated cages showed significantly higher valuesfor BMD of the callus, aswell asdightly high-
er vaues for BMC, BCV, and the bone volume/total volume ratio. In comparison with the cage-alone group, the BMP-2
groups showed significantly higher values for BMD and biomechanica stiffness. Histomorphological, -morphometrica, and
polychrome sequential labeling analyses demonstrated greater progression of callus formation in the BMP-2 groups than in
any other group. Compared with BMP-2 delivered using a collagen sponge carrier, BMP-2 application with aPDLLA carri-
er resulted in ahigher BCV and a greater progression of interbody callus formation in the histomorphometrical analysis.

Conclusions. The use of cervical spineinterbody fusion cages coated with PDLLA as adelivery system for growth factors
was effective. In this 12-week follow-up study, the PDLLA coating showed no adverse effects. The dight but not significant
positive effect of the PDLLA carrier on interbody fusion might be aresult of the degradation process of the biodegradable car-
rier. Compared with collagen sponge delivery of BMP-2, the PDLLA-coated interbody cages significantly increased the results
of interbody bone matrix formation. In this new combination (implant + PDLLA + growth factor) the cage represents a“red
fusion” cage, because it not only serves as amechanica device for spind fixation but dso asaloca drug delivery system.

KeEy WorDs ¢ cervical spine < bonemorphogenetic protein ¢ interbody fusion e
poly(p,L.-lactide) e« growth factor e« sheep

vation in vivo after 20 to 30 minutes.’® Furthermore, be-

rowTH factors such as BMP-2 have been proven to
accelerate spind fusion and to overcome the dis-
advantages of an autologous bone graft.>+68913193L
%4 The main disadvantage of BMP-2 isits quick inacti-

Abbreviations used in this paper: BCV = bone callus volume;
BMC = bone mineral content; BMD = bone mineral density; BMP-
2 = bone morphogenetic protein—2; CT = computerized tomogra-
phy; DSH = disc space height; EZ = elastic zone; IVA = interver-
tebral angle; LA = lordotic angle; NZ = neutral zone; PDLLA =
poly(p,L-lactide); PGA = poly(glycolide acid); PLA = poly(lactic
acid); rhBMP = recombinant human BMP; ROI = region of inter-
est; ROM = range of motion.
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cause BMP-2 is not specific for particular tissue, it has
various effects on cellular processes. Additionally, BMP-
2 has dose-dependent effects and may be efficacious at
high or low doses.2424 Therefore, the local, controlled,
and continuous application of these factors seems to be
necessary to accelerate spinal fusion. The optimum deliv-
ery method of growth factors such as BMP-2 remains a
matter of debate. Currently, collagen-impregnated sponge
carriers are used for local application of BMP-2 in exper-
imental spinal fusion.®** The safety and accuracy of these
carriers, however, are questionable.®34
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Coating of implants with locally active growth factors
could influence concepts of spinal fusion. The continuous
loca application of these factors at the required site in
the desired concentrations, however, remains an unsolved
problem. A continuous drug release with high local but low
systemic concentrations could be achieved using a bio-
degradable drug carrier. Recently, investigators have de-
scribed a new biodegradable local drug delivery system
that enables the “cold coating” of implants with potential
thermolabile proteins such as BMP-2.14373 The authors of
studies on rat tibia fractures have reported that this PDLLA
carrier itself applied viaan intramedullary titanium implant
had a significantly positive effect on bone matrix forma-
tion. Compared with the noncoated implant, the PDLLA-
coated implant showed a significantly increased fracture
consolidation rate radiographicaly, biomechanically, and
histomorphometrically.*

Based on these studies, this new coating technique
could be very promising in the field of spinal surgery be-
cause we may be able to combine biomechanically well-
established implants with biologically active substances.
In this new combination the implant serves as a device for
spina fixation as well as aloca drug delivery system to
improve spina fusion not only by the growth factors but
potentially by the carrier system itself.

The purpose of this study was to determine the safety
and efficacy of abiodegradable PDLLA carrier system for
BMP-2 and to compare this delivery system with a colla-
gen sponge carrier in a sheep cervical spine interbody
fusion model.

Materials and Methods

Sudy Design

Thirty-two adult (2-year-old) female merino sheep underwent
C3-4 discectomy and fusion. Eight sheep were randomly assigned
to each of the following groups: Group 1, mesh titanium cage (eight
sheep); Group 2, mesh titanium cage coated with biodegradable
PDLLA carrier (eight sheep); Group 3, mesh titanium cage coated
with biodegradable PDLLA carrier including BMP-2 (150 wg)
(eight sheep); and Group 4, mesh titanium cage combined with col-
lagen sponge carrier including BMP-2 (150 .g).

After 12 weeks all sheep were killed, and radiographic, biome-
chanical, and histological evaluations were performed. All animal
experimental work was approved by local authorities.

Cage Preparation

The PDLLA was chosen as the drug carrier system for sheep in
Groups 3 and 4. The coating properties and the coating technique
have been previously described.®” In Group 3 rhBMP-2 (5% wt/wt)
was incorporated in the PDLLA solution. The mean PDLLA coat-
ing mass of the cages was 3.02 = 0.12 mg. Therefore, approxi-
mately 150 pg (5% wt/wt) BMP-2 was incorporated in the coating
of each cage.

Preparation and application of BMP-2 and the collagen sponge
have been previously described.® In Group 4, 1 cm? of solution con-
taining 150 g of rhBMP-2 was added to an established collagen
sponge carrier* by drip application.

Surgical Technique and Postoperative Care

All sheep received 2 g amoxicillin intravenously before surgery.
The animals underwent surgery after induction of genera endotra-
cheal anesthesia (0.5 g thiopental-natrium and 0.1 mg fentanyl dihy-
drogen citrate). For maintenance of anesthesia, inhaation of isoflu-
rane and intravenous 0.2-mg dosages of fentanyl dihydrogen citrate
were gpplied. The anterior part of the neck was prepared in a sterile
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fashion, and a left anterolateral approach to the cervical spine was
performed via a longitudina skin incision. The longus colli muscle
was incised at the midline, and the intervertebra C3—+4 disc was
exposed. After using a Caspar distractor to distract the motion seg-
ment, an anterior discectomy was performed at C3-4. Using a 2-mm
high-speed diamond drill, the endplates were shaved down to bleed-
ing bone. No attempt was made to excise the posterior longitudinal
ligament or expose the spinal canal. For interbody stabilization, mesh
titanium 14-mm-diameter cages of appropriate height (mean height 8
mm) were used. Finaly, the wound wasirrigated with saline, and the
longus colli muscle was closed using a running suture. The subcuta
neous tissue and the skin were reapproximated using interrupted su-
tures, and a soft bandage was applied to the neck.

Postoperatively, the sheep were observed until fully recovered
from general anesthesia. They received two 0.5-g doses of metami-
zol-natrium per day for 5 days intramuscularly. Clinical examina-
tion was performed daily for thefirst 10 days and weekly thereafter.
The sheep were allowed ad libitum activity for the remainder of the
experimental period. Fluorochrome sequential |abels were adminis-
tered at 3, 6, and 9 weeks postoperatively; these consisted of intra-
venous administration of the following: oxytetracyclin (25 mg/kg)
at 3weeks, calcein green (15 mg/kg) at 6 weeks, and xylenol orange
(90 mg/kg) at 9 weeks. Twelve weeks after surgery, the animals
were killed, after induction of 0.5 g thiopental-natrium and 0.1 mg
fentanyl dihydrogen citrate, by an intravenous injection of potassi-
um chloride. The complete cervical spine, including parts of the oc-
ciput and T-1, was excised and cleaned from the surrounding tissue.

Blood and Serum Analyses

Blood and serum samples were taken from the saphenous vein
of the hind leg pre- and postoperatively and after 1, 2, 4, 8, and 12
weeks. The blood samples were analyzed for routine laboratory
parameters (blood count, electrolytes, alkaline phosphatase, thyroid
values, and glucose).

Body Weight and Temperature

Preoperatively and at 1, 2, 4, 8, and 12 weeks postoperatively rec-
tal body temperature and body weight were measured.

Radiographic Analysis

Lateral and anteroposterior digital radiographs were obtained
pre- and postoperatively and at 1, 2, 4, 8, and 12 weeks. At the same
time periods, anterior, middle, and posterior intervertebral DSH,
IVA, and LA were measured on lateral radiographs.?? The mean in-
tervertebral DSH was cal culated from anterior, middle, and posteri-
or DSH measurements (anterior, middle, and posterior DSH/3). All
raéjiographic measurements were evaluated by three independent
observers.

Functional Radiographic Analysis

After the sheep were killed lateral digital functional radiographs
(in flexion and extension) were obtained to evaluate the fusion sites.
For this purpose, the T-1 segment was rigidly fixed using a Stein-
mann pin while a 60-N load was applied through C-1 by using a
dynamometer. Flexion and extension differencesinthe VA and LA
were calculated. All functional radiographic measurements were
evaluated by three independent observers.

Quantitative CT Analysis

After the sheep werekilled, quantitative CT scans were obtained.
Axial cuts with 1-mm dlice thickness were made paralel to the
intervertebral disc space. The BMD measurements were calibrated
using a six-point BMD phantom.? Measurements were performed
using specific software of the scanner. The BCV was measured us-
ing a Zeiss image analysis system. The BMC was calculated from
BMD and BCV measurements (BMC = BCV X BMD). All CT
measurements were evaluated by three independent observers.

Biomechanical Analysis
After the sheep werekilled, biomechanical testing was performed
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using a nondestructive flexibility method in which anonconstrained
testing apparatus, previously described in detail, was applied.?#
Pure bending moments of 6-Nm load were applied to each C3-4
motion segment by using a system of cables and pulleys to induce
flexion, extension, left and right lateral bending, and left and right
axial rotation. A uniaxial testing machine was used to apply tension.
Three-dimensional displacement of each motion segment was mea-
sured using an optical measurement system. Triangular markers
with three diodes were attached to the bodies of C-3 and C-4.
Marker positions were detected using two cameras and recorded
with a computerized motion analysis system. Angular displacement
of the upper vertebra (C-3) in relation to the lower vertebra (C-4)
was calculated from marker position by using custom-made com-
puter software. The experimental error associated with this method
was = 0.1°.2 The mean apparent stiffness valuesin the EZ were cal -
culated from the corresponding load-displacement curves. The
ROM, NZ, and EZ were determined.

Histomorphological, Histomorphometrical, and Fluorochrome
Analysis

For histological examination of bone, al C3-4 motion segments
were harvested after 12 weeks. The motion segments were fixed
for 7 daysin 10% normal buffered formaldehyde, dehydrated in as-
cending concentrations of ethanol, and embedded in methylmetha-
crylate without being decalcified.

For histomorphological and histomorphometrical analyses, lon-
gitudina sections in the sagittal plane were cut at 6 pm by using a
microtome and a 40° stainless-steel knife. The residual parts of the
cages were then removed, and the following stains were used:
Safranin-O/lightgreen, Safranin-O/van Kossa, astrablue, and Mas-
son-Goldner. Masson-Goldner staining was used for histomorpho-
logical andysis.

Histomorphometrical parameters were measured on the residual
stainings using a Leica microscope and an image analyzing system.
Parameters were measured at a magnification of 1.6.

The sagitta diameter distance of C-3 and the mean preoperative
DSH were determined to define the size of the ROI for histomorpho-
metrical evaluation. The complete intervertebral fusion areawas in-
cluded in this ROI. The following structural indices were calculated
in the ROI: bone volume/total volume, cartilage volume/total vol-
ume, and mineralized cartilage volume/cartilage volume.

For fluorochrome analysis, longitudinal sections in the parasagit-
tal plane were cut at 400 wm by using a precise macrogrinding ma-
chine. These dices were then ground to a thickness of 80 wm by
using a precise microgrinding machine. Fluorochrome markers were
analyzed under appropriate lighting conditions by using a Leica
microscope and a Zeiss image analysing system. Parameters were
measured at a magnification of 1.6.

Fluorochrome analysis of the intervertebral fusion areas has been
previously described in detail.# The first appearance of the marker
served to indicate formation of new bone matrix. The presence or
absence of each marker around or within the cage or the bone graft,
respectively, was used to determine the relative time frame of new
bone formation.

Sources of Supplies and Equipment

We obtained the PDLLA from Boeringer (Ingelheim, Germany).
TherhBMP-2 was acquired from the Theodor-Boveri-Institut (Wiirz-
burg, Germany). The collagen sponge carrier (Helistat) was produced
by Integra Life Sciences (Plainsboro, NJ). The methylmethacrylate
(Technovit 9100) was acquired from Heraeus Kulzer GmbH (Wehr-
heim/Ts, Germany).

The titanium mesh cages were purchased from Motech GmbH
(Schwenningen, Germany). Our x-ray unit (Mobilett Plus) was man-
ufactured by Siemens AG (Erlangen, Germany), and the x-ray film
(CR 24x30) was produced by Fuji (Kleve, Germany). The dy-
namometer used to deliver the 60-N load to C-1 was obtained from
Inha GmbH (Berlin, Germany). The CT scans were acquired using a
scanner (Somatom plus 4) that was manufactured by Siemens, which
aso produced the specific scanner software (Sienet Magic View VA
30A) used for determining radiographic measurements. An analyzing
system (KS 400), used to calculate BCV, was obtained from Zeiss

42

F. Kandziora, et d.

GmbH (Oberkochen, Germany). The uniaxia testing machine (mod-
el 1456) was purchased from Zwick GmbH (Ulm, Germany). Qualy-
sis Inc. (Savebalden, Sweden) produced the optical analysis system,
diodes, and computerized motion anaysis system (PC-Reflex). We
obtained the macro- and microgrinding machines from Fa. Exact
(Norderstedt, Germany). The SPSS software was obtained from
SPSS (Chicago, IL).

Satistical Analysis

Comparison of data was performed using one-way analysis of
variance for independent samples followed by Tukey post-hoc
analysis for multiple comparison procedures in which Bonferroni
correction for multiple measurements was used. Intraobserver vari-
ability for radiographic and functional radiographic evaluation was
determined using k statistics. Statistically significant differences
were defined at a 95% confidence level. The values are given as
means *+ standard deviations. The SPSS software supported statis-
tical evaluation.

Results
Failure Parameters and Complications

One sheep died of an anesthesia-related complication on
Day 0. In Group 1 one animal had to be killed during Week
6 because it developed sore mouth (contagious ecthyma).
Both sheep were excluded from the study and replaced by
two others. In Group 1 one animal developed a superficia
seroma in the neck, which healed without further difficul-
ties after provision of conservative treatment.

Blood and Serum Analysis Results

In an analysis of the full blood count no significant
changes among the groups and throughout the experiment
were demonstrated. Even after 1 week no significant chang-
es were found for mean hemoglobin, erythrocyte, and
leukocyte levels. Levels of eectrolytes (Na, K, Cl, and Ca)
did not show significant changes during the experimental
period. Furthermore no changes of thyroid hormones, alka-
line phosphatase, and glucose levels were found through-
out the observation period and among al groups.

Body Weight and Temperature

No significant intergroup differences were found in
mean body temperature and body weight throughout the
experimental period. Postoperatively, adight and constant
increase in body weight for al sheep was determined.

Radiographic Results

Intraobserver agreement for radiographic measure-
ments was good, showing k values ranging from 0.76 to
0.93. Preoperative baseline radiographic values did not
show any differences among the groups. No significant
intergroup differences were found for mean DSH, IVA,
and LA throughout the observation period.

Functional Radiographic Results

Intraobserver agreement for functional radiographic
measurements was excellent (k values 0.87-0.94). Func-
tional radiographic assessment (Table 1) reveaed signifi-
cantly lower residual flexion—extension movement in the
BMP-2-treated groups (Group 3 and 4) than in both other
groups (p < 0.05). There were no differences between
sheep that received coated (Group 2) and noncoated cages
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TABLE 1
Summary of functional radiographic data obtained
after 12 weeks
Difference in Degrees (range)
Flexion/
Extension Group 1 Group 2 Group 3 Group 4
IVA 8.6+ 26 87*+24 27*x21*F 36=*18%t
(6-10) (7-10.5) 0-7) (1.5-7)
LA 86+ 31 79*+27 39*x23tT 44+ 17F
(6-12) (4-9.5) (0-9) (2-6.5)

* p < 0.05 compared with Group 1.
T p < 0.05 compared with Group 2.

(Group 1). Although flexion—extension differences were
constantly higher in the collagen sponge-delivered BMP-
2 group (Group 4), no significant differences could be
detected between the PDLLA-delivered BMP-2 (Group 3)
and Group 4 sheep.

Quantitative CT Results

Intracbserver agreement related to CT measurements
was excellent (k values 0.86-0.95). After 12 weeks there
were no significant differencesin BMC and BCV between
the cage-alone group (Group 1) and the cage plus PDLLA
group (Group 2). In the PDLLA-coated cage group
(Group 2), and in both BMP-2-treated groups (Groups 3
and 4) BMD of the callus was significantly higher thanin
Group 1 (p < 0.05). The PDLLA-coated cageswith BMP-
2 (Group 3) showed significantly higher values for BCV
(p < 0.05) than in any other group (Fig. 1 and Table 2).
No ossifications of the posterior longitudina ligament
were observed in any group.

Biomechanical Results

The mean stiffness in axia rotation and lateral bending
was significantly higher (p < 0.05) in the BMP-2—treated
sheep (Groups 3 and 4) than in the other two groups (Fig.
2). Additionally, ROM and EZ in rotation and lateral
bending were significantly lower (p < 0.05) in Groups 3
and 4 than in the other two groups (Table 3). The highest
stiffness values and the lowest ROM, NZ, and EZ values
were constantly demonstrated in Group 3. No significant

difference, however, was determined between Groups 3
and 4.

Histomor phological Results

Histomorphological analysis supported the findings of
radiographic and biomechanical examinations (Fig. 3). In
the noncoated (Group 1) and PDLLA-coated (Group 2)
cage groups, mainly fibroblasts and cartilage cells were
observed between the endplates without major differences
between the groups. Compared with Group 1, however,
small bony islands could be detected surrounding the
cagesin Group 2. The spinesin Groups 3 and 4, stabilized
with BMP-2-treated cages, showed advanced remodeled
callus with low cartilage and fibrous tissue components;
there were no mgjor differences between these groups.
Compared with the collagen sponge carrier (Group 4),
however, a greater number of bony islands could be de-
tected surrounding the PDLLA-coated cages (Group 3).
No differences in the quantity of macrophages, which
might indicate degradation products of the carriers, were
observed on the histological sections obtained in the dif-
ferent groups. No voids in the interbody fusion mass or
inflammatory reaction associated with the PDLLA coat-
ing were observed.

Histomor phometrical Results

The results of histomorphometrical analysis are pre-
sented in Table 4. No significant differencesin sagittal di-
ameter index (baseline) were demonstrated among the
groups. Compared with Groups 1, 2, and 4 significantly
advanced interbody bone matrix formation was found in
Group 3 (p < 0.05). Therewas no significant differencein
the bone volume/total volume ratio between the PDLLA-
coated cages (Group 2) and the collagen sponge- and
BMP-2-treated cages (Group 4). There were no differ-
ences in histomorphometrical parameters between Groups
1 and 2 except for bone formation (p < 0.05), which was
higher in the PDLLA-coated cages.

Fluorochrome Analysis Results

The results of fluorochrome analysis are summarized in
Table 5. The BMP-2-coated cages exhibited earlier new
bone formation both within and around the cages com-

Group 1 Group 2
cage cage + PDLLA

Group 3
cage + PDLLA+BMP-2

Group 4

cage + collagen +BMP-2

Fic. 1. Representative CT scan obtained after 12 weeks demonstrating interbody fusion paralléel to the intervertebral

space.
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TABLE 2
Summary of quantitative CT data obtained after 12 weeks
Quantitative
Scanning Group 1 Group 2 Group 3 Group 4

BMD (glom®) 058 = 0.04 062+ 003* 062+ 004* 061+ 0.03*

(056-065) (059-0.66) (0.58-0.65)  (0.58-0.64)
BMC (g) 19+07 21+05 33+11* 25=10
(1228  (13-26) (2-5.5) (2-55)

BCV (cmd) 33+12 34+09 54+19tt 41+10
(47  (2543)  (21-74) (2-53)

* p < 0.05 compared with Group 1.
T p < 0.05 compared with Group 2.
$p < 0.05 compared with Group 4.

pared with the non-BMP-2-coated other groups. There
were no significant differences between Groups 1 and 2
except for new bone formation around the cages a 9
weeks postoperatively, which was greater in the PDLLA-
coated cages. No differences throughout the observation
period were detected between Groups 3 and 4.

Discussion
The objectives of this study were: 1) to determine the
safety and efficacy of abiodegradable PDLLA carrier sys-
tem for BMP-2 and 2) to compare this carrier system with
a collagen sponge carrier in an in vivo sheep cervica
spine interbody fusion model using BMP-2.

Biodegradable PDLLA Carrier System

The optimum method for delivering growth factors to
the corresponding field of interest remains a matter of de-

6 Nm/degree
Oflexion Oextension
Hright rotation @ left rotation
Eright bending M left bending
4 -
2 J [
o T
Cage Cage+PDLLA
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bate. For local application of growth factors in experi-
mental spinal fusion, collagen sponge carriers are current-
ly the most popular. The safety and accuracy of these
carriers, however, are questionable. 34 A fast and un-
controlled release of drugs from collagen sponges with
potential undesired drug- or carrier system—-induced tissue
reactions has been described.®* An accurate intraoperative
placement of these carriers at the desired region appears
difficult, and inaccurate positioning may lead to uncon-
trolled interactions with the surrounding tissue or growth
factor inefficacy.-16243 Martin, et a.,* for example, dem-
onstrated in an intertransverse spina fusion model that
soft-tissue compression of the collagen sponge carrier pre-
vented bone induction at standard growth factor doses.
Boden, et a.,? reported that a resorbable collagen sponge
carrier was a suitable vehicle in rabbits and dogs; how-
ever, it was found to be subjectable to compression in a
lumbar intertransverse spina fusion model in monkeys.
Finally, the safety of the collagen sponge carrier is ques-
tionable because it consists partly of bovine materia that
can cause alergic reactions or infections.®

Different techniques for the coating of biomaterials and
local drug release have been described. Both PLA and
PGA or their copolymers have been widely used as bio-
degradable implants and drug delivery systems in ortho-
pedic surgery.8°%33% The vehicle examined in our study
(PDLLA) undergoes similar degradation to PGA and PLA
by chemical, thermal, mechanical, and physical mecha-
nisms,? whereas the chemical degradation primarily
through hydrolysis and metabolism in the citric acid cycle
isthe most important.?52¢ Many investigators have studied
the biocompatibility of poly(«a-hydroxy acids) and the
local tissue response of PLA and PGA or their copoly-
mers. The tissue response depends on the amount and the

e

SRRy

i

Cage+PDLLA+BMP-2

Fic. 2. Bar graph demonstrating results of biomechanical stiffness of the different groups in the different test modes.
* p < 0.05 compared with the cage-alone (Group 1) and the cage + PDLLA (Group 2) specimens.

Cage+collagen+BMP-2
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Summary of biomechanical data obtained after 12 weeks

TABLE 3

Differences in Degrees

Motion Group 1 Group 2 Group 3 Group 4
flexion

ROM 3.9*+08 3.0*+09 29+ 12 28+ 10

NZ 13+06 05=*07 09=*11 09=*10

EZ 26+08 25+09 20+ 07 19+07
Extension

ROM 39+13 33+12 27 +0.7* 29+ 0.9*

NZ 1.0+ 06 1.0+ 10 06 *+05 08+ 06

EZ 29+ 09 23+03 21+03 21+ 05*
rt rotation

ROM 23+10 24+08 1.0+ 03"t 12 +0.3*T

NZ 05+ 0.1 04 *+03 02 = 0.1*t 0.3+ 0.2*

EZ 20+ 09 20+ 06 0.8 = 0.3*1 0.9 + 0.3t
It rotation

ROM 23+08 23+05 11+ 04*1 1.3+ 04*T

NZ 04 *01 03=*01 02 = 0.1*t 0.3+ 0.3*

EZ 19=+07 20+ 05 09 + 04*t 1.0 £ 0.5*T
rt bending

ROM 38+ 10 41+ 10 21+ 0.7*t 23+ 09t

NZ 1.0+ 04 0.7+ 04 0.6 = 0.2t 0.6 = 0.4*

EZ 28+ 07 34+09 15+ 0.7%t 17 = 0.7t
It bending

ROM 39+12 4.2 + 0.7 21+ 09*t 24+ 1.1*t

NZ 1.0+ 04 08+ 0.7 05+ 0.2t 0.8 = 0.4*

EZ 29+08 34+08 16+ 0.7t 1.8 + 0.8 1

* p < 0.05 compared with Group 1.
T p < 0.05 compared with Group 2.

degradation rate of the material.”*5%52° Although mild in-
flammatory reactions have been observed when using
large amounts of polylactides, they are generaly well tol-
erated.’” In the use as a drug delivery system, the drug-
release kinetics of the carrier is of fundamenta impor-
tance to obtain a therapeutic concentration in tissue and to
avoid toxic side concentrations. The drug release from the
PDLLA used in this study takes place in two steps:*? pri-
marily by diffusion without mass loss, followed by ero-
sion of the matrix.** Additionaly, the degradation of co-
polymers depends on the relative amount of amorphous
compared with crystalline polymer with increased degra-
dation found in amorphous regions.5?® Therefore, semi-
cristalline PDLLA homopolymer degrades at aslower rate

than the amorphous PDLLA homopolymer. This may be
the reason that some investigators have found a higher
incidence of voids within the spinal fusion mass by using
PDLLA carriers?®

The local application of bioactive molecules from bio-
degradable PLA or PGA systems were examined in sev-
erd in vitro and in vivo studies. Gombotz, et al.,” report-
ed that the controlled release of transforming growth
factor—31 derived from a biodegradable poly(p,L-lactide-
co-glycolide acid) supported the bone ingrowth into the
carrier system. Zegzula, et al.,”> described a dose-depen-
dent healing of bone defects treated with rhBMP-2 de-
livered on porous PDLLA implants in a rabbit model.
Hermann, et a.,** demonstrated that the incorporation of

Group 1 Group 2
cage cage + PDLLA

Fic. 3. Histomorphological analysis. After 12 weeks interbody fusion was evaluated histomorphically and histomor-
phometrically. Safranin-O/van Kossa staining, original magnification X 1.6.
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TABLE 5
Summary of fluorochrome data obtained after 12 weeks*

TABLE 4
Summary of histomorphometrical data obtained after 12 weeks*
Index Group 1 Group 2 Group 3 Group 4
SDD (mm) 256+12 259+16 25814 258 + 1.2
(24.6-27.0) (24.3-27.8) (24.7-27.9) (24.5-27.4)
BV/TV (%) 383+41 418+ 32t 442+ 31148 419+ 21t
(26.4-52.1)  (3L7-50.2)  (34.2-52.8) (35.6-49.9)
CVITV (%) 4324 44+21 6.1+ 2.8F 59+ 2.3t
(1.4-11.0) (1.9-9.2) (1.9-17.2) (2.1-145)
mCV/CV (%) 3418 36+ 10 4112t 42+ 1.1t
(0.8-5.0) (1.9-5.8) (1.8-6.1) (1.6-5.7)

* BV/TV = bone volume/total volume ratio; CV/TV = cartilage volume/
total volume ratio; mCV/CV = mineralized CV/CV ratio; SDD = sagittal
diameter distance (baseline).

T p < 0.05 compared with Group 1.

1 p < 0.05 compared with Group 2.

§ p < 0.05 compared with Group 4.

antithrombotic drugs in biodegradable PDLLA—coated
coronary stents led to a significant reduction of loca
thrombotic reactions and restenosis of coronary vessels.
In our study a biodegradable PDLLA carrier system
was used for application of growth factors. Authors of
previous studies, especially those focused on PGA,° have
shown that during degradation of polymers, breakdown
products are formed that may alter the physiological envi-
ronment.”® Therefore, it may be possible that these prod-
ucts influence healing processes. Additionally, by demon-
strating a loss of the coating from steel and titanium
implants of less than 5%, the authors of an intramedullary
implantation and extraction study in rat tibiae have
demonstrated a high mechanical stability of the coating;*
however, a disodgment of the PDLLA coating during
insertion of the cage might have been possible. To exam-
ine the influence of the PDLLA on spinal fusion, PDLLA-
coated (Group 2) and noncoated cages (Group 1) were
investigated. Preliminary analyses of blood, serum, body
weight, and body temperature showed no significant dif-
ference between the two groups, suggesting the absence of
PDLLA-related adverse systemic side effects. Addition-
aly, no voids in the interbody fusion mass or inflam-
matory reaction associated with the PDLLA coating were
found in histomorphological evaluations. No differencein
the quantity of macrophages, especialy the absence of
macrophages or PDLLA remnants outside the interverte-
bral space indicating dislodgment of the PDLLA coating,
were observed on the histological sections in any of the
groups. Therefore, no local PDLLA carrier—associated
side effects could be detected. In contrast to previous stud-
iesin rat tibia fractures,*” however, we found no positive
effect of the PDLLA carrier on bone matrix formation;
yet, compared with the noncoated cages, al PDLLA-coat-
ed cages showed significantly higher values for BMD
of the callus and bone volume/total volume ratio, as well
as dightly higher values for radiographic osseous fusion
parameters, functional radiographic evaluation of LA,
BMC, BCV, ROM in flexion and extension, and new bone
formation adjacent to the cage after 9 weeks. Therefore, in
contrast to previous studies of biodegradable PGA or PLA
carriers,® the PDLLA carrier may exert apositive effect on
bone matrix formation; however, it could not be detected

46

Group 1 Group 2 Group 3 Group 4

Index Adjacent W/In Adjacent W/In Adjacent W/In Adjacent W/In

3 wks 1 1 0 0 2 2 2 2
6 wks 1 5 3 6 3 4 4 3
9 wks 1 6 5 6 8 8 8 8

* Depicted are the number of fusion sites (of the different groups at dif-
ferent time points) in which the fluorochrome marker was present adjacent
to or within the cage or bone graft, respectively.

in this study, possibly because of the limited number of
animal's used.

Bone Morphogenetic Protein—2

In this study significant acceleration of interbody fusion
was caused by BMP-2. Compared with the untreated cage
group, significantly higher radiographic fusion rate, a
higher biomechanical stability, an advanced interbody fu-
sion on histomorphometric analysis, and an accelerated
interbody fusion on fluorochrome sequence labeling were
associated with PDLLA-coated BMP-2-treated cages.
Theseresults are in accordance with previous animal stud-
ies in which BMP-2 was used in experimental spinal fu-
S' 0n.2,3,8,9,19,31,36,44

In the majority of animal studiesinvestigators have used
BMP-2 in an intertransverse process spinal fuson mod-
€l .3891931% Compared with this model, the biological envi-
ronment of anterior interbody fusion provides a greater ac-
cess to cancellous bone and bone marrow elements with
osteogenetic potency. This favorable biological environ-
ment may therefore reduce the quantity of growth factors
needed to achieve solid fusion, making the use of growth
factors more economically feasible. In severa studies in
which intertransverse fusion models were evaluated, high
BMP-2 doses (up to 1500 w.g) were necessary to achieve
intertransverse fusion.38919313 |n our study a small dose of
BMP-2 (approximately 150 wg) applied with a PDLLA-
coated cage or a collagen sponge was able to accelerate
anterior interbody bone matrix formation significantly.

Additionally, BMP-2 aso induces de novo bone in ec-
topic soft-tissue sites even in the absence of bone marrow
elements. In previous studies BMP-2-induced bone for-
mation in the ligamentum flavum resulted in flattening of
the spinal cord.® Hoshi, et a.,** were able to show that
BMP-2 induced ossification of the spina ligaments,
which resulted in spinal cord compression. Other authors
have suggested that BMP-2 may play an important rolein
the ossification of spinal ligaments, especially the posteri-
or longitudinal ligament.’*>* In our study anterior inter-
body discectomy and fusion was performed in which the
posterior longitudinal ligament was preserved. In accor-
dance with the results of Zdeblick, et al.,* and Hecht, et
al.,®* who also used an anterior interbody fusion model, we
found no evidence of ossification of the posterior longi-
tudinal ligament associated with the BMP-2. Additional-
ly, no BMP-2-related systemic side effects on blood count,
electrolytes, glucose levels, thyroid hormones, body
weight, or body temperature were observed in this study.

J. Neurosurg: Spine/ Volume 97 / July, 2002
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In previous anterior interbody fusion models in which
the surgeons used BMP-2, threaded cages (horizontal
cylinders) were applied to stabilize the anterior spinal col-
umn.2134 [n in vitro experiments involving sheep cervical
spines our group? demonstrated profound biomechanical
differences between threaded (horizontal cylinders) and
cylindrical cages (vertical cylinder) such as the titanium
mesh cage used in this study. Particularly in terms of
bending, the vertical cylinder cages showed significantly
higher stiffness and lower ROM values than the threaded
cages. Nevertheless, we were not able to determine any
relevant differences in interbody bone matrix formation
when comparing the results of the BMP-2-treated cylin-
drical cages in this study with the BMP-2-treated thread-
ed cagesin the previous studies.?*3* This suggests that the
osteoinductive effect of BMP-2 applied in the interverte-
bral spaceisto a certain degree independent from the bio-
mechanical properties of the added intervertebral implant.

Another purpose of this study was to compare a new
PDLLA carrier system with a collagen sponge carrier. In
comparison to BMP-2 application with a collagen sponge
carrier, BMP-2 application with a PDLLA carrier resulted
in a higher BCV and a higher bone volume/total volume
ratio. No intergroup differences, however, were found for
biomechanical parameters. These results are in accor-
dance with those reported in previous studies. Zegzula, et
al.,” have reported that the local application of rhBMP
delivered via collagen sponges or bioabsorbable PLA/
PGA beads with osteopromotive membranesinto rat man-
dibular defects showed superior bone regeneration associ-
ated with PLA/PGA than with the collagen sponge car-
rier. In a study comparing bovine Type | collagen and
polylactic acid as carriers for BMP-2 in a canine posterior
intertransverse process fusion model, the investigators
found a significantly higher axial rotation stiffness in the
fusion produced with the polylactic acid carrier.®* The fast
release of drugs from collagen sponges'® in combination
with the quick inactivation of BMP-2 in vivo® resulted in
a"“short-time effect” of BMP-2. In contrast, high and con-
tinuously released BMP-2 concentrations can be obtained
using a PDLLA carrier system. Therefore, in this study
BMP-2 application with a PDLL A-coated cage resulted in
agreater interbody fusion mass.

Conclusions

We found that PDLLA coating of cervica spine inter-
body fusion cages as a delivery system for growth factors
was effective and safe. The PDLLA coating was not asso-
ciated with any adverse effects on cervical spineinterbody
fusion. The dlight but insignificant positive effect of the
PDLLA carrier on interbody fusion might be a result of
the degradation process of the biodegradable carrier.

Compared with the collagen sponge carrier, BMP-2
delivered via a PDLLA-coated interbody cage increased
interbody bone matrix formation. In this new combination
(implant + PDLLA plus growth factor) the cage was con-
verted from an interbody cage to an interbody “fusion”
cage because it served not only as a device for spina fix-
ation but also as alocal drug delivery system.

Additional comparative in vivo studies of different
growth factors and carriers might elucidate which growth
factor or growth factor/carrier combination—also taking
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into account those which have not yet been tested—could
create the basis for spinal fusion at optimum velocity and
with minimal risks.
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Diese Untersuchung konnte zeigen, dass der PDLLA-Carrier eine sichere und
effektive lokale Applikation von Wachstumsfaktoren erlaubt. Zusdtzlich konnte
nachgewiesen werden, dass der PDLLA-Carrier im Vergleich zum Kollagen-Carrier
eine Verbesserung der Ergebnisse der intervertebralen Spondylodese ermdglicht.
Daher wurden alle folgenden Untersuchungen mit dem PDLLA-Carrier

durchgefiihrt.
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2.3.2 Dosisabhiingige Wirksamkeit von IGF-I und TGF-p1

Die spinale Applikation von BMP-2 ist mit Nachteilen verbunden [81,106,133].

Alternativ machen die synergistischen Effekte von IGF-I und TGF-B1 auf die

Knochenneubildung und —regeneration [83,137,181] deren kombinierte Applikation

zur Stimulation der intervertebralen Spondylodese interessant. Da die kombinierte

Applikation von IGF-I und TGF-B1 bisher noch nicht untersucht wurde, musste

zunichst eine adidquate Dosis fiir diese Wachstumsfaktorenkombination definiert

werden.

e Dabher sollte in dieser Untersuchung zunéchst geklart werden, ob die kombinierte
lokale Applikation von IGF-I und TGF-B1 mittels PDLLA-beschichtetem Cage
in der Lage ist, die intervertebrale Spondylodese zu stimulieren.

e Zusitzlich sollten in dieser Untersuchung 3 verschiedene Dosen von IGF-I und
TGF-B1 mittels PDLLA-beschichtetem Cage appliziert werden und hinsichtlich
ihres Effekts auf die radiologische, biomechanische und histologische Einheilung

intervertebraler Cages untersucht werden.
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Dose-dependent effects of combined IGF-I and TGF-
31 application in a sheep cervical spine fusion model

F. Kandziora , R. Pflugmacher, M. Scholz, J. Schiifer, G.
Schollmeier,G. Schmidmaier, G. Duda, M. Raschke, and N. P. Haas

Introduction: Combined IGF-I and TGF-1 application
by a Poly-(D,L-lactide)(PDLLA) coated interbody cage
has proven to promote spine fusion. Purpose of this study
was to determine, whether there is a dose-dependent
effect of combined IGF- I and TGF-81 application on
intervertebral bone matrix formation in a sheep cervical
spine fusion model.

Method: 32 sheep underwent C3/4 discectomy and
fusion. Stabilisation was performed using a titanium cage
coated with a PDLLA carrier including no growth factors
in group 1 (n = 8), 75 pg IGF-I plus 15 pg TGF-B1 in
group 2 (n = 8), 150 pg IGF-I plus 30 pg TGF-B81 in
group 3 (n = 8) and 300 pg IGF-I plus 60 pg TGF-81 in
group 4 (n = 8). Blood samples, body weight and
temperature were analysed. Radiographic scans were
performed pre- and postoperatively and after 1, 2, 4, 8, 12
weeks, respectively. At the same time points, disc space
height and intervertebral angle were measured. After 12
weeks animals were killed and fusion sites were
evaluated using quantitative computed tomographic scans
to assess bone mineral density, bone mineral content and
bony callus volume. Biomechanical testing was
performed and range of motion, neutral and elastic zone
were determined. Histomorphological and
histomorphometrical analysis were carried out and
polychrome sequential labelling was used to determine
the time frame of new bone formation.

Results: In comparison to the group without growth
factors (group 1) the medium and high dose growth factor
groups (group 3 and 4) demonstrated a significant higher
bony callus volume on CT-scans, a higher biomechanical
stability, an advanced interbody bone matrix formation in
histomorphometric analysis, and an earlier bone matrix
formation on fluorochrome sequence labelling.
Additionally, the medium and high dose growth factor
groups (group 3 and 4) demonstrated a significant higher
bony callus volume, a higher biomechanical stability in
rotation, and an advanced interbody bone matrix
formation in comparison to the low dose growth factor
group (group 2). No significant difference could be
determined between the medium (group 3) and high dose
growth factor group (group 4).

Conclusion: The local application of IGF-I and TGF-1
by a PDLLA coated cage significantly improved results
of interbody bone matrix formation in a dose dependent
manner. The best dose-response-relationship was
achieved with the medium growth factor dose (150 pg
IGF-I and 30 ug TGF-61). With an increasing dose of
these growth factors no further stimulation of bone matrix

From the Unfall- und Wiederherstellungschirurgie,
Universitétsklinikum Charité der Humboldt Universitét
Berlin

Campus Virchow Klinikum

formation was observed. Although these results are
encouraging, safety issues of combined IGF-I and TGF-
B1 application for spinal fusion still have to be
addressed.[Key words: cervical spine,sheep, animal
model, interbody fusion, IGF-I, TGF-81, growth factor,
surgery, dose]

More than 30 years ago Urist [55] determined the
osteoinductive capacity of demineralized bone matrix.
Advances in protein isolation and molecular cloning
technology subsequently yielded several soluble, low
molecular weight growth factors, like transforming
growth factors (TGF’s), bone morphogenetic protein’s
(BMP’s), platelet derived growth factors (PDGEF’s),
insulin like growth factors (IGF’s), fibroblast growth
factors (FGF’s) and epidermal growth factors (EGF’s)
[53]. Meanwhile, many of these growth factors are
available as recombinant molecules in virtually unlimited
quantities using genetically modified cell lines. However,
only some of these growth factors have demonstrated a
significant osteoinductive capacity and only two of this
growth factors have been precisely evaluated in
experimental spine fusion. Presently, only BMP-2 [4-6, 9,
12, 16, 22, 33, 34, 46, 47, 60, 61] and OP-1 (BMP-7) [15,
30] have proven to accelerate spinal fusion and to
overcome the disadvantages of an autologous bone graft.

However, provisos have been expressed due to side
effects associated with the use of BMP’s in spinal fusion.
BMP’s are able to induce de novo bone in ectopic soft
tissue sites even in the absence of bone narrow elements
[2, 61]. Some authors postulated that there is a necessity
for a growth factor to induce ectopic bone to promote
interbody fusion sufficiently [4, 33, 34]. However, this
characteristic of BMP-2 or BMP-7 might also be harmful.
In previous studies new bone formation induced by BMP-
2 in the ligamentum flavum resulted in flattening of the
spinal cord [35]. Additionally, Hoshi [19] was able to
show that BMP-2 induced ossifications of the spinal
ligaments lead even to spinal cord compression. Other
authors suggested that the BMP’s might play an
important role in the ossification of spinal ligaments,
especially the posterior longitudinal ligament [19, 28].
Therefore, the optimum growth factor or growth factor
combination to promote spinal fusion is still a matter of
discussion.

In a former study we were able to show an increased
intervertebral bone matrix formation comparing
combined IGF-I and TGF-81 application with an
autologous tricortical iliac crest bone graft in a sheep
cervical spine interbody fusion model [26]. Additionally,
we demonstrated analogous biomechanical —and
histological results comparing BMP-2 and combined
IGF-I and TGF-81 application in this model [27]. Due to
these results combined IGF-I and TGF-81 application
seems to be very promising for bone induction in the field
of spine surgery. However, to our knowledge, no studies
have been performed to determine if a dose-dependent



effect of combined IGF-I and TGF-81 application on
intervertebral fusion exists.

Therefore, purpose of this study was to determine,
whether there is a dose-dependent effect of combined
IGF- 1 and TGF-B1 application on intervertebral bone
matrix formation in a sheep cervical spine interbody
fusion model. Further this study was designed, to define a
dose which might be suitable for further experimental
evaluation of this growth factor combination.

Material and Method

Study design

32 adult female merino sheep (2 years old) underwent
C3/4 discectomy and fusion. The sheep were randomly
assigned to the following groups:

Group 1: titanium cage coated with a
biodegradable PDLLA carrier (n = 8);

Group 2: titanium cage coated with a
biodegradable PDLLA carrier
including

IGF-I (2.5% w/w = 75 pg) and TGF-
B1 (0.5% w/w = 15ug) (n=18);
(low dose group);

Group 3: titanium cage coated with a
biodegradable PDLLA carrier
including

IGF-I (5.0% w/w = 150 pg) and TGF-
B1 (1.0% w/w =30 pg) (n=38);
(medium dose group);

Group 4: titanium cage coated with a
biodegradable PDLLA carrier
including

IGF-I (10% w/w = 300 png) and TGF-

B1 (2.0% w/w = 60 ug) (n = 8);

(high dose group).
After 12 weeks all sheep were sacrificed and
radiographic, biomechanical and histological evaluations
were performed. All animal experimental work was
approved by local authorities.

Coating of the cages

Poly-(D,L-lactide)(PDLLA,  Boehringer  Ingelheim,
Germany) was chosen as drug carrier system. The
properties of the PDLLA-coating and the coating
technique were described previously [17, 48]. In groups
2-4 recombinant human insulin like growth factor I (IGF-
I, R&D Systems) (2.5, 5 and 10% w/w) and recombinant
human transforming growth factor-beta 1 (TGF-81, R&D
Systems) (0.5, 1 and 2% w/w) were incorporated in the
PDLLA-coating. The average PDLLA coating mass of
the cages was 3.02 +/- 0.12 mg. There was no difference
between the total coating mass of the different groups.
Therefore, approximately 75, 150 and 300 pg IGF-I plus
15, 30 and 60pg TGF-B1 were incorporated in the coating
of each cage, respectively.

Surgical technique and postoperative care

The animals underwent the surgical procedure under
general endotracheal anaesthesia. The anterior part of the
neck was prepped in a sterile fashion and a left
anterolateral approach to the cervical spine was carried
out through a longitudinal skin incision. The longus colli
muscle was incised in the midline, and the intervertebral
disc C3/4 was exposed. After distraction of the motion
segment with a Caspar-distractor, anterior discectomy
C3/C4 was performed. The endplates were uniformly
shaved with a 2 mm high speed diamond drill down to
bleeding bone. For interbody stabilization the coated
meshed titanium cages (Motech GmbH, Schwenningen,

Germany, height 8 mm, diameter 14 mm) including the
growth factors were inserted uniformly into the
intervertebral space. Finally, the wound was irrigated
with saline and the longus colli muscle, the subcutaneous
tissue and the skin were reapproximated with sutures and
a soft bandage was applied to the neck.

After surgery, the animals were maintained under
observation until fully recovered from general
anaesthesia. They received two doses of 0.5 g metamizol-
natrium (Novaminsulfon ®, Lichtenstein) per day for 5
days intramuscularly. Clinical examination was
performed daily for the first 10 days, then weekly. The
sheep were allowed ad libitum activity for the remainder
of the experiment. Fluorochrome sequential labels were
administered at 3, 6, and 9 weeks postoperatively
consisting of oxytetracyclin (25 mg/kg 1IV) at 3 weeks,
calcein green (15 mg/kg IV) at 6 weeks, and xylenol
orange (90 mg/kg IV) at 9 weeks. 12 weeks after surgery,
the animals were killed after induction of anaesthesia by
an intravenous injection of potassium chloride. The
complete cervical spine including parts of the occiput and
Th 1 was then excised and cleaned from the surrounding
tissue.

Blood and serum analysis

Blood and serum samples were taken from the saphenous
vein of the hind leg of the sheep pre- and postoperatively
and after 1, 2, 4, 8, 12 weeks, respectively. The blood
samples were analysed for routine laboratory parameters
(blood count, electrolytes, alkaline phosphatase, thyroid
values and glucose).

Body weight and body temperature analysis
Preoperatively and after 1, 2, 4, 8, 12 weeks rectal body
temperature and body weight were determined.

Radiographic analysis

Radiographic evaluations have been described in detail
carlier [24]. Lateral and p.a. digital radiographic scans
(X-ray unit: Mobilett Plus, Siemens AG, Germany; X-ray
films: Fuji CR 24x30, Fuji, Germany) were performed
pre- and postoperatively and after 1, 2, 4, 8, 12 weeks,
respectively. At the same time periods anterior, middle
and posterior intervertebral disc space heights (DSH) and
intervertebral angle (IVA) of the motion segment C3/C4
were measured on lateral radiographic scans. Average
intervertebral DSH was calculated from anterior, middle
and posterior DSH measurements (anterior, middle and
posterior DSH / 3). All radiographic measurements were
evaluated by three independent observers.

Quantitative computed tomographic analysis

Quantitative computed tomographic scans (QCT) were
performed using a Siemens Somatom plus 4 scanner
(Siemens Inc., Erlangen, Germany). Axial cuts with 1
mm slice thickness were made parallel to the
intervertebral disc space. Bone mineral density (BMD)
and bone volume measurements of the callus have been
described in detail earlier [24]. BMD measurements were
calibrated with a 6-point bone mineral density phantom
and were performed using specific software of the
scanner (Sienet Magic View VA 30A, Siemens, Inc.,
Erlangen, Germany). Bony callus volume (BCV) was
measured using an image analysing system (Zeiss KS
400, Zeiss GmbH, Germany). Bone mineral content
(BMC) was calculated from BMD and BCV
measurements (BMC = BCV x BMD). All CT-



measurements were cvaluated by three independent
observers.

Biomechanical analysis

After euthanasia biomechanical testing was performed by
a non-destructive  flexibility —method using a
nonconstrained testing apparatus described in detail
earlier [23-25]. Pure bending moments of 6 Nm load
were applied to the motion segments C3/4 using a system
of cables and pulleys to induce flexion, extension, left
and right lateral bending and left and right axial rotation.
Tension was applied to the cables with an uniaxial testing
machine (1456, Zwick GmbH, Ulm, Germany). Three-
dimensional displacement of each motion segment was
measured using an optical measurement system (Qualysis
Inc., Sévebalden, Sweden). Triangular markers with 3
diodes (Qualysis Inc., Séavebalden, Sweden) were
attached to the bodies of C3 and C4. Marker positions
were detected with two cameras and recorded with a
computerized motion analysis system (PC-Reflex,
Qualysis  Inc., Sdvebalden, Sweden). Angular
displacement of the upper vertebra (C3) in relation to the
lower vertebra (C4) was calculated from marker positions
using custom-made computer software. The measurement
error associated with this method was +/- 0.1 degrees
[25]. Range of motion (ROM), neutral (NZ) and elastic
(EZ) zones were determined.

Histomorpological,
fluorochrome analysis
All C3/C4 motion segments were harvested at 12 weeks
for bone histology. The motion segments had been fixed
for 7 days in 10 % normal buffered formaldehyde
followed by dehydration in ascending concentrations of
ethanol and embedded undecalcified in
methylmetacrylate (Technovit 9100, Heracus Kulzer
GmbH, Germany).

For histomorphological and histomorphometrical analysis
longitudinal sections in the sagittal plane were cut at 6
um with a Leica SM 2500S microtome and a 40 °
stainless steel knife. Afterwards the residual parts of the
cages were removed and the following stains were used:
a) Safranin-O/Lightgreen, b) Safranin-O/v. Kossa c)
Astrablue and d) Masson-Goldner.

Masson-Goldner stainings were used for
histomorphological ~ analysis.  Histomorphometrical
parameters were measured on Safranin-O/Lightgreen,
Safranin-O/v. Kossa and Astrablue stainings using a
Leica DM-RB microscope and an image analysing
system (Zeiss KS 400, Zeiss GmbH, Germany).
Parameters were measured at a magnification of 1.6x.
The sagittal diameter distance (S) of C3 and the average
preoperative DSH were determined to define the size of
the region of interest (ROI) for histomorphometrical
evaluation [26, 27]. The complete intervertebral fusion
area was included in this ROI. The following structural
indices were calculated in the ROI: bone volume / total
volume (BV/TV), cartilage volume / total volume
(CV/TV), mineralised cartilage volume / cartilage
volume (mCV/CV).

For fluorochrome analysis longitudinal sections in the
parasagittal plane were cut at 400 um with a precise
macro grinding machine (Fa. Exact, Norderstedt,
Germany). These slices were then ground to a thickness
of 80 um using a precise micro grinding machine (Fa.
Exact, Norderstedt, Germany). Fluorochrome markers
were analysed under appropriate lightning conditions
using a Leica DM-RB microscope and an image

histomorphometrical and

analysing system (Zeiss KS 400, Zeiss GmbH, Germany).
Parameters were measured at a magnification of 1.6x.
Fluorochrome analysis of intervertebral fusion areas was
described in detail earlier [60]. The first appearance of
the marker served to time formation of new bone matrix.
The presence or absence of each marker around or within
the cage was used to determine the relative time frame of
new bone formation.

Statistical analysis

Comparison of data was performed using one way
ANOVA for independent samples followed by TUKEY
post-hoc analysis for multiple comparison procedures with
Bonferroni correction for multiple measurements.
Intraobserver variability for radiographic, functional
radiographic evaluation and CT-measurements was
determined using kappa statistics. Statistical significant
differences were defined at a 95% confidence level. The
values are given as mean +/- standard deviation. SPSS
(release 10.0, SPSS Inc. Chicago, Illinois) software
supported statistical evaluation.

Results

Blood and serum analysis results

Full blood count did not show any significant differences
between the groups and throughout the experiment.
Levels of electrolytes (Na, K, Cl, Ca) did not show
significant changes during the experimental period.
Furthermore no differences of thyroid hormones, alkaline
phosphatase and glucose levels were found throughout
the observation period and between all groups.

Body weight and body temperature

No significant differences were found between all groups
in mean body temperature and body weight throughout
the experimental period. Postoperatively, a slight and
constant increase in body weight for all sheep of all
groups was determined.

Radiographic results

Intraobserver agreement for radiographic measurements
was good, showing kappa values ranging between 0.78
and 0.94. Preoperative baseline values of all radiographic
parameters did not show any differences between the
groups. No significant differences were found for average
disc space height and intervertebral angle between all
groups throughout the observation period. After a slight
postoperative increase of disc space height and
intervertebral angle due to intervertebral cage
stabilization, these parameters decreased to preoperative
values within 2 weeks. After these first 2 weeks no
significant further loss of disc space height and
intervertebral angle occurred.

Quantitative computed tomographic results

Intraobserver agreement for CT measurements was
excellent, showing kappa values ranging between 0.88
and 0.98. After 12 weeks bony callus volume (BCV) was
significantly lower in the cage group without growth
factors (group 1) than in any other group (p<0.05) (table
1). Additionally, the medium and high dose growth factor
groups (group 3 and 4) showed a significantly (p<0.05)
higher BCV than the low dose growth factor group
(group 2). There were no significant differences in bone
mineral content (BMC) between the cage group without
growth factors (group 1) and the low dose growth factor
group (group 2). However, the medium and high dose
growth factor groups (group 3 and 4) demonstrated a
significantly (p<0.05) higher BMC than both other



groups (group 1 and 2). There was no significant
difference for bone mineral density of the callus (BMD)
between all groups.

Biomechanical results

Biomechanical results for range of motion (ROM),
neutral zone (NZ) and elastic zone (EZ) are depicted in
table 2. Lowest ROM, NZ and EZ values were constantly
found for the high dose growth factor group (group 4).
ROM in all directions, except flexion, and NZ and EZ in
rotation and lateral bending were significantly (p<0.05)
lower in the medium and high dose growth factor groups
(group 3 and 4) than in the cage group without growth
factors (group 1). No significant difference for ROM, NZ
and EZ in any direction was found between the cage
without growth factor group (group 1) and the cage plus
low dose growth factors (group 2). Additionally, no
significant difference was found between the medium
(group 3) and high (group 4) dose growth factor group. In
comparison to the low dose growth factor group (group
2), the medium and high dose growth factor groups
(group 3 and 4) showed a significantly (p<0.05) lower
ROM in rotation and lateral bending and a significantly
(p<0.05) lower NZ and EZ in rotation.

Histomorphological results

Histomorphological analysis supported the findings of
computed tomographic and biomechanical examinations
(figure la-d). In the cage plus PDLLA group (group 1)
mainly fibroblasts and occasionally cartilage cells were
observed between the endplates. Cages were surrounded
by a distinct small line of fibroblasts interrupted by some
small bony islands. Group 2 stabilised with cages
including a low dose of IGF-I and TGF-1, showed some
bony islands between the endplates with cartilage and
fibrous tissue components. The tissue surrounding the
cages appeared similar to group 1. Group 3 and 4
stabilised with cages including medium and high doses of
IGF-I and TGF-B1, showed extensive callus formation
and large bony islands or complete bony bridging
between the endplates with little cartilage and fibrous
tissue components. Most of the callus was seen inside the
cage. These findings were accompanied by capillary
ingrowth and small resorptive lacunae without major
differences between both groups. Cages were surrounded
by bone, however, in some areas a distinct small line of
fibroblasts was obvious. Beside that, no ossifications of
the spinal ligaments were investigated in any group.

Histomorphometrical results

The results of histomorphometrical analysis are presented
in table 3. Histomorphometrical analysis showed no
significant differences of sagittal diameter index
(baseline) between all groups. Compared to the cage
without growth factor group (group 1) and the low dose
growth factor group histomorphometrical parameters
revealed a significantly (p<0.05) higher bone
volume/total volume ratio in the medium and high dose
growth factor groups (group 3 and 4). No differences in
the bone volume/total volume ratio were found between
the medium (group 3) and high dose (group 4) growth
factor group. There were no differences in the other
histomorphometrical parameters for all groups.

Flurochrome analysis results

The results of fluorochrome analysis are depicted in table
4. The IGF-I/TGF-B1 coated cages (group 2, 3 and 4)
exhibited earlier new bone formation both within and
around the cages compared to the group without growth

factors (group 1). There were no differences in
fluorochrome marker appearance between group all
groups after 6 and 9 weeks.

Discussion

Recently, in vitro and in vivo studies have demonstrated
an osteoinductive effect of IGF- I and TGF-81
application by direct and indirect mechanisms [31, 32,
37, 51, 52, 53]. IGF-I stimulates angiogenesis, the
replication of osteoblasts and the synthesis of bone matrix
[18, 21, 52]. TGF-B1 regulates differentiation and
proliferation of different cell types that are directly
involved in bone remodeling and bone matrix formation,
like mesenchymal cells, chondrocytes, osteoblasts, and
osteoclasts [29, 43, 45]. In vivo studies have shown that
decreased levels of IGF-I or TGF-B1 are associated with
bone loss and osteoporosis [1, 56, 58] whereas the local
application of IGF-I or TGF-81 can positively influence
fracture healing [20, 39, 50]. In contrast to the BMP’s,
IGF-I and TGF-B1 are said to be unable to induce de
novo bone in the absence of bone narrow elements [49,
50]. Therefore, both growth factors might be able to
overcome the disadvantages, especially the ossification of
spinal ligaments, associated with the use of BMP’s in
experimental spinal fusion.

Furthermore, in vitro and in vivo studies have
demonstrated an significant osteoinductive effect
combining IGF-I with growth factor’s of the TGF-
superfamily [21, 26, 27, 49, 59]. 1lli [21] for example,
combined the application of IGF-I with BMP-2 in an
osteotomy model of the metacarpal bone in juvenile
calves. Yeh [59] demonstrated, that combined OP-1
(BMP-7) and IGF-I application has a synergistic
stimulatory effect on fetal rat calvaria cells, by OP-1
induced regulation of IGF-binding proteins (IGFBP’s).
Schmidmaier [49] demonstrated, that the combined
application of IGF-I and TGF-B1 had a significantly
higher stimulating effect on bone matrix formation in rat
tibia fractures than single application of IGF-I or TGF-
1. He concluded, that both growth factors had
synergistic effects on fracture healing. Similar
conclusions were drawn by other authors [36, 42].

These synergistic effects of IGF-I and TGF-1 have been
explained by interactions between the IGF- and TGF-
systems [8, 11, 54, 57]. Tremollieres [54] demonstrated,
that TGF-B1 is a potent modulator of IGF-I secretion.
Kveiborg [29] showed, that TGF-B1 exerts a significant
stimulatory effect on the IGF-system, especially IGFBP-
3, and concluded that this might represent a mechanism
mediating TGF-B1 effects on the biological functions of
cells. Additionally, a feedback mechanism between
IGFBP-6 and TGF-B1 regulating the bone
microenvironment was assumed [14]. Finally, O'Keefe
[40] demonstrated, that IGF-I was able to augment the
effects of TGF-1 on cartilage cells.

Due to these synergistic effects, the combined application
of IGF-I and TGF-81 seems to be very promising for
induction of bone matrix formation in the field of spine
surgery. Additionally, in vivo studies have already
demonstrated a significant osteoinductive effect of
combined IGF-I and TGF-81 application in a sheep
cervical spine interbody fusion model [26, 27]. Kandziora
[26] was able to show an increased biomechanical
stiffness and an accelerated intervertebral bone matrix
formation comparing combined IGF- I and TGF-81
application with a autologous tricortical iliac crest bone
graft.  Additionally, he demonstrated analogous
osteoinductive effects comparing similar doses of BMP-2
and combined IGF-I and TGF-B1 application [27]. The



results of these previous studies are in concordance with
the results presented in this study. In comparison to the
cage without growth factors (group 1) the medium and
high dose growth factor groups (group 3 and 4)
demonstrated a significant higher bony callus volume on
CT-scans, a higher biomechanical stability, an advanced
interbody bone matrix formation in histomorphometric
analysis, and an earlier interbody bone matrix formation
on fluorochrome sequence labelling. Although the
medium and high dose growth factor groups (group 3 and
4) showed an earlier and accelerated interbody bone
matrix formation in comparison to the group without
growth factors (group 1), the loss of disc space height and
lordosis (intervertebral angle) was similar in all these
groups. Therefore, especially in the first two weeks loss
of disc space height seems to be primarily related to the
interbody implant and widely independent from the
amount of new formed bone.

For isolated application of IGF-I or TGF-81, a positive
correlation between increasing dose and stimulatory
effects on bone matrix formation has already been
described [3, 13]. IGF-I and TGF-81 have dose-
dependent effects on the activity of enzymes associated
with bone matrix mineralisation [7, 44]. Panagakos [41]
showed, that TGF stimulated a dose-dependent increase
in chemotaxis of osteoblasts. Fujimoto [13] and Noda
[38] demonstrated, that in vivo effects of TGF-B1 on
bone matrix formation in rat varied depending on
concentration. However, both authors also determined
nearly similar osteoinductive effects of TGF-B1 in a wide
range of concentrations [13, 38]. Additionally, Ebeling
[10] demonstrated analogous effects of 4 different doses
of IGF-I on bone turnover in normal women. Although
dose-dependent effects for isolated IGF-I and TGF-1
application are sufficiently documented, to our
knowledge, no study has been performed to determine, if
a dose-dependent effect of combined IGF-I and TGF-1
application on bone matrix formation exists.

Currently, the “ideal” concentrations to induce spinal
fusion for any growth factors are unknown. This is due to
the fact, that each growth factor or growth factor
combination has to be adapted to the local biological
environment (anterior or posterior spinal fusion) and to
the used carrier system. Some anterior spinal fusion
models have shown good results with BMP-2 doses
ranging between 100 and 250 nug [4, 16, 60]. Other
studies [27] demonstrated, that equal doses of BMP-2 and
IGF-I/TGF-31 showed nearly similar osteoinductive
capacities. Additionally, the 5:1 ratio of IGF-I and TGF-
31 applied by a PDLLA-coated implant has proven to be
most effective [26, 27, 49]. Therefore, 3 different doses
of a 5:1 ratio of IGF-I and TGF-1 were evaluated in this
anterior interbody fusion model.

In comparison to the low dose growth factor group
(group 2) the medium and high dose growth factor group

group 3 and 4) demonstrated a significant higher bony
callus volume on CT-scans, a higher biomechanical
stability in rotation, and an advanced interbody bone
matrix formation (bone volume / total volume ratio) in
histomorphometric analysis. Although there was no
difference between the low dose growth factor group
(group 2) and the medium and high dose growth factor
group (group 3 and 4) in the appearance of fluorochrome
markers using fluorochrome sequence labelling, the
amount of new formed bone was significantly higher with
higher growth factor doses. However, no significant
difference could be determined between the medium
(group 3) and high dose growth factor group (group 4).
Additionally, hardly any difference could be determined
between the low dose growth factor group (group 2) and
the group without growth factors (group 1). Therefore,
the best dose-response-relationship in this study was
achieved with the medium growth factor dose (150 pg
IGF-I plus 30 pg TGF-B1). As a further result of this
study, the effective dose of IGF-I and TGF-81 in this
interbody fusion model could be defined between 75 and
150 pg IGF-I and 15 and 30 pg TGF-81, respectively.
With increasing dose of these growth factors no further
stimulation of bone matrix formation could be achieved.
Due to the fact that no difference in blood and serum
analysis, body weight and temperature and no acute
illness of the sheep could be determined in this study, the
lethal doses for local combined IGF-I and TGF-81
application must be significantly higher than 300 pg IGF-
I plus 60 pg TGF-31.

Currently, the reasons for these dose dependent effects of
combined IGF-I an TGF-81 application on bone matrix
formation in this sheep cervical spine fusion model are
unknown. However, due to the interaction of the IGF-I
and TGF-systems some inhibitory feedback mechanism
activated with increasing doses of this growth factors
might be possible.

Conclusion

The local application of IGF-I and TGF-61 by a PDLLA
coated cage significantly improved results of interbody
bone matrix formation in this sheep cervical spine fusion
model. The best dose-response-relationship was achieved
with the medium growth factor dose (150 pg IGF-I plus
30 pg TGF-B1). With a increasing dose of these growth
factors no further stimulation of bone matrix formation
was observed. The effective dose of combined IGF-I and
TGF-B1 application could be defined between 75 and 150
png IGF-I, and 15 and 30 pg TGF-B81, respectively.
Although these results are encouraging, further studies
are essential to determine safety issues of combined IGF-
I and TGF-81 application for spinal fusion.
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Tables

Table 1: After 12 weeks quantitative computed tomographic analysis (QCT) was performed to measure bone
mineral density (BMD), bone mineral content (BMC) and bony callus volume (BCV). * p<0.05 in comparison to
group 1;® p<0.05 in comparison to group 2;

Group 1 (n=8)

Group 2 (n=8)

Group 3 (n=8)

Group 4 (n=8)

QCT Cage + PDLLA Cage + PDLLA Cage + PDLLA + IGF- | Cage + PDLLA + IGF-
(parameters) + IGF-I (0.5%) 1(1%) 1(2%)
+TGF-B1 (2.5%) +TGF-B1 (5%) +TGF-B1 (10%)
BMD 0.62+/-0.03 0,62 +/- 0.03 0.64 +/- 0.04 0.65 +/- 0.04
(g/cm?) (0.59-0.66) (0.58-0.66) (0.59-0.68) (0.60-0.69)
BMC 2.1+/-0.5 2.6 +/-1.5 34+/-16* 35+-16"
(g) (1.3-2.6) (2.7-5.8) (2.4-5.5) (2.4-5.5)
BCV 3.4+/-0.9 42+4/-1.1% 52+/-12* 54+/-1.0*
(cm?) (2.5-4.3) (4.4-7.1) (4.1-6.8) (4.1-6.8)

Table 2: Biomechanical analysis: After 12 weeks biomechanical analysis was performed to measure range of
motion (ROM), neutral (NZ) and elastic zone (EZ) for the different test modes. * p<0.05 in comparison to group
1;" p<0.05 in comparison to group 2;

Test modes Group 1 (n=8) Group 2 (n=8) Group 3 (n=8) Group 4 (n=8)
(degrees) Cage + PDLLA Cage + PDLLA Cage + PDLLA + Cage + PDLLA +
+ IGF-I (0.5%) IGF-I (1%) IGF-I (2%)
+TGF-B1 (2.5%) +TGF-B1 (5%) +TGF-B1 (10%)
Flexion
ROM 3.0 +/-0.9 2.9+/-1.0 29+/-12 2.7 +-1.0
NZ 0.5 +/- 0.7 0.5 +/- 0.7 0.7 +/- 0.7 0.6 +-0.5
EZ 2.5+/-09 2.4+/-09 2.3+/-0.8 2.1+-08
Extension
ROM 3.3+-1.2 3.0 +-1.1 22+/-0.7"° 22+-08"
NZ 1.4 +/-1.0 1.1 +/- 0.6 0.6 +/-0.5 0.5+-0.6
EZ 1.9 +/-0.3 1.9 +/- 0.6 1.6 +/-0.3 1.7 +-0.5
right rotation
ROM 2.4+/-0.8 2.0+/-0.3 1.4 +/-03*° 1.2 +/-0.4*°
NZ 0.4+/-0.3 0.4+/-0.3 0.2 +/-0.1*° 0.2 +/-0.1*°
EZ 2.0 +-0.6 1.6 +/-0.3 1.2 +/-0.3*° 1.0 +/-0.3 *°
left rotation
ROM 2.3+/-0.5 1.9+/-0.5 1.5+/-0.4* 1.2 +/-0.4*°
NZ 0.3 +/- 0.1 0.3 +/- 0.1 0.2 +/-0.1*° 0.2 +/-0.1*°
EZ 2.0+/-0.5 1.8+/-0.5 1.3 +/-0.3* 1.0 +/- 0.4
right bending
ROM 4.1+/-1.0 3.2+/-0.7 2.5+/-0.7* 2.4 +/-0.6™
NZ 0.7 +/- 0.4 0.6 +/- 0.3 0.6 +/-03" 0.5+-0.3"
EZ 3.4+/-0.9 2.84/-0.8 1.9+/-0.7" 1.9+-06"
left bending
ROM 42 +/-0.7 3.3+/-0.6 2.5+/-0.8* 2.3 +/-0.7*°
NZ 0.8 +/- 0.7 0.8 +/- 0.3 0.5+/-04% 04+-02°
EZ 3.4+/-0.8 2.54/-0.5 2.0+/-05" 1.9+-0.7%




Table 3: After 12 weeks histomorphometrical analysis was performed and the following structural indices were
calculated in the region of interest (ROI): sagittal diameter distance (SDD, baseline), bone volume / total volume
(BV/TV), cartilage volume / total volume (CV/TV), mineralised cartilage volume / cartilage volume (mCV/CV).
* p<0.05 in comparison to group 1;” p<0.05 in comparison to group 2;

Group 1 (n=8)

Group 2 (n=8)

Group 3 (n=8)

Group 4 (n=8)

Indices Cage + PDLLA Cage + PDLLA Cage + PDLLA + Cage + PDLLA +
+ IGF-I (0.5%) IGF-I (1%) IGF-I (2%)
+TGF-B1 (2.5%) +TGE-B1 (5%) +TGE-B1 (10%)
SDD 25.9+/-1.6 25.7 +-1.4 26.6 +- 1.1 26.1+/-1.3
(mm) (24.3-27.8) (24.0-27.1) (25.3-28.3) (24.6-28.1)
BV/TV 41.8 +/-3.2 42.1 +-2.4 433 +/-2.8 ™0 43.6 +/-2.8 "
(%) (31.7-50.2) (33.7-46.3) (33.8-51.4) (33.8-51.4)
CV/TV 44+/-2.1 43 +/-1.8 48 +/-2.4 47+/-22
(%) (1.9-9.2) (2.1-8.0) (0.8-14.6) (1.3-11.2)
mCV/CV 3.6 +-1.0 3.0 +- 1.1 3.24-12 3.7+-1.1
(%) (1.9-5.8) (1.4-5.5) (1.8-5.7) (2.0-5.4)

Table 4: After 12 weeks flurochrome analysis was performed. Depicted are the number of fusion sites (of the
different groups at different time points) in which the flurochrome marker was present adjacent or within the
cage or bone graft, respectively.

Group 1 (n=8)

Group 2 (n=8)

Group 3 (n=8)

Group 4 (n=8)

Indices Cage + PDLLA Cage + PDLLA Cage + PDLLA + Cage + PDLLA
+ IGF-I (0.5%) IGF-I (1%) + IGF-I (2%)
+TGF-61(2.5%) +TGF-81 (5%) + TGF-B1 (10%)
adjacent | within | adjacent | within | adjacent | within adjacent within
3 weeks 0 0 2 2 2 2 2 3
6 weeks 3 6 3 4 4 4 4 5
9 weeks 5 6 5 5 6 6 6 7




Figure 1a-d: Histomorphological analysis of the intervertebral fusion area: After 12 weeks interbody fusion was evaluated histomorphologically and histomorphometrically on
midsagittal slides. Depicted is a digitalized view of a Safranin-O/ van Kossa staining of the intervertebral fusion area (magnification = 1.6x). Red bar represents the location of
the branches of the cage. Lateral-X-ray of the sheep motion segment C3/4 allows orientation.
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Anhand dieser Untersuchung konnte gezeigt werden, dass die kombinierte lokale
Applikation von IGF-I und TGF-B1 mittels PDLLA-beschichtetem Cage in der Lage
ist, die intervertebrale Spondylodese zu stimulieren. Zusétzlich konnte eine geeignete
Dosis dieser Wachstumsfaktorenkombination fiir die weiteren Untersuchungen

definiert werden.
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2.3.3 IGF-I und TGF-B1 im Vergleich zu autologem Knochenmaterial und
BMP-2

Eine neues experimentelles Verfahren, wie die kombinierte lokale Applikation von

IGF-I und TGF-B1 mittels PDLLA-beschichtetem Cage, muss hinsichtlich seiner

Effektivitit an Standard-Therapieverfahren gemessen werden. Als Standard-

Therapieverfahren zur ventralen interkorporellen Spondylodese der Halswirbelsdule

werden die Stabilisierung mit trikortikalem Beckenkammspan und mittels

Spongiosa-augmentierter intervertebraler Cages angesehen. Zusitzlich hat sich die

Applikation des Wachstumsfaktors BMP-2 zur Stimulation der intervertebralen

Spondylodese als ,,experimenteller goldener Standard* etabliert.

e Daher sollte in diesen Untersuchungen die kombinierte lokale Applikation von
IGF-I und TGF-B1 mittels PDLLA-beschichtetem Cage mit der intervertebralen
Spondylodese durch trikortikalen Beckenkammspan verglichen werden.

e Zusitzlich sollte in diesen Untersuchungen die kombinierte lokale Applikation
von IGF-I und TGF-f1 mittels PDLLA-beschichtetem Cage mit der
intervertebralen Spondylodese durch Spongiosa-augmentierte intervertebrale
Cages verglichen werden.

e SchlieBlich sollte in diesen Untersuchungen die kombinierte lokale Applikation
von IGF-I und TGF-B1 mittels PDLLA-beschichtetem Cage mit der
intervertebralen Spondylodese durch BMP-2 verglichen werden.
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IGF-I and TGF-B1 Application by a Poly-(D,L-
Lactide)-Coated Cage Promotes Intervertebral Bone
Matrix Formation in the Sheep Cervical Spine

Frank Kandziora, MD; Gerhard Schmidmaier, MD; Georg Schollmeier, MD; Herman Bail, MD;
Robert Pflugmacher, MD; Thomas Goérke, MD; Martin Wagner, MD; Michael Raschke, MD;

Thomas Mittimeier, MD; Norber P. Haas, MD

Study Design. A sheep cervical spine interbody fusion
model was used to determine the effect of combined
insulin-like growth factor-l (IGF-I) and transforming
growth factor-beta-1 (TGF-f1) applied by a poly-(D,L-
lactide) (PDLLA)-coated cage.

Objectives.The purpose of this study was to
determine the effect of a new PDLLA carrier system,
and to evaluate the effect of combined IGF-I and TGF-
31 application in a sheep cervical spine model.

Summary and Background Data. Growth factors
such as bone morphogenic protein-2 have been shown
to promote spine fusion and to overcome the
disadvantages of an autologous bone graft. The
optimum growth factor for promoting spinal fusion and
the optimum method for delivering such growth factors
are still a matter of discussion.

Method. In this study, 32 sheep underwent C3-C4
discectomy and fusion: Group 1 (autologous tricortical
iliac crest bone graft; n = 8), Group 2 (titanium cage; n
= 8), Group 3 (titanium cage coated with a PDLLA
carrier; n = 8), and Group 4 (titanium cage coated with
a PDLLA carrier including IGF-1 [5% w/w] and TGF-R1
[1% w/w; n = 8). Blood samples, body weight, and body
temperature were analyzed. Radiographic scans were
performed before and after surgery, then at 1, 2, 4, 8,
and 12 weeks, respectively. At the same time points,
the disc space height, intervertebral angle, and lordosis
angle were measured. After 12 weeks, the animals
were killed, and fusion sites were evaluated using
functional radiographic views of the animals in flexion
and extension. Quantitative computed tomographic
scans were performed to assess bone mineral density,
bone mineral content, and bony callus volume.
Biomechanical testing of the motion segment C3-C4
was performed in flexion, extension, axial rotation, and
lateral bending. The stiffness, range of motion, neutral
zone, and elastic zone were determined.
Histomorphologic and histomorphometric analysis was
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performed, and polychrome sequential labelling was
used to determine the time frame of new bone
formation.

Results. There were no differences between the
groups in terms of blood counts, body weight, and
temperature. Over a 12-week period, cage Groups 2 to
4 showed significantly higher values for the
intervertebral angle than for the bone graft. Functional
radiographic assessment showed significantly lower
residual flexion—extension movement in Group 4 than in
any other group. The PDLLA-coated cages with IGF-I
and TGF-p1 showed significantly higher values for
bone mineral density, bone mineral content, and bony
callus volume. The average stiffness in rotation and
bending was significantly higher, and the range of
motion, neutral zone, and elastic zone in rotation were
significantly lower in Group 4 than in any other group.
Although only one animal in Group 4 demonstrated
solid bony fusion after 12 weeks, histomorphometric
evaluation showed a more progressed bone matrix
formation in the group that had PDLLA-coated cages
with IGF-l and TGF-B1 than in any other group.
Polychrome sequential labeling showed accelerated
intervertebral bone matrix formation in Group 4.

Conclusions. The findings showed that PDLLA
coating of cervical spine interbody fusion cages as a
delivery system for growth factors was effective.
Although IGF-I and TGF- 1 application by a PDLLA-
coated interbody cage was not able to achieve solid
bony fusion during the 12-week follow-up period, these
growth factors significantly increased the results of
interbody bone matrix formation. Additional longer-term
studies are required to determine whether combined
IGF-I and TGF-R1 application leads to a successful
spinal fusion. (Key words: animal model interbody
fusion; biodegradable; cervical spine; IGF-I; poly(D-L-
lactide); sheep; TGF-B1 growth factor) Spine
2002;27:1710-1723

Growth factors such as BMP-2 have been shown to
accelerate spine fusion and overcome the disadvantages
of an autologous bone graft>*7%!!830364849 e
optimum growth factor for promoting spinal fusion and
the optimum method for delivering such growth factors
is still a matter of discussion.

Recently, in vitro and in vivo studies have
demonstrated an osteoinductive effect of IGF-I and
TGF-B1.2%*** Whereas IGF-I stimulates the replication
of osteoblasts and the synthesis of bone matrix,'* TGF-
B1 regulates different cell types directly involved in bone
remodeling and bone matrix formation such as
mesenchymal cells, chondrocytes, osteoblasts, and
osteoclasts.**’
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In vivo studies have shown that decreased levels of
IGF-I and TGF-B1 are associated with bone loss and
osteoporosis,"”’ whereas the local application of IGF-I
and TGF-B1 can positively influence fracture heal-
ing."7”**" A human study showed the positive influence
of IGF-I on bone metabolism.*” The systemic application
of TGF-B1 stimulated osteoblast proliferation and
increased bone matrix formation and bone remodeling in
the bone defects of rabbits.” Locally applied TGF-B1
accelerated fracture healing in a dosage-dependent
manner.”” The combined application of IGF-I and TGEF-
B1 had a significantly higher stimulating effect on bone
matrix formation in rat tibia fractures than the single
application of IGF-I or TGF-B1.***® The effects of
isolated or combined application of IGF-I and TGF-B1
on spinal fusion are unknown.

Because growth factors are not specific for particular
tissue, they have shown various effects on cellular
processes. The effects of growth factors might be dosage
dependent and could have negative effects at high or low
doses.”™*"  Therefore, the local and controlled
application of these factors seems to be necessary for
stimulation of spinal fusion. Currently, especially
collagen sponge carrier is in use for local application of
growth factors in experimental spine fusion. However,
the safety and accuracy of these carriers are
questionable.”*"*

Coating of implants with locally active growth factors
could influence concepts of spine fusion. However, the
local application of these factors at the place of
requirement in desired concentrations still is an unsolved
problem. A continuous drug release with high local but
low systemic concentrations could be achieved by a
biodegradable drug carrier. Recently, a biodegradable
local drug delivery system enabling the “cold coating” of
implants with potential thermolabile proteins such as
growth factors has been described.””™” Various
experiments have been performed to test the properties
of this 10- to 14-um thin poly-(D,L lactide) coating of
implants.”® Intramedullary implantation and extraction in
rat tibias have indicated that the coating has high
mechanical stability by demonstrating a loss of the
coating from steel and titanium implants of less than 5%.
The biodegradable carrier system depicted a constant
reduction of 10% after 9 weeks in vitro. Growth factors
incorporated in a biologically active form demonstrated
less than a 5% loss of activity after storage for 1 year. In
vitro and in vivo experiments indicated an 80%
controlled release of growth factors from coated
implants within 6 weeks after an initial peak.

Besides this, previous studies of rat tibia fractures
showed that the poly-(D,L-lactide) (PDLLA) -carrier
itself applied via a intramedullary titanium implant had a
significantly positive effect on bone matrix formation.
As compared with the noncoated implant, the PDLLA-
coated implant showed a significantly increased fracture
consolidation rate in radiographic, biomechanical, and
histomorphometric evaluation.”®

On the basis of these studies, this new coating
technique could be very promising in the field of spine

surgery because it may be able to combine biomechanically
well-established  implants  with  biologically active
substances. In this new combination, the implant serves as a
device for spine fixation and as a local drug delivery
system to improve spine fusion not only by the growth
factors, but eventually also by the PDLLA carrier system
itself.

For the clinical use of a carrier system or a growth
factor, determination of its safety is a prerequisite. The
safety of a carrier system and growth factor or growth
factor combination can be assumed if there no side
effects are associated with its use.

The purpose of this study was to determine the effect of
a biodegradable PDLLA carrier system, and to evaluate
the effect of combined IGF-I and TGF-B1 applied in an in
vivo sheep cervical spine interbody fusion model. The
relevant hypotheses of this study were as follows: 1) The
PDLLA-coating of cages results in an effective carrier
system for the local delivery of growth factors; 2) the
PDLLA-coating of interbody fusion cages has a positive
effect on interbody bone matrix formation; 3) combined
IGF-I and TGF-B1 application significantly accelerates
intervertebral bone matrix formation, as compared with
the “spontaneous bone matrix formation potential”; and
4) combined IGF-I and TGF-B1 application via a
PDLLA-coated cage is more effective than a tricortical
iliac crest bone graft in cervical spine interbody fusion.

Materials and Methods

Study Design. For this study, 34 adult female merino
sheep (2 years old) underwent C3—-C4 discectomy and
fusion. Two of the sheep were lost to follow-up
evaluation. The remaining 32 sheep were assigned
randomly to the following groups and treatments: Group
1 (autologous tricortical iliac crest bone graft; n = 8),
Group 2 (meshed titanium cage; n = 8), Group 3 (meshed
titanium cage coated with a biodegradable PDLLA
carrier; n = 8), and Group 4 (meshed titanium cage coated
with a biodegradable PDLLA carrier including IGF-I [5%
w/w] and TGF-B1 [1% w/w]; n= 8).

After 12 weeks, all the sheep were killed, after which
radiographic, biomechanical, and histologic evaluations
were performed. All the animal experimental work was
approved by local authorities.

Coating of the Cages. As a drug carrier system, PDLLA
(Boeringer, Ingelheim, Germany) with a molecular
weight of 30,000 Daltons was chosen. The meshed
titanium cages of Groups 3 and 4 were immersed in the
coating solution. In Group 4, recombinant human insulin-
like growth factor-I (IGF-I; R&D Systems) (5% w/w)
and recombinant human transforming growth factor-beta-
1 (TGF-B1; R&D Systems) (1% w/w) were incorporated
into the PDLLA solution. The average PDLLA coating
mass of the cages was 3.02 = 0.12 mg. Therefore,
approximately 150 pg (5% w/w) of IGF-I and 30 pg (1%
w/w) of TGF-B1 were incorporated into the coating.

Surgical Technique and Postoperative Care. All the
sheep received 2 g of amoxicillin intravenously
(intravenous Augmentan; SmithKline Beecham Pharma)
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before surgery. The animals underwent the surgical
procedure under general endotracheal anesthesia. For
induction of anesthesia, thiopental-natrium 0.5 g (Trapanal;
Byk Gulden) and fentanyldihydrogencitrat 0.1 mg
(Fentanyl-Janssen; Janssen-Cilag) were wused. For
maintenance of anesthesia, inhalation of isofluran
(Isofluran-Lilly; Lilly) and intravenous dosages of
fentanyldihydrogencitrat 0.2 mg (Fentanyl-Janssen;
Janssen-Cilag) were applied. The anterior part of the neck
and the left iliac crest in Group 1 were prepared in a sterile
fashion, and a left anterolateral approach to the cervical
spine through a longitudinal skin incision was used. The
longus colli muscle was incised in the midline, and the
intervertebral disc C3—C4 was exposed.

After distraction of the motion segment with a Caspar
distractor, anterior discectomy C3—C4 was performed. The
endplates were shaved with a 2-mm high-speed diamond
drill down to bleeding bone. No attempt was made to excise
the posterior longitudinal ligament or expose the spinal
canal. For interbody stabilization, meshed titanium cages
(Motech GmbH, Schwenningen, Germany) 8 mm in height
and 14 mm in diameter were used in Groups 2 to 4. In
Group 1, an autologous bone graft with a height of 8§ mm, a
depth of 14 mm in depth, and an average width of 11 mm
was taken from the left iliac crest. Before insertion, the
volume of the bone graft was determined using the water
displacement technique (Archimedes principle). The
tricortical bone graft was inserted press-fit into the
intervertebral space with the cortical shape of the graft
anterior using Robinson’s technique. Finally, the wound
was irrigated with saline and the longus coli muscle closed
with a running suture. The subcutaneous tissue and the skin
were reapproximated with interrupted sutures, and a soft
bandage was applied to the neck.

After surgery, the animals were maintained under
observation until they had fully recovered from general
anesthesia. They received two doses of metamizol-natrium
0.5 g (Novaminsulfon; Lichtenstein) per day
intramuscularly for 5 days. Clinical examination was
performed daily for the first 10 days, then weekly. The
sheep were allowed ad libitum activity for the remainder of
the experiment. Fluorochrome sequential labels
administered intravenously 3, 6, and 9 weeks after surgery
consisted of oxytetracycline (25 mg/kg) at 3 weeks, calcein
green (15 mg/kg) at 6 weeks, and xylenol orange (90
mg/kg) at 9 weeks. The animals were killed 12 weeks
postsurgery by an intravenous injection of potassium
chloride after induction of anesthesia with thiopental-
natrium 0.5 g (Trapanal; Byk Gulden) and
fentanyldihydrogencitrat 0.1 mg (Fentanyl-Janssen;
Janssen-Cilag). The complete cervical spine, including parts
of the occiput and Th1, was then excised and cleaned from
the surrounding tissue.

Blood and Serum Analysis. Blood and serum samples
were taken from the saphenous vein of the sheep hind leg
before and after surgery, then after 1, 2, 4, 8, and 12 weeks,
respectively. The blood samples were analyzed for routine
laboratory parameters: blood count, electrolytes, alkaline
phosphatase, thyroid values, and glucose.

Body Weight and Temperature. Before surgery and after
1,2, 4,8, and 12 weeks, rectal body temperature and weight
were determined.

Radiographic Analysis. To allow comparable radiographic
evaluation, a special fixation device for the sheep cervical
spine was developed. The reproducibility of the sheep

cervical spine positioning in this fixation device was in-
vestigated by repeated measurements.Before surgery, one
sheep in each group was selected randomly to have 10
lateral and 10 posteroanterior digital radiographic scans.
Between the radiographic scans, the sheep was removed
from the fixation device, turned around, and then refixed in
the fixation device. Subsequently, the complete series of
linear and angular measurements was performed on each
radiographic scan.

Lateral and posteroanterior digital radiographic scans
(radiograph unit: Mobilett Plus; Siemens AG, Germany;
radiograph films: Fuji CR 24 x 30; Fuji, Germany) were
performed before and after surgery, then after 1, 2, 4, 8, and
12 weeks, respectively. During the same periods, the
anterior, middle, and posterior intervertebral disc space
heights (DSH), intervertebral angle (IVA), and lordosis
angle (LA) of the motion segment C3—C4 were measured
on lateral radiographic scans (Figure 1). Average
intervertebral DSH was calculated from anterior, middle,
and posterior DSH measurements (anterior, middle, and
posterior DSH/3). All radiographic measurements were
evaluated by three independent observers.

Functional Radiographic Analysis. After the animals
were killed, fusion sites were evaluated using lateral digital
functional radiographic scans in flexion and extension
(Figure 2) (radiograph unit: Mobilett Plus; Siemens AG,
Germany; radiograph films: Fuji CR 24 x 30; Fuji,
Germany). For this purpose, Thl was rigidly fixed with a
Steinmann pin while a 60-N load was applied through C1
using a newton meter (Inha GmbH). Flexion—extension
differences of intervertebral angle (IVA) and lordosis angle

(LA) were calculated. All functional radiographic
measurements were evaluated by three independent
observers.

Quantitative = Computed Tomographic  Analysis.

Quantitative computed tomographic scans (QCT) were
performed using a Siemens Somatom plus 4 scanner
(Siemens, Erlangen, Germany). Axial cuts with a I-mm
slice thickness were made parallel to the intervertebral disc
space. Bone mineral density (BMD) measurements of the
callus have been described in detail previously.?’
Measurements were calibrated with a 6-point bone mineral
density phantom and performed using specific software of
the scanner (Sienet Magic View VA 30A; Siemens). Bony
callus volume (BCV) was measured using an image
analyzing system (Zeiss KS 400; Zeiss GmbH, Germany).
Bone mineral content (BMC) was calculated from BMD
and BCV measurements (BMC = BCV x BMD). All
radiographic CT measurements were evaluated by three
independent observers.

Biomechanical Analysis. After the animals were killed,
biomechanical testing was performed by a nondestructive
flexibility method using a nonconstrained testing apparatus
described in detail previously.'**° Pure bending moments of
6-Nm load were applied to the motion segments C3—-C4
using a system of cables and pulleys to induce flexion,
extension, left and right lateral bending, and left and right
axial rotation. Tension was applied to the cables with an
uniaxial testing machine (1456; Zwick GmbH, Ulm,
Germany). Three-dimensional displacement of each motion
segment was measured using an optical measurement
system (Qualysis, Sédvebalden, Sweden). Triangular markers
with three diodes (Qualysis) were attached to the bodies of
C3 and C4. Marker positions were detected with two
cameras and recorded with a computerized motion analysis
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Figure 1. Radiographic
measure-ments of anterior
disc space height (aDSH),
posterior disc space height
(pDSH), middle disc space
height (mDHS) (A),
intervertebral angle (IVA),
and lordosis angel (LA) (B).

system (PC-Reflex; Qualysis). Angular displacement of
the upper vertebra (C3) in relation to the lower vertebra
(C4) was calculated from the marker position using
custom-made computer software. The experimental error
associated with this method was +0.1°2' The mean
apparent stiffness values in the elastic zone were
calculated from the corresponding load-displacement
curves. Range of motion (ROM), neutral zone (NZ), and
clastic zone (EZ) were determined.

Histomorpologic, Histomorphometric, and
Fluorochrome Analysis. All C3—-C4 motion segments
were harvested at 12 weeks for bone histology. The
motion segments had been fixed for 7 days in 10% normal
buffered formaldehyde, followed by dehydration in
ascending concentrations of ethanol, and embedded
undecalcified in methylmethacrylate (Technovit 9100;
Heraeus Kulzer GmbH, Germany).

For histomorphologic and histomorphometric analysis,
longitudinal sections in the sagittal plane were cut at 6 m
with a Leica SM 2500S microtome and a 40° stainless
steel knife. Afterward, the residual parts of the cages were
removed, and the following stains were used: safranin-
O/lightgreen, safranin-O/v. Kossa, astrablue, and Masson-
Goldner. Masson-Goldner stainings were used for
histomorphologic analysis. Histomorphometric parameters
were measured on the residual stainings using a Leica
DM-RB microscope and the image analyzing system
(Zeiss KS 400; Zeiss GmbH, Germany). Parameters were
measured at a magnification of x1.6.

Intervertebral fusion was categorized histologically
according to Zdeblick et al.*’ The cage—bone interface and
the tissue content inside the cages were analyzed using the
following point system: cage—vertebral interface: empty (0
points), fibrous tissue (1 point), bone (2 points) and tissue
inside cage: empty (0 points), fibrous cartilage (1 point),
bone (2 points). Four points indicated that a successful

arthrodesis or fusion had occurred. Three points were graded
as a developing fusion.

The sagittal diameter distance (S) of C3 and the average
preoperative DSH were determined to define the size of the
region of interest (ROI) for histomorphometric evaluation
(Figure 3). The complete intervertebral fusion area was
included in this ROI. The following structural indexes were
calculated in the ROI: bone volume-total volume (BV/TV),
cartilage volume—total volume (CV/TV), and mineralized
cartilage volume—cartilage volume (mCV/CV).

For flurocrome analysis, longitudinal sections in the
parasagittal plane were cut at 400 pm with a precise
macrogrinding machine (Fa. Exact, Norderstedt, Germany).
These slices then were ground to a thickness of 80 um using
a precise microgrinding machine (Fa. Exact). Fluorocrome
markers were analysed under appropriate lighting conditions
using a Leica DM-RB microscope and an image analysing
system (Zeiss KS 400; Zeiss GmbH). Parameters were
measured at a magnification x1.6.

Fluorochrome analysis of intervertebral fusion areas has
been described in detail previously.” The first appearance of
the marker served to time formation of new bone matrix. The
presence or absence of each marker around or within the cage
or bone graft, respectively, was used to determine the relative
time frame of new bone formation.

Statistical Analysis. Comparison of data was performed
using one-way ANOVA for independent samples followed by
Tukey post hoc analysis for multiple comparison procedures
with Bonferroni correction for multiple measurements.
Intraobserver variability for radiographic and functional
radiographic evaluation and CT measurements was
determined using kappa statistics. Statistically significant
differences were defined at a 95% confidence level. The
values are given as mean =+ standard deviation. The statistical
evaluation was supported by SPSS (release 7.0; SPSS,
Chicago, IL) software.
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Figure 2. The motion seg-

ment C3 - C4 was
evaluated using lateral
digital functional radio-

graphic scans in flexion (A)
and extension (B). Flexion-
extension differences of
intervertebral angle (IVA)
and lordosis angle (LA)
were calculated.

Results

Failure Parameters and Complications
One animal died of anesthesiologic complications on day
0. In Group 2, one animal had to be killed during week 6
because of a sore mouth (contagious ecthyma). Both
animals were excluded from the study and replaced by
other animals.

In Group 1, hematoma developed in animal 6 at the
donor site of the iliac crest graft. In Group 2, superficial
seroma developed in animal 4 at the neck. Both
complications healed under conservative treatment
without further difficulties.

Blood and Serum Analysis Results
A full blood count did not show any significant changes
between the groups throughout the experiment. Even after
1 week, no significant changes were found for average
hemoglobin, erythrocyte, and leukocyte levels.

The levels of electrolytes (Na, K, Cl, CA) did not show
significant changes during the experimental period.
Furthermore, no changes in thyroid hormones, alkaline
phosphatase, or glucose levels were found throughout the
observation period between any of the groups.

Body Weight and Temperatur
No significant differences were found between any of the
groups in mean body temperature or weight throughout

the experimental period. After surgery, a slight and constant
increase in body weight of all the sheep in all the groups
was determined. Except for animal 6 in Group 1, in which a
hematoma developed at the iliac crest donor site and a slight
increase of body temperature occurred during Weeks 1 and
2, none of the animals showed any indication for local or
systemic infections throughout the observation time.

Radiographic Results
The reproducibility of sheep cervical spine positioning in
the fixation device for radiographic evaluation was
investigated by repeated measurements. Reproducibility of
average DSH and IVA was high, showing a maximum
difference on 10 radiographic scans of 1 mm
(approximately 15% of total value) and 2° (approximately
15% of total value), respectively. However, reproducibility
of LA was moderate, showing a maximum difference on 10
radiographic scans of 4.5° (approximately 65% of total
value). Intraobserver agreement for radiographic
measurements was good, with kappa values ranging
between 0.77 and 0.96.

Preoperative baseline values for all the radiographic
parameters showed no differences between the groups. No
significant differences were found for average disc space
height between any of the groups throughout the
observation period (Figure 4A). At 4, 8, and 12 weeks, all
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Figure 3. The region of interest (ROI) for histomorphometric evaluation
was determined using the pints A (posterior edge of the endplate C3)
and B (anterior edge of the endplate C3) and the preoperative average
disc space height (aDSH) evaluated on lateral x-ray views of the motion
segment C3—-C4. The distance between A and B was defined as the
sagittal diameter distance (S).

the cage groups (Groups 2 to 4) showed significantly higher
values for IVA (P < 0.05; Figure 4B) than the autologous iliac
crest graft group (Group 1). During the experimental period,
no significant differences in the IVA were found between the
cage groups. At 4, 8, and 12 weeks, the cage plus PDLLA
plus IGF-I and TGF-B1 group (Group 4) showed significantly
higher values for LA (P < 0.05; Figure 4C) than the
autologous iliac crest graft group (Group 1). There were no
differences in LA between the cage groups. Radiographic
scans of the different groups after 12 weeks are depicted in
Figure 5.

Functional Radiographic Results

Intraobserver agreement for functional radiographic
measurements was excellent, showing kappa values ranging
between 0.82 and 0.93. Flexion—extension measurements of
LA did not show any difference between Groups 3 and 4
(Table 1). In addition, functional radiographic assessment
showed significantly lower residual flexion—extension
movement in the PDLLA-coated cages with IGF-I and TGF-
B1 (Group 4) than in the other groups (P < 0.05).

Quantitative Computed Tomographic Results
Intraobserver agreement for CT measurements was excellent,
showing kappa values ranging between 0.82 and 0.97. After
12 weeks, there were no significant differences between bone
mineral content (BMC) and bony callus volume (BCV)
among the iliac crest graft group (Group 1), the cage group
(Group 2), and the cage plus PDLLA group (Group 3). In the
cage plus PDLLA group (Group 3), bone mineral density of
the callus (BMD) was significantly higher than in Groups 1
and 2 (P < 0.05). The PDLLA-coated cages with IGF-I and
TGF-B1 (Group 4) showed significantly higher values for
BCV (P < 0.05) than those in any other group (Figure 6,
Table 2). Interestingly, there was no significant difference for

BMD of the callus between the PDLLA-coated cages
(Group 3) and the PDLLA-coated cages with IGF-I and
TGF-B1 (Group 4).

Biomechanical Results

Biomechanical results for stiffness, range of motion
(ROM), neutral zone (NZ), and elastic zone (EZ) are
depicted in Figure 7 and Table 3. The highest stiffness
values and the lowest ROM, NZ, and EZ values were
constantly found for Group 4. The average stiffness in
axial rotation and lateral bending was significantly higher
(P < 0.05) in the group with PDLLA-coated cages with
IGF-I TGF-B1 and than in any other group. In Group 4,
ROM, NZ, and EZ in rotation and ROM during lateral
bending were significantly lower (P < 0.05) than in any
other group. Interestingly, after 12 weeks, there was a
significantly lower axial rotation ROM in the coated
(Group 3) and noncoated cage groups (Group 2) than in
the bone graft group (Group 1).

Histomorphologic Results
Histomorphologic analysis supported the findings of the
radiographic and biomechanical examinations (Figure
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Figure 4. Radiographic analyses. A-C, Average disc space
height, intervertebral angle, and lordosis angle of the different
groups throughout the observation period. P < 0.05 in
comparison with the bone graft.
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Group 1
bone graft cage

Group 2

Group 3
cage + PDLLA

Group 4
cage+PDLLA+IGF1+TGF-B1

Figure 5. Radiographic analyses. After 12 weeks, boney fusion was evaluated on radiographic scans (animal 8 of each group).

8). Group 1 (autologous iliac crest bone graft) showed
extensive callus formation with cartilage and connective
tissue cells. The bone graft was mainly absorbed.
Osteoclastic activity was noted as an indication of graft
resorption (Figure 8). Most of the callus was seen ventrally.
In the noncoated (Group 2) and PDLLA-coated (Group 3)
cage groups, mainly fibroblasts and occasionally cartilage
cells were observed between the endplates (Figure 8),
without major differences between the two groups.
Minimal osteoclastic activity was observed at the
endplates. Little capillary ingrowth was noted (Figure 8).
The cages were surrounded by a distinct small line of
fibroblasts. Group 4, stabilized by cages coated with
PDLLA plus IGF-I and TGF-B1, showed bony islands
between the endplates (Figure 8), with cartilage and fibrous
tissue components. These findings were accompanied by
capillary ingrowth and resorptive lacunas. The tissue
surrounding the cages appeared similar to those in Groups
2 and 3. No differences in the amounts of macrophages
were seen in the histologic sections of the different groups.
As compared with the other groups with IGF —I and TGF-
B1 (Group 4) demonstrated slightly higher values in the
histologic fusion score. No difference in fusion score

values were found between the bone graft (Group 1) an cage
alone (Group 2) or the cage plus PDLLA group (Group 3).

Histomorphometric Results.

The results of histomorphometric analysis are presented in
Table 4. Histomorphometric analysis showed no significant
differences of sagittal diameter index (baseline) between all
groups. Compared to the other groups histomorphometric
parameters revealed significantly progressed bone formation
(BV/TV) in Group 4 (P < 0.05). There were no differences in
histomorphometric parameters between Group 2 and 3,
except for bone formation (BV/TV) (P < 0.05), which was
higher in the PDLLA coated cages. Group 1 showed
significantly higher histomorphometric values for CV/TV
and mCV/TV than all other groups (P < 0.05).

Fluorochrome Analysis Results.

The results of fluorochrome analysis are depicted in Table 5.
The cages coated with IGF-I and TGF-B1 exhibited earlier
new bone formation both within and around the cages than
those in all other groups. There were no significant
differences between Groups 2 and 3, except for new bone
formation around the cages at 9 weeks, which was higher
with the PDLLA-coated cages.

Table 1. After 12 Weeks, Functional Radiographic Evaluation in Flexion—Extension of the 4 Groups Was Determined:
Flexion-Extension Differences of Intervertebral Angle (IVA) and Lordosis Angle (LA) Were Calculated

Flexion-Extension

Difference in Group 1 (n=8) Group 1 (n=8) Group 1 (n=8) Group 1 (n=8)
Degrees Bone Graft Cage Cage + PDLLA Cage + PDLLA +
IGF-1 + TGF-B1
IVA 13.6 +/-3.7 8.6 +/-2.6 8.7 +/-2.4 5.9 +/- 1.9 *>¢
(6.0-13.5) (6.0-10.0) (7.0-10.5) (3.5-7.5)
LA 14.1 +/-5.0 8.6 +/- 3.1 7.9 +/-2.7° 6.3 +/-1.6*°
(6.5-17.0) (6.0-12.0) (4.0-9.5) (5.0-8.0)

@ p<0.05 in comparison to the bone graft (group 1)
b p<0.05 in comparison to the cage (group 2)
° p<0.05 in comparison to the PDLLA coated cage (group 3).
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Group 1
bone graft cage

Group 2

Group 3
cage + PDLLA

Group 4
cage+PDLLA+IGF1+TGF-R1

Figure 6. CT analyses. After 12 weeks, interbody fusion was evaluated on axial CT scans parallel to the intervertebral space

(animal 8 of each group).

Discussion

The objective of this study' was to determine the effect of a
biodegradable PDLLA carrier system,2 and to evaluate the
effect of combined IGF-I and TGF-B1 applied in a in vivo
sheep cervical spine interbody fusion model.

Biodegradable PDLLA Carrier System

The optimum method for delivering growth factors to the
corresponding field still is a matter of discussion. For local
application of growth factors in experimental spine fusion,
especially the collagen sponge carrier is in use. Yet, the
safety and accuracy of these carriers are questionable.”***2
A fast and uncontrolled release of drugs from collagen
sponges with potential unexpected tissue reactions to the
drugs or the carrier system has been described.** An
accurate intraoperative placement of these carriers in the
desired region appears to be difficult, and inaccurate
positioning may lead to uncontrolled interactions with the
surrounding tissue. Martin et al,”® for example, showed in
an intertransverse spinal arthrodesis model that soft tissue
compression of the collagen sponge carrier prevented bone
induction at standard growth factor doses. Safety of the
collagen sponge carrier also is questionable because it
consists partially of bovine material that can lead to allergic
reactions.*” Additionally, recent controversies over BSE-
transmission through bovine material also are a matter of

safety discussion.

Various techniques for the coating of biomaterials and
local drug release have been described. Poly-(lactic acid)
(PLA) and poly-(glycolide acid) (PGA) or their copolymers
have been widely used as biodegradable implants and drug
delivery systems in orthopedic surgery.”® The examined
PDLLA degrades similarly to PGA and PLA by chemical,
thermal, mechanical, and physical mechanisms,!! whereas
chemical degradation primarily through hydrolysis and
metabolism in the citric acid cycle is the most important.”*?*
Many studies have investigated the biocompatibility of
poly-(a-hydroxy acids) and the local tissue response of PLA
and PGA or their copolymers. The tissue response depends
on the amount and the degradation rate of the
material.*'>**?® Although mild inflammatory reactions have
been observed when large amounts of polylactides are used,
they generally are well tolerated.'®

In a drug delivery system, the drug release kinetics of the
carrier is of fundamental importance to obtain a therapeutic
concentration in tissue and to avoid toxic side
concentrations. Drugs can be released from polymers by
diffusion and polymer swelling, followed by fast diffusion-
controlled release and polymer erosion.'' The drug release
from the PDLLA used in the current study takes place in
two steps, primarily by diffusion without mass loss,
followed by erosion of the matrix.*

Table 2. After 12 Weeks, Quantitative Computed Tomographic Analysis (QCT) Was Performed to Measure Bone Mineral
Density (BMD), Bone Mineral Content (BMC), and Bony Callus Volume (BCV)

QCT Group 1 (n=8) Group 1 (n=8) Group 1 (n=8) Group 1 (n=8)
Bone Graft Cage Cage + PDLLA Cage + PDLLA +
IGF-l + TGF-R1
BMD(g/cm?) 0.58 +/-0.04 0.58 +/- 0.04 0.62+/-0.03 * 0.65 +/- 0.04 *°
(0.64-0.56) (0.65-0.56) (0.66-0.59) (0.68-0.59)
BMC (g) 2.3+/-1.0 1.9+/-0.7 2.1 +4/-0.5 3.4 +-16"°°
(1.7-3.1) (1.2-2.8) (1.3-2.6) (2.4-5.5)
BCV (cm?) 4.0 +/-1.0* 3.3+/-12 3.4 +/-0.9 5.2 +/-1.2%¢
(3.8-5.1) (2.0-4.7) (2.5-4.3) (4.1-6.8)

p<0 05 in comparison to the bone graft (group 1)

® p<0.05 in comparison to the cage (group 2)

° p<0.05 in comparison to the PDLLA coated cage (group 3).
* Initial callus volume of the bone graft was 1.7 cm®
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Figure 7. Biomechanical analysis. Stiffness of the different
groups for the different test modes. ? indicates P < 0.05 in
comparison with the bone graft (Group 1), with the cage
(Group 2), and with the PDLLA-coated cage (Group 3).

The degradation of copolymers depends on the amount of
amorphous relative to crystalline polymer, with increased
degradation found in amorphous regions.>!
Semicrystalline PLLA homopolymer degrades at a slower
rate than the amorphous PDLLA homopolymer used in the
current study. The rate of degradation also depends on the
local environment. A well-vascularized environment leads
to a more rapid degradation than occurs in avascular
regions.”*

The local application of bioactive molecules from
biodegradable PLA or PGA systems were examined in
several in vitro and in vivo studies. Gombotz et al'
reported that the controlled release of TGF-B1 from a bio-

degradable poly-(D,L-lactide-coglycolide acid) supported
bone ingrowth into the carrier system. Zegzula et al®
demonstrated a dose-dependent healing of bone defects with
rhBMP-2 from porous PDLLA implants in a rabbit model.
Hermann et al'® showed that incorporating antithrombotic
drugs in a biodegradable PDLLA coating of coronary stents
led to a significant reduction in local thrombotic reactions
and restenosis of coronary vessels. The local application of
recombinant human bone morphogenetic protein (rhBMP-2)
from collagen sponges or bioabsorbable poly-(D,L-lactide-
coglycolide) (PLA/PGA) beads with osteopromotive
membranes to rat mandibular defects showed that
PLA/PGA is superior to collagen sponge carrier for bone
regeneration.*

In the current study, a biodegradable PDLLA carrier
system was used for application of growth factors. Previous
studies showed that during degradation of polymers,
breakdown products are formed that may alter the
physiologic environment.”> Therefore, it might have been
possible that these products influence healing processes. To
examine the influence of the PDLLA on spinal fusion,
PDLLA coated cages (Group 3) and noncoated cages
(Group 2) were investigated. The blood, serum, body
weight, and body temperature evaluations did not show any
significant difference between the two groups. Additionally,
histomorphologic evaluations indicated no voids in the
interbody fusion mass or inflammatory reactions associated
with the PDLLA coating. No differences in the amounts of
macrophages between the two groups could be determined.
Therefore, on the basis of these preliminary results, no

Table 3. Biomechanical Analysis: After 12 Weeks, Biomechanical Analysis Was Performed to Measure Range of Motion
(ROM) and Neutral (NZ) and Elastic Zones (EZ) for the Different Test Modes

Group 1 (n=8)

QCT Group 1 (n=8) Group 1 (n=8) Group 1 (n=8) Cage + PDLLA +
Bone Graft Cage Cage + PDLLA IGF-I + TGF-B1

Flexion

ROM 29+/-1.0 3.9+/-0.8 3.0+/-0.9 29+/-1.2

Nz 0.7 +/-0.5 1.3+/-0.6 0.5+/-0.7 0.7 +/-0.7

EZ 1.9 +/-0.7 2.6 +/-0.8 2.5+/-0.9 2.3+/-0.8
Extension

ROM 3.3+/-15 3.9+/-1.3 3.3+/-1.2 22+/-07°

Nz 0.9 +/-0.7 1.0 +/- 0.6 1.4 +/-1.0 0.6 +/-0.5

EZ 24 +/-0.8 29+/-0.9 1.9+/-0.3 1.6+/-03°
Right Rotation

ROM 3.3+-14 23+/-1.0° 2.4+/-0.8° 1.4 +/-0.3*P°

NZ 0.7 +/-0.3 0.5 +/-0.1 0.4 +/-0.3 0.2 +/-0.1 "¢

EZ 2.7 +/-1.1 2.0 +/-0.9 2.0 +/-0.6 1.2 +/- 0.3 *P°
Left Rotation

ROM 33+/-14 2.3+/-0.8° 23+/-05° 1.5 +/- 0.4 *>°

NZ 0.7 +/-0.5 0.4 +/-0.1 0.3 +/-0.1 0.2 +/- 0.1 ¢

EZ 27+-18 1.9 +/-0.7 2.0+/-05 1.3 +/-0.3 "°
Right bending

ROM 45+-24 3.8+/-1.0 4.1+/-1.0 2.5 +/-0.8*>°

NZ 1.5+/-15 1.0 +/- 0.4 0.7 +/-0.4° 0.6 +-0.3*"

EZ 3.0 +/-1.3 2.8 +/-0.7 3.4+/-09 1.9+/-07°
Left bending

ROM 4.6 +/-22 3.9+-1.2 4.2 +/-0.7 2.5 +/-0.8*"¢

NZ 1.7 +/-1.6 1.0+/-0.4 0.8+/-0.7° 0.5+/-0.4>°

EZ 2.9 +/-0.7 29+/-0.8 3.4 +/-0.8 20+/-05°

@ p<0.05 in comparison to the bone graft (group 1)
b p<0.05 in comparison to the cage (group 2)
° p<0.05 in comparison to the PDLLA coated cage (group 3).




IGF-l and TGF- 31 Effect on Bone Matrix Formation * Kandziora et al 719

Group 1

Group 2

bone graft cage

1)

to graft resorption between the endplates

Tey Osteoclastic activity leading  7f) Fibroblast and cartilage cells  7g
formationbetween the endplates

M 1.6x

Group 4
cage + POLLA

Group 3

cage + PDLLA G-I + TG~

M S0

Meo-vascularisation and cartilage 7h) Bony islands between
the endplates

Figure 8. Histomorphologic analyses of the intervertebral fusion area. After 12 weeks, interbody fusion was evaluated
histomorphologically and histomorphometrically (animal 8 of each group). M = magnification.

negative effects were associated with the use of the PDLLA
carrier. However, in contrast to previous studies on rat tibia
fractures,”® an impressive positive effect of the PDLLA
carrier on bone matrix formation could not be found. Yet,
as compared with the noncoated cages, all the PDLLA-
coated cages showed significantly higher values for the
BMD of the callus and the ratio of bone volume to total
volume; slightly higher values for functional radiographic
evaluation of the lordosis angle, BMC, and BCV; lower
values for ROM in flexion and extension; and higher values
for new bone formation adjacent to the cage after 9 weeks.
Therefore, the PDLLA carrier may have a positive effect
on bone matrix formation, although it could not be detected
in this study, probably because of the limited number of
animals used.

IGF-I and TGF-1
For the first time, a combination of IGF-I and TGF-f1 was
applied in a sheep cervical spine interbody fusion model. It
was not the purpose of this study to achieve solid bony

fusion. One criterion for the definition of bony fusion is the
absence of motion in the fused motion segment. Therefore, it
would not be useful to determine a residual range of motion
or other biomechanical data used in a completely fused
motion segment. Yet, these biomechanical data are crucial in
such a study because they are highly precise. Therefore, aim
of this study was to analyze a developing “bony fusion” at an
early time (12 weeks) to determine subtle distinctions
between the varying fusion techniques.

It is well known that simply the surgical intervention.
including the decortication of the endplates, seems to
stimulate intervertebral bone matrix formation to a limited
degree.’” To evaluate this “spontanecous bone matrix
formation potential” with a growth factor—stimulated fusion,
the cage-alone group (Group 2) was compared with the
growth factor group (Group 4). The growth factor group
(Group 4) showed a bone matrix formation potential
significantly higher than the “spontaneous bone matrix
formation potential” of the cage-alone group (Group 2).

Table 4. After 12 Weeks, Histomorphometric Analysis Was Performed and the Following Structural Indices Were
Calculated in the Region of Interest (ROIl): Sagittal Diameter Distance (SDD, Baseline), Bone Volume/Total Volume
(BVITV), Cartilage Volume/Total Volume (CV/TV), Mineralized Cartilage Volume/Cartilage Volume mmCV/CV)

Group 1 (n=8)

Group 1 (n=8)

Group 1 (n=8) Group 1 (n=8)

Indices Bone Graft Cage Cage + PDLLA Cage + PDLLA +
IGF-I + TGF-B1
SDD(mm) 26.2 +/- 1.0 (24.0-27.3) 25.6 +/- 1.2 (24.6-27.0) 25.9 +/- 1.6 (24.3-27.8) 26.6 +/- 1.1 (25.3-28.3)
BV/TV(%) 31.4 +/-3.9(24.8-39.0) 38.3+-4.1%(26.4-52.1)  41.8+/-3.2°°(31.7-50.2)  43.3+/-2.8*>%(33.8-51.4)
CVITV(%) 10.1+/- 2.8 (1.0-22.1) 4.3 +/-2.4*(1.4-11.0) 4.4 +/-2.1%(1.9-9.2) 4.8 +/-2.4*(0.8-14.6)
mCV/CV(%) 5.5 +/-2.0 (0.6-9.4) 3.4 +/-1.8% (0.8-5.0) 3.6 +/- 1.0 (1.9-5.8) 3.2 +/-1.2% (1.8-5.7)

@ p<0.05 in comparison to the bone graft (group 1)
® p<0.05 in comparison to the cage (group 2)
° p<0.05 in comparison to the PDLLA coated cage (group 3).
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Table 5. After 12 Weeks, Flurochrome Analysis Was Performed

Group 4
Group 1 Group 2 Group 3 cage + PDLLA
bone graft cage cage + PDLLA +|GF1+TGF-B1
Adjacent Within Adjacent Within Adjacent Within Adjacent Within
3 weeks 0 0 1 1 0 0 2 2
6 weeks 1 0 1 5 3 6 4 4
9 weeks 1 0 1 6 5 6 6 6

Additionally, the growth factor group was compared with a
group that underwent the “standard” cervical spine fusion
technique using tricortical iliac crest bone graft.

As compared with the bone graft group (Group 1), the cage
plus PDLLA plus IGF-I and TGF-B1 group (Group 4)
demonstrated better maintenance of lordosis, a higher
biomechanical stability, advanced interbody bone matrix
formation in histomorphometric analysis, and accelerated
interbody bone matrix formation on fluorochrome sequence
labeling. Additionally, donor-side morbidity of the iliac
crest graft was excluded. Yet, all the cage groups (Groups 2
to 4) investigated in this study outperformed the subjects
who underwent tricortical iliac crest graft in terms of
histomorphometric parameters and biomechanical stability
in rotation. Therefore, these effects were predominantly
associated with the use of the interbody fusion cage.
However, these effects were supplemented and increased
by the growth factors IGF-I and TGF-B1. As compared
with the groups in which the uncoated (Group 2) and
coated cages (Group 3) were used, the growth factor group
(Group 4) showed a lower flexion—extension difference for
the lordosis angle in functional radiographic evaluations, a
higher bone mineral content and bony callus volume, a
lower range of motion in rotation and bending, and a higher
bone ratio of volume to total volume in the
histomorphometric analysis.

These preliminary results are in concordance with those of
previous animal studies using IGF-I and TGF- 1 in other
anatomic locations. In these studies, IGF-I and TGF- 1
individually and in combination were shown to improve
bone matrix formation and bone remodeling by direct and

indirect mechanisms. ™ "> 77" 5 Although no impressive
differences in the fusion score could be determined between
any of the groups (Table 6), in this 12-week follow-up study,
the results demonstrate that combined IGF-I and TGF-B1
application was able to promote intervertebral bone matrix
formation in the sheep cervical spine. These results are
encouraging, but longer-term studies are essential to
determine whether this growth factor combination also is
able to promote solid bony fusion.

For systemically applied IGF-I or TGF-B1, side effects were
described depending on concentration.27,44,47 Especially,
IGF-I has been associated with a variety of systemic side
effects and complications, including electrolyte shifts and
hypoglycemia, resulting from serum concentrations of
insulin or changes in serum concentrations of thyroid
hormone, for example, parotid swelling and tachycardia.47
Additionally, systemically applied TGF- 1 was associated
with increased serum concentrations of alkaline
phosphatase.27 On the basis of these very preliminary
results, the systemic side effects of IGF-I or TGF-f1 on
blood count, electrolytes, glucose levels, alkaline
phosphatase levels, and thyroid hormone concentrations
could not be observed. Additionally, no changes in body
weight, body temperature, or acute illness were detected.
However, IGF-I or TGF-B1 clearly have not been proved
safe for spinal application. Some studies, for example,
demonstrated that TGF-B1 has effects on neurologic tissue,
especially on human glioblastoma cells, astrocytes, and
Schwann cells.27,47 Therefore, further studies are necessary
to address safety issues associated with isolated or combined
spinal application of IGF-I and TGF- 1.

Table 6. Histologic Analysis of Interbody Fusion: After 12 Weeks, Bony Fusion of the 4 Groups Was Evaluated Using a

4-Point Scale According to Zdeblick*

Group 1 (n=8)

Histologic Group 1 (n=8) Group 1 (n=8) Group 1 (n=8) Cage + PDLLA +
Fusion Points [49] Bone Graft Cage Cage + PDLLA IGF-I + TGF-B1
0 0 0 0 0

1 2 1 1 0

2 5 6 6 5

3 1 0 1 2

4 0 0 0 1

If four points were awarded, a successful arthrodesis or fusion was considered to have occurred. Three points were graded as a

developing fusion.
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Conclusion

Findings show that PDLLA-coating of cervical spine
interbody fusion cages as a delivery system for
growth factors is effective. The slight but insignificant
positive effect of the PDLLA carrier on interbody
fusion might result from the degradation process of
the biodegradable carrier.

As compared with the iliac crest graft, IGF-I and
TGF- 1 application by a PDLLA-coated interbody
cage significantly improved the results of interbody
bone matrix formation while excluding the donor-side
morbidity. Although the cage groups all outperformed
the groups that underwent tricortical iliac crest bone
graft in terms of histomorphometric parameters and
biomechanical stability, these effects were
supplemented and increased by the growth factors
IGF-l and TGF- B1. However, in this short-term follow-
up study, these growth factors were not able to
increase the incidence of solid bony fusion. Therefore,
longer-term studies are required to determine whether
combined IGF-I and TGF-B1 application leads to a
successful fusion.

Key Points

e The findings showed that PDLLA coating of cervical
spine interbody fusion cages as a delivery system for
growth factors was effective.

e Although IGF-I and TGF-81 application by a
PDLLA-coated interbody cage was not able to achieve
solid bony fusion during the 12-week follow-up period,
these growth factors significantly increased the results
of interbody bone matrix formation.

e Additional longer-term studies are required to
determine whether combined IGF-I and TGF-81
application leads to a successful spinal fusion.
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ORIGINAL ARTICLE

Comparison of BMP-2
and combined IGF-I/TGF-B1 application
in a sheep cervical spine fusion model

Abstract Growth factors have
proven to promote spine fusion.
However, no comparative evaluation
of growth factors in spinal fusion has
yet been performed. The purpose of
this study was to compare the effi-
cacy and safety of combined IGF-I
and TGF-81 application with BMP-2
application and autologous cancel-
lous bone graft at an early time point
in a sheep cervical spine fusion
model. Thirty-two sheep underwent
C3/4 discectomy and fusion. They
were divided into four groups, ac-
cording to their treatment: group 1,
titanium cage (n==8); group 2, tita-
nium cage filled with autologous
cancellous iliac crest bone grafts
(n=8); group 3, titanium cage coated
with a poly-(D,L-lactide) (PDLLA)
carrier including BMP-2 (5% w/w)
(n=8); group 4, titanium cage coated
with a PDLLA carrier including
IGF-I (5% w/w) and TGF-61 (1%
w/w) (n=8). Blood samples, body
weight and temperature were ana-
lysed. Radiographic scans were per-
formed pre- and postoperatively and
after 1, 2, 4, 8 and 12 weeks. At the
same time points, disc space height
and intervertebral angle were mea-
sured. After 12 weeks, the animals
were killed and fusion sites were
evaluated using functional radio-
graphic views in flexion and exten-
sion. Quantitative computed tomo-
graphic scans were performed to as-
sess bone mineral density, bone min-
eral content and bony callus volume.

Biomechanical testing was carried
out and the values for range of mo-
tion, and neutral and elastic zone
were determined. Histomorphologi-
cal and histomorphometrical analysis
were performed and polychrome se-
quential labelling was used to deter-
mine the time frame of new bone
formation. The results showed that,
in comparison to the group treated
with the cage alone (group 1), the
cage plus BMP-2 group (group 3)
and the cage plus IGF-I and TGF-81
group (group 4) demonstrated a sig-
nificantly higher fusion rate in radio-
graphic findings, a higher biome-
chanical stability, a more advanced
interbody fusion in histomorphomet-
rical analysis, and an accelerated in-
terbody fusion on fluorochrome se-
quence labelling. In comparison to
the bone graft group (group 2), the
BMP-2 (group 3) and IGF-I/TGF-81
group (group 4) showed significantly
less residual motion on functional ra-
diographic evaluation, higher bone
mineral density of the callus and
higher biomechanical stability in ex-
tension, rotation and bending. The
BMP-2 group showed significantly
less residual motion on functional ra-
diographic evaluation and higher in-
tervertebral bone matrix formation
on fluorochrome sequence labelling
at 9 weeks in comparison to the
IGF-I/TGF-B1 group. In contrast, the
IGF-I/TGF-B1 group showed a sig-
nificantly higher bone mineral den-
sity of the callus than the BMP-2
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group. In comparison to the autolo-
gous cancellous bone graft group,
both growth factors (BMP-2 and
combined IGF-I and TGF-81) signif-
icantly improved the biomechanical
results of interbody fusion. No sys-

temic side effects were observed for  spine fusion.

Introduction

More than 30 years ago, Urist [42] determined the os-
teoinductive capacity of demineralized bone matrix. Ad-
vances in protein isolation and molecular cloning technol-
ogy subsequently yielded several soluble, low-molecu-
lar-weight growth factors, such as transforming growth
factors (TGFs), bone morphogenetic proteins (BMPs),
platelet-derived growth factors (PDGFs), insuline-like
growth factors (IGFs), fibroplast growth factors (FGFs)
and epidermal growth factors (EGFs) [41]. Meanwhile,
many of these growth factors have been produced as re-
combinant molecules in virtually unlimited quantities us-
ing genetically modified cell lines. However, only some
of them have demonstrated a significant osteoinductive
capacity, and only two have been precisely evaluated in
experimental spine fusion. Presently, only BMP-2 [4, 5, 6,
7, 8, 11, 16, 26, 27, 33, 34, 45, 46] and OP-1 (BMP-7)
[10, 23] have proven to accelerate spinal fusion and to
overcome the disadvantages of an autologous bone graft.
Therefore, the optimum growth factor or growth factor
combination to promote spinal fusion is still a matter of
discussion.

Recently, in vitro and in vivo studies have demon-
strated an osteoinductive effect of isolated IGF-I and
TGF-B1 or combined IGF-I/TGF-1 application [24, 25,
29, 41]. IGF-I stimulates the replication of osteoblasts and
the synthesis of bone matrix [13]. TGF-B1 regulates dif-
ferent cell types that are directly involved in bone remod-
eling and bone matrix formation, such as mesenchymal
cells, chondrocytes, osteoblasts, and osteoclasts [31, 32].
In vivo studies have shown that decreased levels of IGF-I
and TGF-B1 are associated with bone loss and osteoporo-
sis [1, 7, 44], whereas the local application of isolated
IGF-I or TGF-B1 can positively influence fracture healing
[15, 30, 38]. Additionally, in vitro and in vivo studies
have demonstrated a significant osteoinductive effect of
combined IGF-I and TGF-81 application [20, 36].
Schmidmaier [36] demonstrated that the combined appli-
cation of IGF-I and TGF-81 had a significantly higher
stimulating effect on bone matrix formation in rat tibia
fractures than a single application of IGF-I or TGF-81.
Kandziora [20] was able to show an increased interverte-
bral bone matrix formation comparing combined IGF-I
and TGF-B1 application with an autologous tricortical
iliac crest bone graft in a sheep cervical spine fusion
model.

either growth factor. On the basis of
these preliminary results, it would
appear that combined IGF-I/TGF-31
application yields equivalent results
to BMP-2 application at an early
time point in anterior sheep cervical
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Animal model - Interbody fusion -
BMP-2 - IGF-I - TGF-81 - Growth
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Presently, no comparative evaluations of different
growth factors in experimental spine fusion are available.
The purpose of this study was to compare the efficacy and
safety of combined IGF-I and TGF-81 application with
BMP-2 application and autologous cancellous bone grafts
at an early time point in an in vivo sheep cervical spine in-
terbody fusion model.

Materials and methods
Study design

Thirty-two adult female merino sheep (2 years old) underwent
C3/4 discectomy and fusion. No sheep was lost to follow-up. The
sheep were randomly assigned to the following groups:

e Group 1: titanium cage (n=8)

e Group 2: titanium cage filled with autologous cancellous iliac
crest bone grafts (n=8)

e Group 3: titanium cage coated with a biodegradable poly-(D,L-
lactide) (PDLLA) carrier including BMP-2 (5% w/w) (n=8)

e Group 4: titanium cage coated with a biodegradable PDLLA
carrier including IGF-I (5% w/w) and TGF-B1 (1% w/w) (n=8)

After 12 weeks all the sheep were sacrificed and radiographic, bio-
mechanical and histological evaluations were performed. All ani-
mal experimental work was approved by local authorities.

Coating of the cages

PDLLA (Boehringer Ingelheim, Germany) was chosen as the drug
carrier system. The properties of the PDLLA coating and the coat-
ing technique have been described previously [12, 35]. In group 3,
recombinant human BMP-2 (thBMP-2, R&D Systems, Abingdon,
UK) (5% w/w) was incorporated in the PDLLA coating. In group
4, recombinant human IGF-I (R&D Systems) (5% w/w) and re-
combinant human TGF-81 (R&D Systems) (1% w/w) were incor-
porated in the PDLLA coating. The average PDLLA coating mass
of the cages was 3.02+0.12 mg. Therefore, approximately 150 pg
(5% w/w) BMP-2 and 150 nug (5% w/w) IGF-I plus 30 pug (1%
w/w) TGF-B1 were incorporated in the coating of each cage in the
respective groups.

Surgical technique and postoperative care

The animals underwent the surgical procedure under general endo-
tracheal anaesthesia. The anterior part of the neck and the left iliac
crest (group 2) was prepped in a sterile fashion and a left antero-
lateral approach to the cervical spine was carried out through a
longitudinal skin incision. The longus colli muscle was incised in
the midline, and the intervertebral disc C3/4 was exposed. After
distraction of the motion segment with a Caspar distractor, anterior
discectomy C3/4 was performed. The endplates were uniformly
shaved with a 2-mm high-speed diamond drill down to bleeding
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bone. For interbody stabilization, meshed titanium cages (Motech
GmbH, Schwenningen, Germany, height 8 mm, diameter 14 mm)
were used. In group 2, the cages were filled with autologous can-
cellous bone grafts taken from the left iliac crest. Prior to insertion,
the volume of the bone grafts was determined using the water dis-
placement technique (Archimedes principle). The average volume
of the bone grafts was 1.42+0.1 cm?. In the growth factor groups
and the cage alone group (groups 1, 3 and 4) the cages were not
filled with bone graft. Finally, all cages were inserted uniformly
into the intervertebral space. The wound was irrigated with saline,
and the longus colli muscle, the subcutaneous tissue and the skin
were reapproximated with sutures and a soft bandage was applied
to the neck.

After surgery, the animals were maintained under observation
until fully recovered from general anaesthesia. They received two
doses of 0.5 g metamizol-natrium (Novaminsulfon, Lichtenstein)
per day for 5 days intramuscularly. Clinical examination was per-
formed daily for the first 10 days, then weekly. The sheep were al-
lowed ad libitum activity for the remainder of the experiment.
Fluorochrome sequential labels were administered at 3, 6 and
9 weeks postoperatively, consisting of oxytetracycline (25 mg/kg
IV) at 3 weeks, calcein green (15 mg/kg IV) at 6 weeks, and
xylenol orange (90 mg/kg IV) at 9 weeks. Twelve weeks after sur-
gery, the animals were killed after induction of anaesthesia by an
intravenous injection of potassium chloride. The complete cervical
spine including parts of the occiput and T1 was then excised and
cleaned from the surrounding tissue.

Blood and serum analysis

Blood and serum samples were taken from the saphenous vein of
the hind leg of the sheep pre- and postoperatively, and after 1, 2, 4,
8 and 12 weeks. The blood samples were analysed for routine lab-
oratory parameters (blood count, electrolytes, alkaline phospha-
tase, thyroid values and glucose).

Body weight and body temperature

Preoperatively and after 1, 2, 4, 8 and 12 weeks, rectal body tem-
perature and body weight were determined.

Radiographic analysis

Radiographic evaluations have been described in detail earlier
[18]. Lateral and posteroanterior digital radiographic scans (X-ray
unit: Mobilett Plus, Siemens AG, Germany; X-ray films: Fuji CR
24x30, Fuji, Germany) were performed pre- and postoperatively
and after 1, 2, 4, 8 and 12 weeks. At the same time points, anterior,
middle and posterior intervertebral disc space heights (DSH) and
intervertebral angle (IVA) of the motion segment C3/4 were mea-
sured on lateral radiographic scans. Average intervertebral DSH
was calculated from anterior, middle and posterior DSH measure-
ments (anterior+middle+posterior DSH/3). After 12 weeks, bony
fusion was categorised on lateral radiographs using the following
parameters [20]: (A) no bony fusion, (B) maximum intervertebral
gap in the cranio-caudal direction of more than 5 mm, (C) maxi-
mum intervertebral gap in the cranio-caudal direction of less than
5 mm, (D) complete bony fusion. The maximum intervertebral gap
in the cranio-caudal direction was measured directly on lateral ra-
diographs using a ruler. All radiographic measurements were eval-
uated by three independent observers.

Functional radiographic analysis

Functional radiographic evaluation of the sheep cervical spine has
been described in detail earlier [18]. After sacrifice, fusion sites

were evaluated using lateral digital functional radiographic scans
in flexion and extension (X-ray unit: Mobilett Plus, Siemens AG,
Germany; X-ray films: Fuji CR 24x30, Fuji, Germany). For this
purpose, T1 was rigidly fixed with a Steinmann pin, while a 60-N
load was applied through C1 using a dynamometer (Newtonmeter,
Inha GmbH, Berlin, Germany). Flexion/extension differences in
intervertebral angle (IVA) and lordosis angle (LA) were calcu-
lated. All functional radiographic measurements were evaluated by
three independent observers.

Quantitative computed tomographic analysis

Quantitative computed tomographic scans (QCT) were performed
using a Siemens Somatom plus 4 scanner (Siemens Inc., Erlangen,
Germany). Axial cuts with 1-mm slice thickness were made paral-
lel to the intervertebral disc space. Bone mineral density (BMD)
and bone volume measurements of the callus have been described
in detail earlier [18]. BMD measurements were calibrated with a
six-point bone mineral density phantom, and were performed us-
ing the specific software of the scanner (Sienet Magic View VA
30A, Siemens, Inc.). Bony callus volume (BCV) was measured us-
ing an image analysing system (Zeiss KS 400, Zeiss GmbH, Ger-
many). Bone mineral content (BMC) was calculated from BMD
and BCV measurements (BMC=BCVxXBMD). After 12 weeks,
bony fusion was categorised on sagittal and coronal two-dimen-
sional (2D) CT reconstructions using the A-D parameters de-
scribed earlier [20]. The maximum intervertebral gap in the cranio-
caudal direction was measured directly on midsagittal 2D CT re-
constructions using the scanner software described above. All ra-
diographic CT measurements were evaluated by three independent
observers.

Biomechanical analysis

After euthanasia, biomechanical testing was performed by a non-
destructive flexibility method using a nonconstrained testing appa-
ratus described in detail earlier [17, 18]. Pure bending moments of
6 Nm were applied to the motion segments C3/4 using a system of
cables and pulleys to induce flexion, extension, left and right lat-
eral bending and left and right axial rotation. Tension was applied
to the cables with a uniaxial testing machine (1456, Zwick GmbH,
Ulm, Germany). Three-dimensional displacement of each motion
segment was measured using an optical measurement system
(Qualysis Inc., Sdvebalden, Sweden). Triangular markers with three
diodes (Qualysis Inc.) were attached to the bodies of C3 and C4.
Marker positions were detected with two cameras and recorded
with a computerized motion analysis system (PC-Reflex, Qualysis
Inc). Angular displacement of the upper vertebra (C3) in relation
to the lower vertebra (C4) was calculated from marker positions
using custom-made computer software. The measurement error as-
sociated with this method was +0.1° [21]. Range of motion
(ROM), and neutral (NZ) and elastic (EZ) zones were determined.

Histomorphological, histomorphometrical
and fluorochrome analysis

All C3/4 motion segments were harvested at 12 weeks for bone his-
tology. The motion segments had been fixed for 7 days in 10% nor-
mal buffered formaldehyde followed by dehydration in ascending
concentrations of ethanol, and embedded undecalcified in methyl-
methacrylate (Technovit 9100, Heraeus Kulzer GmbH, Germany).

For histomorphological and histomorphometrical analysis, lon-
gitudinal sections in the sagittal plane were cut at 6 um with a
Leica SM 2500 S microtome and a 40° stainless steel knife. After-
wards, the residual parts of the cages were removed and the fol-
lowing stains were used: (1) Safranin-O/Lightgreen, (2) Safranin-
O/v. Kossa, (3) Astrablue and (4) Masson-Goldner.
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Masson-Goldner stainings were used for histomorphological
analysis, which included evaluation of bony fusion using the A-D
parameters described earlier [20]. The maximum intervertebral
gap in the cranio-caudal direction was measured directly on mid-
sagittal sections using an image analysing system (Zeiss KS 400,
Zeiss GmbH, Germany). Histomorphometrical parameters were
measured on the residual stainings using a Leica DM-RB micro-
scope, and the image analysing system (Zeiss KS 400). Parameters
were measured at a magnification of x1.6.

The sagittal diameter distance (S) of C3 and the average preop-
erative DSH were determined to define the size of the region of in-
terest (ROI) for histomorphometrical evaluation [20]. The entire
intervertebral fusion area was included in this ROL. The following
structural indices were calculated in the ROI: bone volume/total
volume (BV/TV), cartilage volume/total volume (CV/TV), miner-
alised cartilage volume/cartilage volume (mCV/CV).

For fluorochrome analysis, longitudinal sections in the para-
sagittal plane were cut at 400 um with a precise macro grinding
machine (Fa. Exact, Norderstedt, Germany). These slices were
then ground to a thickness of 80 wm using a precise micro grinding
machine (Fa. Exact). Fluorochrome markers were analysed under
appropriate lighting conditions using a Leica DM-RB microscope
and an image analysing system (Zeiss KS 400). Parameters were
measured at a magnification of x1.6.

Fluorochrome analysis of intervertebral fusion areas has been
described in detail earlier [45]. The first appearance of the marker
served to time formation of new bone matrix. The presence or ab-
sence of each marker around or within the cage was used to deter-
mine the relative time frame of new bone formation.

Statistical analysis

Comparison of data was performed using one way ANOVA for in-
dependent samples followed by TUKEY post-hoc analysis for
multiple comparison procedures with Bonferroni correction for
multiple measurements. Intraobserver variability for radiographic
measurements, functional radiographic evaluation and CT mea-
surements was determined using kappa statistics. The A—D score
[20] was used to categorise semiquantitative bony fusion on plain
radiographs, CT scans and histological stainings; however, no sta-
tistical evaluation of this score was performed. Statistically signif-
icant differences were defined at a 95% confidence level. The val-
ues are given as meantSD. SPSS (release 7.0, SPSS Inc., Chicago,
Illinois) software supported statistical evaluation.
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Fig.2 Radiographic analysis. After 12 weeks, bony fusion was
evaluated on lateral radiographic scans (animal 8 of each group)

Results
Blood and serum analysis results

Full blood count did not show any significant differences
either between the groups or at different time points
throughout the course of the experiment. Even in the ini-
tial period, 1 week postoperatively, no significant changes
were found for average haemoglobin, erythrocyte and
leukocyte levels compared to the preoperative baseline
levels.

Levels of electrolytes (Na, K, Cl, Ca) did not show sig-
nificant changes during the experimental period. Further-
more, no differences in thyroid hormones, alkaline phos-
phatase or glucose levels were found throughout the ob-
servation period or between the groups.

Body weight and body temperature

No significant differences were found between all groups
in mean body temperature and body weight throughout
the experimental period. Postoperatively, a slight and con-
stant increase in body weight for all sheep of all groups
was determined.

Radiographic results

Intraobserver agreement for radiographic measurements
was good, showing kappa values ranging between 0.74 and
0.93.

Preoperative baseline values of all radiographic param-
eters did not show any differences between the groups. No
significant differences were found for average disc space

height and intervertebral angle between all groups through-
out the observation period (Fig. 1). However, at 12 weeks
there was a trend for a smaller intervertebral angle and
disc space height in the cage alone group (group 1) com-
pared to the other groups.

After 12 weeks, bony fusion was evaluated on radio-
graphic scans (Fig.2). In the bone graft group (group 2),
the BMP-2 group (group 3) and the IGF-I/TGF-81 group
(group 4), a more advanced interbody fusion was found in
comparison to the cage alone group (Table 1). No notice-
able difference in fusion rate was found between the bone
graft group (group 2) and the BMP-2 group (group 3) or
the IGF-I/TGF-81 group (group 4).

Functional radiographic results

Intraobserver agreement for functional radiographic mea-
surements was excellent, showing kappa values ranging
between 0.86 and 0.93.

After 12 weeks there were no significant differences
between flexion/extension values of intervertebral and
lordosis angle (Table 2) between the cage alone group
(group 1) and the cage plus bone graft group (group 2).

Table 1 Radiographic analysis. After 12 weeks, bony fusion of
the four groups was determined on radiographic scans using the
following parameters: (A) no bony fusion, (B) maximum interver-
tebral gap in cranio-caudal direction of more than 5 mm, (C) max-
imum intervertebral gap in cranio-caudal direction of less than
5 mm, (D) complete bony fusion

Bony Group 1 Group 2 Group 3 Group 4
fusion (n=8) (n=8) (n=8) (n=8)
parameter Cage Cage+bone  Cage+ Cage+IGF-1+
(score) graft BMP-2 TGF-61

A 0 0 0 0

B 6 4 2 2

C 2 3 4 5

D 0 1 2 1
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Table 2 After 12 weeks, functional radiographic evaluation in
flexion/extension of the four groups was determined. Flexion/ex-
tension differences of intervertebral angle (IVA) and lordosis an-
gle (LA) were calculated: values are presented as mean £SD, with
range in parentheses

Flexion/ Group 1 Group 2 Group 3 Group 4

extension  (n=8) (n=8) (n=8) (n=8)

difference  Cage Cage+bone Cage+ Cage+IGF-1+

in degrees graft BMP-2 TGF-61

IVA 8.6+2.6 7.7£3.0 2.74£2.13b¢  59+1.92
(6.0-10.0) (4.5-11.0) (0-7.0) (3.5-17.5)

LA 8.6+3.1 7.9+£3.4 3.942.33b¢  6.3+1.6°
(6.0-12.0) (4.5-11.5) (0-9.0) (5.0-8.0)

2 P<0.05 in comparison to the cage alone group (group 1)

b P<0.05 in comparison to the cage plus bone graft group (group 2)
¢ P<0.05 in comparison to the cage plus IGF-I/TGF-81 group
(group 3)

Flexion/extension differences in the IGF-I/TGF-81 group
(group 4) were significantly lower than in group 1 (P<0.05).
Functional radiographic assessment revealed significantly
lower residual flexion/extension movement in the cages
with BMP-2 group (group 3) than in any other group
(P<0.05).

Quantitative computed tomographic results

Intraobserver agreement for CT measurements was excel-
lent, showing kappa values ranging between 0.84 and
0.98.

After 12 weeks, bone mineral content (BMC) and bony
callus volume (BCV) were significantly lower in the cage
alone group (group 1) than in any other group (P<0.05)
(Fig.3). There were no significant differences in BMC
and BCV between the cage plus bone graft group (group
2), the cage plus BMP-2 group (group 3) and the cage
plus TGF-I/IGF-81 group (group 4). Bone mineral density

Fig.3 Computed tomographic (CT) analysis. After 12 weeks, in-
terbody fusion was evaluated using quantitative computed tomog-
raphy (QCT). Depicted are axial CT scans performed parallel to
the intervertebral space (animal 6 of each group)

of the callus (BMD) in the cage plus IGF-I/TGF-31 group
(group 4) was significantly higher than in any other group
(P<0.05). The cages with BMP-2 group (group 3) showed
significantly higher values for BMD (P<0.05) than groups
1 and 2 (Table 3). There was no significant difference for
BMD of the callus between the cage alone group (group 1)
and the cages filled with cancellous bone grafts (group 2).

Fusion was evaluated on sagittal 2D CT reconstruc-
tions (Table 4). In the bone graft group (group 2), the
BMP-2 group (group 3) and the IGF-I/TGF-81 group
(group 4), a more advanced interbody fusion was found in
comparison to the cage alone group (Table 1). No signifi-
cant difference in fusion score was found between the
bone graft group (group 2) and the BMP-2 group (group 3)
or the IGF-I/TGF-B1 group (group 4).

Biomechanical results

Biomechanical results for range of motion (ROM), neutral
zone (NZ) and elastic zone (EZ) are depicted in Table 5.

Lowest ROM, NZ and EZ values were consistently
found for the growth factor groups (groups 3 and 4).
ROM in all directions, NZ and EZ in rotation and NZ in
lateral bending were significantly (P<0.05) lower in the
growth factor groups (groups 3 and 4) than in the cage
alone group (group 1) and the cage plus bone graft group
(group 2). No significant difference for ROM, NZ and EZ
in any direction was found between the cage alone group
(group 1) and the cage plus bone graft group (group 2).
Additionally, no significant difference was found between
the cage plus BMP-2 group (group 3) and the cage plus
IGF-I/TGF-B1 group (group 4).

Histomorphological results

Histomorphological analysis supported the findings of ra-
diographic and biomechanical examinations (Fig.4).

In the cage alone group (group 1), mainly fibroblasts
and occasionally cartilage cells were observed between
the endplates. Cages were surrounded by a distinct small
line of fibroblasts. Group 2, stabilised with cages plus
cancellous bone grafts, showed some bony islands be-
tween the endplates with cartilage and fibrous tissue com-
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Table 3 After 12 weeks, quantitative computed tomographic
analysis (QCT) was performed to measure bone mineral density
(BMD), bone mineral content (BMC) and bony callus volume
(BCV): values are presented as mean £SD, with range in parenthe-
ses

QCT Group 1 Group 2 Group 3 Group 4
(n=8) (n=8) (n=8) (n=8)
Cage Cage+bone Cage+ Cage+IGF-1+
graft? BMP-2 TGF-81
BMD 0.58£0.04 0.55£0.05  0.62+0.04%< 0.65+0.04><d
(g/em?) (0.65-0.56) (0.52-0.59) (0.65-0.58) (0.68-0.59)
BMC (g) 1.9+£0.7 3.2+0.3° 3.11.1° 3.4+1.6°
(1.2-2.8) (2.8-3.7) (2.0-5.5) (2.4-5.5)
BCV (cm?) 3.3£1.2 5.4+1.4° 5.4+1.9° 5.2+1.2°
(2.04.7) (3.8-6.3) (2.1-7.4) (4.1-6.8)

2 Initial callus volume of the bone graft was 1.42 cm?

b P<0.05 in comparison to the cage alone group (group 1)

¢ P<0.05 in comparison to the cage plus bone graft group (group 2)
4 P<0.05 in comparison to the cage plus BMP-2 group (group 3)

Table 4 CT evaluation. After 12 weeks, bony fusion of the four
groups was determined on sagittal two-dimensional CT recon-
struction using the following parameters: (A) no bony fusion, (B)
maximum intervertebral gap in cranio-caudal direction of more
than 5 mm, (C) maximum intervertebral gap in cranio-caudal di-
rection of less than 5 mm, (D) complete bony fusion

Bony Group 1  Group 2 Group 3  Group 4

fusion (n=8) (n=8) (n=8) (n=8)
parameter Cage Cylinder cage+ Cage+ Cage+PDLLA+
(score) bone graft BMP-2  IGF-I+TGF-81
A 0 0 0 0

B 6 4 2 2

C 2 3 5 5

D 0 1 1 1

ponents. The tissue surrounding the cages appeared simi-
lar to that in group 1. Inside the cage of group 2 sheep, os-
teoclastic activity was noted as an indication of graft re-
sorption. Groups 3 and 4, stabilised with cages coated
with BMP-2 and IGF-I/TGF-B1, respectively, showed ex-
tensive callus formation and bony islands between the
endplates, with cartilage and small fibrous tissue compo-
nents. Most of the callus was seen ventrally. These find-
ings were accompanied by capillary ingrowth and resorp-
tive lacunae, without major differences between the two
growth factor groups. No ossifications of the spinal liga-
ments were observed in any group.

Bony fusion was evaluated histomorphologically
(Table 6). No major differences in the fusion score were
found between the bone graft group (group 2) and the
BMP-2 group (group 3) or the IGF-I/TGF-81 group
(group 4). However, in comparison to the cage alone
group (group 1), all these groups showed more advanced
interbody bone matrix formation.

Table 5 Biomechanical analysis. After 12 weeks, biomechanical
analysis was performed to measure range of motion (ROM), neu-
tral (NZ) and elastic zone (EZ) for the different test modes: values
(in degrees) are presented as mean £SD

Test Group 1 Group 2 Group 3 Group 4
modes (n=8) (n=8) (n=8) (n=8)
Cage Cage+bone Cage+ Cage+IGF-I+
graft BMP-2 TGF-61

Flexion

ROM  3.9+0.8 3.9+1.3 2.9+1.2 2.9+1.2

NZ 1.31£0.6 1.3£0.9 0.9£1.1 0.7+0.7

EZ 2.610.8 2.610.8 2.0£0.7 2.31£0.8
Extension

ROM  3.9+1.3 3.8+£1.2 2.7£0.72 2.240.7%b

NZ 1.0£0.6 1.44£0.9 0.620.5 0.6£0.5

EZ 2.9+0.9 2.4+£1.0 2.1£0.32 1.6+0.32b
Right rotation

ROM  2.3+1.0 2.0£1.0 1.0+0.3%b 1.4+0.32

NZ 0.5£0.1 0.4£0.2 0.2+0.12b 0.2+0.12b

EZ 2.0£0.9 1.6£0.9 0.8+0.38b 1.240.32
Left rotation

ROM  2.3%0.8 2.1£1.0 1.1+0.42b 1.5+£0.42

NZ 0.4£0.1 0.5£0.3 0.2+0.12b 0.2+0.12b

EZ 1.9£0.7 1.6£0.9 0.9+0.42b 1.3£0.32
Right bending

ROM  3.8+1.0 42422 2.140.78b 2.54+0.8*b

NZ 1.0£0.4 1.24£1.2 0.6+0.28b 0.6+0.32b

EZ 2.8+0.7 3.0£1.9 1.5+0.7+b 1.9+0.72b
Left bending

ROM  3.9+1.2 4.1+2.1 2.14£0.92b 2.54+0.8*b

NZ 1.0£0.4 1.3£1.2 0.5+0.28b 0.5+0.4ab

EZ 2.9£0.8 2.8£1.9 2.0+0.7%b 2.0+0.5%b

2 P<0.05 in comparison to the cage alone group (group 1)
b P<0.05 in comparison to the cage plus bone graft group (group 2)

Histomorphometrical results

The results of histomorphometrical analysis are presented
in Table 7. Histomorphometrical analysis showed no sig-
nificant differences in sagittal diameter index (baseline)
between the groups. Compared to the cage alone group
(group 1), histomorphometrical parameters revealed sig-
nificantly more advanced bone matrix formation (bone
volume/total volume ratio) in groups 2, 3 and 4 (P<0.05).
No differences were found in the bone volume/total vol-
ume ratio between the bone graft group (group 2) and the
BMP-2 group (group 3) or the IGF-I/TGF-81 group
(group 4). There were no differences in the other histo-
morphometrical parameters for any of the groups.

Fluorochrome analysis results

The results of fluorochrome analysis are depicted in Table 8.
The BMP-2 and IGF-I/TGF-B1 coated cages exhibited
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Fig.4 Histomorphological analysis of the intervertebral fusion
area. After 12 weeks, interbody fusion was evaluated histomor-
phologically and histomorphometrically on midsagittal slides. De-
picted is the intervertebral bone matrix formation within the cage
(animal 6 of each group; Safranin O/v. Kossa staining, magnifica-
tion x2.4)

Table 6 Histomorphological analysis. After 12 weeks, bony fu-
sion of the four groups was evaluated histomorphologically using
the following parameters: (A) no bony fusion, (B) maximum inter-
vertebral gap in cranio-caudal direction of more than 5 mm, (C)
maximum intervertebral gap in cranio-caudal direction of less than
5 mm, (D) complete bony fusion

Bony Group 1  Group 2 Group 3 Group 4
fusion (n=8) (n=8) (n=8) (n=8)
parameter  Cage Cage+bone  Cage+ Cage+IGF-1+
(score) graft BMP-2 TGF-61

A 0 0 0 0

B 6 4 3 3

C 2 3 4 4

D 0 1 1 1

Table 7 After 12 weeks, histomorphometrical analysis was per-
formed and the following structural indices were calculated in the
region of interest (ROI): sagittal diameter distance (SDD, base-
line), bone volume/total volume (BV/TV), cartilage volume/total
volume (CV/TV), mineralised cartilage volume/cartilage volume
(mCV/CV): values are presented as mean +SD, with range in
parentheses

Group 1 Group 2 Group 3 Group 4

(n=8) (n=8) (n=8) (n=8)

Cage Cage+bone Cage+ Cage+IGF-1+

graft? BMP-2 TGF-61

SDD 25.6£1.2 25.5+1.1 25.8t1.4 26.6x1.1
(mm) (24.6-27.0) (24.6-27.8) (24.7-27.9) (25.3-28.3)
BV/TV  38.3+4.1 45.5+6.7°  44.2+3.1>  43.3+2.8°
(%) (26.4-52.1) (38.5-61.3) (34.2-52.8) (33.8-51.4)
CV/TV 43124 4.6£2.7 6.1£2.8 4.81+2.4
(%) (1.4-11.0) (0.8-9.4) (1.9-17.2) (0.8-14.6)
mCV/CV 3.4+1.8 2.8+1.3 4.1+£1.2 3.2+1.2
(%) (0.8-5.0) (0.2-7.6) (1.8-6.1) (1.8-5.7)

2 Initial callus volume of the bone graft was 1.42 cm3
b P<0.05 in comparison to the cage alone group (group 1)

earlier new bone formation, both within and around the
cages, compared to the other groups. There were no sig-
nificant differences in new bone matrix formation be-

tween groups 2, 3 and 4 after 6 weeks. In contrast to the
other groups, all cages coated with BMP-2 (group 4)
showed new bone formation around and within the cages
at 9 weeks.

Discussion

The purpose of this study was to compare the efficacy and
safety of combined IGF-I and TGF-81 application with
BMP-2 application and autologous cancellous bone grafts
at an early time point (12 weeks) in an in vivo sheep cer-
vical spine interbody fusion model.

Regardless of the interbody fixation technique, the
sheep cervical spine will normally reach solid fusion after
24 weeks. Therefore, it was not the purpose of this study
to achieve solid bony fusion. The study aimed, instead, to
analyse a developing “bony fusion” at an early time point
(12 weeks), in order to determine subtle distinctions be-
tween the various fixation techniques.

It is well known that the surgical intervention, includ-
ing the decortication of the endplates, seems, in itself, to
stimulate intervertebral fusion to a limited degree [34,
37]. To compare this “spontaneous fusion potential” with
a growth factor or cancellous bone graft stimulated fu-
sion, the cage alone group (group 1) was included in this
study. The growth factor groups, as well as the bone graft
group, showed a fusion potential significantly higher than
the “spontaneous fusion potential” of the cage alone group.

BMP-2 demonstrated significant acceleration of inter-
body fusion in this study. In comparison to the cage alone
group (group 1), representing the spontaneous fusion po-
tential, the cage plus BMP-2 group (group 3) demon-
strated a higher fusion rate in radiographic findings, a
higher biomechanical stability, an advanced interbody fu-
sion in histomorphometrical analysis, and an accelerated
interbody fusion on fluorochrome sequence labelling.

These results are in concordance with previous animal
studies using BMP-2 in experimental spinal fusion [4, 5,
6,7, 8, 11, 14, 26, 27, 33, 34, 45]. However, the majority
of these animal studies used BMP-2 in an intertransverse
process fusion model of the lumbar spine [5, 7, 8, 16, 26,
27, 33]. Compared with these models, the biological envi-
ronment of anterior interbody fusion evaluated in this
study provides greater access to cancellous bone and bone
marrow elements with osteogenetic potency. This favour-
able biological environment may, therefore, reduce the
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Table 8 After 12 weeks, fluo-

. Indices Group 1 (n=8) Group 2 (n=8) Group 3 (n=8) Group 4 (n=8)

rochrome analysis was per-
formed. Depicted are the num- Cage Cage+bone graft Cage+BMP-2 Cage+IGF-I+TGF-1
ber of fusion sites (of the dif- . o . . . e . o
ferent groups at dif(ferent time Adjacent Within Adjacent Within Adjacent Within Adjacent  Within
points) at which the fluoro- 3 weeks 1 1 0 1 2 2 2 2
chrome marker was present ad- )
jacent or within the cage or 6 weeks 1 5 4 6 3 4 4 4

9 weeks 1 6 4 6 8 8 6 6

bone graft

amount of growth factors needed to promote fusion, mak-
ing the use of growth factors more economically feasible.
In either case, it should be remembered that the dose of
growth factors may need to be adjusted to the different
biological environments and to different carriers. In sev-
eral studies using an intertransverse fusion model and a
collagen carrier, high BMP-2 doses (up to 1500 pg) were
necessary to achieve intertransverse fusion [5, 7, §, 16,
26, 27, 33]. In this study, a small dose of BMP-2 (approx-
imately 150 pg) applied with a PDLLA-coated cage was
able to accelerate anterior interbody bone matrix forma-
tion significantly. Due to the local administration via a
PDLLA coating of cages, high and continuously released
BMP-2 concentrations can be obtained at the fusion site
[35]. The quantity and the release of the incorporated
growth factors is small in relation to the total organism.
Therefore, no systemic side effects on blood count, elec-
trolytes, glucose levels, thyroid hormones, body weight or
body temperature caused by BMP-2 were observed in this
study.

Besides that, BMP-2 is also able to induce de novo
bone in ectopic soft tissue sites, even in the absence of
bone marrow elements [2, 46]. Some authors think that a
growth factor is required to induce ectopic bone to pro-
mote interbody fusion sufficiently [4, 26, 27]. However,
this characteristic of BMP-2 might also be harmful. In
previous studies, new bone formation induced in the liga-
mentum flavum by BMP-2 resulted in flattening of the
spinal cord [28]. Hoshi and co-workers [14] showed that
BMP-2 induced ossification of the spinal ligaments, re-
sulting even in spinal cord compression. Other authors
have suggested that BMP-2 might play an important role
in the ossification of spinal ligaments, especially the pos-
terior longitudinal ligament [14, 22]. In this study, anterior
interbody discectomy and fusion was performed, preserv-
ing the posterior longitudinal ligament. In concordance
with Zdeblick et al. [45] and Hecht et al. [11], also using
an anterior interbody fusion model, we were not able to
determine any ossification of the posterior longitudinal
ligament using BMP-2 applied by a PDLLA-coated inter-
body cage.

In previous anterior interbody fusion models using
BMP-2, threaded cages were applied to stabilise the ante-
rior spinal column [4, 6, 11, 45]. Zdeblick and co-workers
[45], for example, used BAK-cages in a three-level fusion
model in the cervical spine of the goat. In in vitro experi-
ments using sheep cervical spines, Kandziora and co-

workers [19] showed profound biomechanical differences
between threaded cages and cylindrical cages like the
meshed titanium cage used in this study. Especially in
bending, the vertical cylinder design cages showed signif-
icantly higher stiffness and lower range of motion than the
threaded cages. Nevertheless, no relevant differences in
interbody bone matrix formation could be observed com-
paring the results of this study using BMP-2 plus cylindri-
cal cages with previous studies using BMP-2 plus
threaded cages [4, 6, 11, 45]. This suggests that the os-
teoinductive effect of BMP-2 applied in the intervertebral
space is, to a certain extent, independent from the biome-
chanical properties of the intervertebral implant.

In contrast to BMP-2, IGF-I and TGF-81 are not able
to induce de novo bone growth in ectopic soft tissue sites
[24]. IGF-I stimulates the replication of osteoblasts and
the synthesis of bone matrix [13]. TGF-31 regulates dif-
ferent cell types that are directly involved in bone remod-
eling and bone matrix formation, such as mesenchymal
cells, chondrocytes, osteoblasts, and osteoclasts [31, 32].
Due to these characteristics, both growth factors have
demonstrated their ability to accelerate the spontaneous
fusion potential [9].

In this study the combined application of IGF-I and
TGF-61 was able to promote interbody bone matrix for-
mation. In comparison to the cage alone group (group 1)
the cage plus IGF-I and TGF-1 group (group 4) demon-
strated a significantly higher fusion rate in radiographic
findings, a higher biomechanical stability, a more ad-
vanced interbody fusion in histomorphometrical analysis,
and an accelerated interbody fusion on fluorochrome se-
quence labelling.

These results are in concordance with previous animal
studies using IGF-I and TGF-81 in other anatomical loca-
tions. In these studies, IGF-I and TGF-81 individually and
in combination have been shown to improve bone matrix
formation and bone remodelling by direct and indirect
mechanisms [3, 9, 13, 25, 29, 32, 40].

For systemically applied IGF-I and TGF-81, side ef-
fects have been described depending on concentration
[25, 39, 43]. In particular, effects on electrolytes, glucose
levels and thyroid hormones have been specified [39, 43].
However, based on these preliminary results, no systemic
side effects on blood count, electrolytes, glucose levels,
thyroid hormones, body weight or body temperature
caused by IGF-1 or TGF-1 were observed in this study.
This may be due to the local administration of IGF-I and
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TGF-B1 via a PDLLA-coating of cages providing high local
but low systemic concentrations of the growth factors [35].

One aim of this study was to compare autologous bone
grafts (group 1) with growth factors (groups 3 and 4) in
experimental spinal fusion. In comparison to the bone
graft group, both growth factor groups (BMP-2 and com-
bined IGF-I/TGF-B1) showed significantly lower residual
motion on functional radiographic evaluation, higher bone
mineral density of the callus and higher biomechanical
stability in extension, rotation and bending after 12 weeks
in vivo. Additionally, although there was no significant
difference between the bone graft group and the growth
factor groups in the total amount of bone in the interverte-
bral space (bony callus volume and bone volume/total
volume ratio) after 12 weeks, the fact that in group 2 the
cages were initially filled with 1.42 cm? of cancellous
bone must be taken into consideration. Therefore, the
amount of new-formed bone in the bone graft group was
approximately 4 cm? (range 5.4—1.42 cm?; see Table 3). In
contrast, the two growth factor groups showed an amount
of new formed bone of 5.4 cm? (BMP-2) and 5.2 cm?
(IGF-I/TGF-B1), respectively (Table 3). This is the first
study to describe an acceleration of intervertebral bone
matrix formation with combined IGF-I/TGF-31 applica-
tion in comparison to autologous cancellous bone grafts.
However, this effect has already been described for BMP-2
[5, 8, 16, 26, 27, 45]. Boden et al. [5] and Zdeblick et al.
[45], for example, have demonstrated that in comparison
to autologous cancellous bone grafts BMP-2 was able to
accelerate spinal fusion.

Another aim of this study was to compare IGF-I and
TGF-B1 with BMP-2 application in the sheep cervical
spine fusion model. At present, the “ideal” concentrations
for any growth factors to induce fusion are unknown.
Some studies on BMP-2 have demonstrated good results
in anterior spinal fusion models with BMP-2 doses rang-
ing between 100 and 250 ug [4, 11, 45]. In other studies,
the 5:1 ratio of IGF-I and TGF-81 applied by a PDLLA-
coated implant has proven to be most effective [20, 36].
Therefore, comparable concentrations of BMP-2 (150 ug)
and IGF-I (150 pg)/TGF-B1 (30 nug) were chosen for this
study. Using these concentrations, only slight and incon-
sistent differences could be evaluated comparing the two
growth factor groups. The BMP-2 group showed signifi-
cantly lower residual motion on functional radiographic
evaluation and higher intervertebral bone matrix forma-

tion on fluorochrome sequence labelling at 9 weeks in
comparison to the IGF-I/TGF-81 group. This slightly
higher amount of bone matrix in the intervertebral space
of the BMP-2 group might be due to the specific charac-
teristic of BMP-2 of inducing de novo bone [2, 46]. How-
ever, this new formed bone did not result in a higher bio-
mechanical stability of the BMP-2 fused motion seg-
ments. In contrast, the IGF-I/TGF-1 group showed a sig-
nificantly higher bone mineral density of the callus than
the BMP-2 group. This effect might be correlated with the
ability of IGF-I and TGF-1 to accelerate bone remodel-
ling, by influencing osteoblasts and osteoclasts [3, 25, 29,
32]. However, this effect was also not correlated with a
higher biomechanical stability of the fused motion seg-
ments. Beside that, no relevant differences could be eval-
uated between the BMP-2 and the IGF-I/TGF-31 group in
radiographic, biomechanical, or histological results. On
the basis of these preliminary results, no systemic side ef-
fects of either growth factor could be determined.

Conclusion

In comparison to the cage alone group, the local appli-
cation of growth factors (BMP-2 or combined IGF-I/
TGF-B1) significantly improved results of interbody bone
matrix formation in this sheep cervical spine fusion model.
In comparison to the cancellous bone graft group, both
growth factors significantly improved the biomechanical
results of interbody fusion. An additional advantage of the
use of growth factors is that donorsite morbidity of the il-
iac crest graft can be avoided. On the basis of the prelim-
inary results of this study, the combined IGF-I/TGF-61
application yields equivalent results to BMP-2 application
at an early time point in this anterior sheep cervical spine
fusion model. Therefore, combined IGF-I/TGF-81 appli-
cation has proven to have considerable effectiveness in
experimental spinal fusion. Although no systemic side ef-
fects were observed for either growth factor during the
12-week follow-up period, long-term effects of these
growth factors are still unknown. Further, in particular
long-term, comparative in vivo studies of different growth
factors might elucidate which growth factor or combina-
tion of growth factors — also taking into account those not
yet tested — could create the basis for spine fusion at an
optimised velocity and with minimised risk.
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Diese Untersuchungen konnten zeigen, dass die intervertebrale Spondylodese durch
IGF-I und TGF-B1 mittels PDLLA-beschichtetem Cage bessere Ergebnisse zeigt als
mit autologem Knochenmaterial. Gleichzeitig konnte die Entnahmemorbiditit
autologen Knochenmaterials vermieden werden. Zusitzlich konnte demonstriert
werden, dass die intervertebrale Spondylodese durch IGF-I und TGF-f1 mittels
PDLLA-beschichtetem Cage der Applikation von BMP-2 dquivalent ist.
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3 Diskussion

Die Halswirbelsdule des Schafes wird hiufig als Tiermodell der humanen
Halswirbelsdule verwendet, obwohl nur wenige vergleichende quantitative Daten
existieren [201,202]. Trotz eindeutiger anatomischer Unterschiede zwischen der
humanen Halswirbelsdule und der Schafshalswirbelsdule, konnte in diesen
Untersuchungen [92] erstmalig eine gute Analogie zwischen den beiden Spezies
hinsichtlich der Bandscheibenraumhohe, funktionsradiologischer Parameter, der
Knochendichte und den biomechanischen Parametern Steifigkeit,
Bewegungsumfang, neutrale und elastische Zone nachgewiesen werden. Auf der
Basis dieser Ergebnisse sind besonders die tierexperimentellen Daten fiir die
funktionsradiologischen Untersuchungen, die Implantatsinterung, die entscheidend
von der Knochendichte der angrenzenden Wirbelkdrper abhédngt, und die
biomechanischen Parameter gut auf die humane Situation {ibertragbar. Speziell die
Ubereinstimmungen zwischen den Spezies fiir das Bewegungssegmente C3/4 machte
die Evaluation dieses Bewegungssegmentes fiir die weiteren Untersuchungen
sinnvoll.

Ein Beobachtungszeitraum von 12 Wochen wurde in diesen Untersuchungen
gewihlt, da zu diesem Zeitpunkt die Spondylodese im Schaf weit fortgeschritten,
jedoch noch nicht vollstindig ist [39,163]. Daher sind in dieser friihen Phase der
Spondylodese besonders gut radiologische, biomechanische und histologische

Unterschiede im Einheilungsverhalten der Implantate zu demonstrieren [39].

3.1 Einfluss des Cagedesigns auf die intervertebrale Spondylodese
3.1.1 Zusammenhang zwischen Primér- und Sekundirstabilitit von Cages

Die Primirstabilitit eines Spongiosa-augmentierten Cages resultiert fast
ausschlieBlich aus den mechanischen Eigenschaften des Cages [87,93]. Erst
sekunddr, durch die Ausbildung der intervertebralen Knochenmatrix, trdgt die
inkorporierte Spongiosa zur Gesamtstabilitit des Cage-Spongiosa-Komplexes im
Intervertebralraum bei [200]. Die in dieser Untersuchung durchgefiihrte
biomechanische in vitro Studie [93] zeigte erstmalig designabhingige Unterschiede
in der Primirstabilitit der Cagegruppen. So konnte gezeigt werden, dass die

Primérstabilitdt von Box- und Zylinderdesign Cages signifikant groBer war, als die
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von Schraubendesign-Cages. Die signifikant grofite Steifigkeit in allen
Bewegungsrichtungen wies der Syncage-C (Boxdesign) auf. Im Gegensatz dazu
zeigte der Harmscage (Zylinderdesign) eine signifikant geringere Primirstabilitit.
Fiir den Syncage-C konnte in vitro eine signifikant hohere Primérstabilitit als fiir den
trikortikalen Beckenkammspan nachgewiesen werden, wéhrend flir den Harmscage

dhnliche Primérstabilititswerte evaluiert wurden.

Diese biomechanischen in vitro Ergebnisse der Cage Evaluation [93] stehen jedoch
in eindeutigem Gegensatz zu den in vivo Ergebnissen dieser Untersuchung [96].
Wihrend der Beckenkammspan und der Harmscage die in vitro Steifigkeit in vivo
signifikant steigern konnten, bestand zwischen in vitro und in vivo Steifigkeit des
Syncage-C kein signifikanter Unterschied. Diese Ergebnisse stehen auch im
Gegensatz zu bisherigen Postulaten, nach denen eine hohe Primirstabilitdt auch zu
einer hohen Sekundirstabilitit wihrend der Einheilung der Implantate fiihrt
[21,87,102,117,136,153,186,198]. Die deutlichen Unterschiede zwischen den
biomechanischen in vitro und in vivo Ergebnissen dieser Studie weisen vielmehr
darauf hin, dass offensichtlich ,,biologisch-mechanische Qualititen* eines Cages
existieren, die einen entscheidenden Einfluss auf die Sekundérstabilitdt haben und
die durch reine biomechanische in vitro Tests, mit offensichtlich nur begrenzter

Aussagekraft, bisher nicht zu determinieren sind.

3.1.2 Zusammenhang zwischen Auflagefliche und Sinterung von Cages

Zahlreiche klinische Studien konnten bei der intervertebralen Fusion mit autologem
trikortikalen Beckenkammspanimplantaten eine signifikante Reduktion der
Bandscheibenraumhohe und eine Kyphosierung des Bewegungssegmentes im
postoperativen  Verlauf  nachweisen [44,60,109,165]. Diese  klinischen
Beobachtungen konnten iiber einen Zeitraum von 12 Wochen auch in den
vorliegenden tierexperimentellen Untersuchungen bestitigt werden.
Im Gegensatz dazu wurden intervertebrale Cages mit der Zielsetzung entwickelt, die
Hohe des Intervertebralraums und die Lordose des Bewegungssegmentes wahrend
der kndchernen Fusion zu erhalten [200]. Jedoch liegt bisher zu diesem
Themenkomplex nur eine tierexperimentelle in vivo Untersuchung vor. Sandhu [165]
konnte in einem Wirbelsdulenfusionsmodell am Schaf nachweisen, dass

Schraubendesign-Cages in der Lage sind, die postoperativ erzielte Distraktion und
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Lordose besser zu erhalten als ein autologes trikortikales
Beckenkammspanimplantat. Experimentelle Untersuchungen zu den in dieser Studie
verwendeten Cagedesigns (Harmscage = Zylinderdesign; Syncage-C = Boxdesign)
hinsichtlich deren Sinterungsverhalten wurden bisher nicht durchgefiihrt. Die Daten
dieser Untersuchung zeigen, dass beide Cages und der trikortikale Beckenkammspan
in der Lage waren, postoperativ eine Distraktion und Lordosierung des
Bewegungssegmentes in gleichem Ausmal} zu erzielen. Jedoch kam es in allen
Gruppen wihrend der 12-wochigen Nachbeobachtungszeit zu einer signifikanten
Sinterung der Implantate, die dazu flihrte, dass die prioperative
Bandscheibenraumhdhe deutlich unterschritten wurde. Zusitzlich zeigte sich in allen
Gruppen eine Re-Kyphosierung des Bewegungssegmentes. Wéhrend die Reduktion
der Bandscheibenraumhdhe und der Verlust der Lordose in beiden Cage-Gruppen
Folge eines Einsinken des Cages in die benachbarten Endplatten war, resultierte die
Sinterung und Re-Kyphosierung in der Beckenkammspan-Gruppe aus einem Kollaps
des Implantats. Im Vergleich zum Beckenkammspan waren beide Cages jedoch in
der Lage im 12 Wochen Verlauf die Bandscheibenraumhohe und die Lordose
signifikant besser zu erhalten. Obwohl der Syncage-C zum 2 Wochen Zeitpunkt eine
geringere Sinterung und Re-Kyphosierung aufwies als der Harmscage, konnten im
weiteren zeitlichen Verlauf keine Unterschiede zwischen den Cagedesigns bestimmt
werden. Gemif3 der hdufig geduBerten Hypothese - je grofler die Auflagefldche des
Cages, desto geringer die Sinterung des Cages [51,79,165] — hitte jedoch der
Syncage-C, dessen Auflagefliche mehr als doppelt so groB3 ist wie die des
Harmscages [96], ein geringeres Sinterungsverhalten aufweisen miissen. Daher ist
die oben genante Hypothese zu verwerfen. Die Auflagefliche eines Cages beeinflusst
die Sinterung der Implantate nur geringfiigig in der direkten postoperativen Phase,
ohne jedoch einen Effekt auf den Endzustand des Sinterungsvorgangs (in dieser

Studie 12 Wochen) zu haben.

3.1.3 Zusammenhang zwischen Design und Einheilungsverhalten von Cages

Zum Einheilungsverhalten der hier untersuchten Cagedesigns liegen bisher keine
tierexperimentellen Studien vor. Jedoch wurden Schraubendesign-Cages intensiv in
vivo untersucht [11,39,70,208]. So konnten mehrere Autoren ein ausreichendes

Einheilen von Spongiosa-gefiillten schraubendesignartigen Cages in zahlreichen
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Tiermodellen histologisch nachweisen [11,39,70,165,208].

Die histomorphometrische Analyse in dieser Studie 12 Wochen postoperativ zeigte
eine signifikant hohere intervertebrale Knochen-/Gesamtvolumen Relation in der
Harmscage-Gruppe als in der Beckenkammspan-Gruppe [98]. Dabei ist die
ungiinstige ~ Knochen-/Gesamtvolumen-Relation  des  Knochenspanimplantats
vorrangig auf dessen mechanisch induzierte Fragmentierung zuriickzufiihren. Kein
Unterschied in der Knochen-/Gesamtvolumen-Relation konnte zwischen dem
Syncage-C und dem Beckenkammspanimplantat evaluiert werden. Beim Vergleich
beider Cage-Gruppen, die mit der selben Menge Spongiosa gefiillt wurden, zeigte
sich auch kein Unterschied in der Konfiguration der Knochen/Implantat-Grenzflache.
Der Harmscage wies jedoch eine signifikant hohere intervertebrale Knochen-
/Gesamtvolumen Relation auf als der Syncage-C, was einem akzelerierten
Einheilungsverhalten des Harmscages entspricht [208].
Cages wurden unter der Vorstellung entwickelt, dass eine mechanische Protektion
des inkorporierten autologen Knochenmaterials eine Einheilung des Implantats
fordert [21,102,117]. Dabei wurde behauptet, dass ausschlieBlich die mechanische
Stabilitdit und weniger das Design eines Cages von Bedeutung ist [95,136,186].
Kanayama [87] konnte jedoch in einer in vitro Untersuchung zeigen, dass das
Cagedesign einen signifikanten Einfluss auf die Drucke hat, die innerhalb eines
Cages auf die inkorporierte Spongiosa wirken. Er demonstrierte, dass die GroBe der
maximalen Pore eines Cages entscheidend fiir die Reduktion der Stress-Protektion
der inkorporierten Spongiosa ist. Dabei formulierte er folgende, auf dem Wolf schen
Gesetz basierende Hypothese: ,,Je groBer die maximale Pore in der Auflagefliache
eines Cages, desto geringer das ,,stress shielding™ auf die inkorporierte Spongiosa
und desto giinstiger das Einheilungsverhalten des Cages® [87]. Eine weitere
Hypothese wurde erstmalig im Rahmen dieser Untersuchungen entworfen [93]: Der
Cage und die inkorporierte Spongiosa konkurrieren um das Volumen des
Intervertebralraums. Je mehr Spongiosa im Intervertebralraum inkorporiert werden
kann, desto wahrscheinlicher kommt es zur kndchernen Einheilung des Implantats
[200]. Demzufolge miisste der Cage, der bei geringstem Volumen die groften
Primérstabilitdtswerte aufweist, ein optimiertes Milieu fiir die Einheilung des
Implantats erreichen. Daher wurde die sogenannte Volumen-bezogene-Steifigkeit
definiert, die die Primirstabilitit des Cages in Relation zu dessen Volumen
beschreibt. Diese Hypothesen zur Volumen-bezogenen-Steifigkeit und zum ,,stress
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shielding* konnen die oben genanten Unterschiede in der intervertebralen Knochen-
/Gesamtvolumen Relation beider Cages erkldren. Der Harmscage besitzt eine hohere
Volumen-bezogene-Steifigkeit und eine ca. doppelt so groe maximale Pore und
demzufolge einen deutlich hoéheren Intra-Cage-Kompressions-Druck als der
Syncage-C. Daher ist das ,stress shielding der inkorporierten Spongiosa im
Harmscage deutlich reduziert. Diese Hypothesen erkliren auch die
histomorphologisch evaluierte hohere Osteoklastenaktivitit innerhalb des Syncage-
C. Durch die geringere Volumen-bezogene-Steifigkeit des Implantats und die
mechanische Stress-Protektion der Spongiosa innerhalb des Syncage-C wird die
nicht druckbelastete Spongiosa abgebaut. Demzufolge mul3 konstatiert werden, dass
das "stress shielding" innerhalb eines Cages und die Volumen-bezogene-Steifigkeit
eines Cages, im Vergleich zu anderen Parametern, eine dominierende Rolle fiir das

Einheilungsverhalten eines Cages haben.

3.2  Einfluss des Carrier-Systems auf die intervertebrale Spondylodese

Die optimale Methode zur lokalen Applikation von Wachstumsfaktoren in der
Wirbelsdulenchirurgie wird immer noch kontrovers diskutiert. Derzeit befinden sich
vorwiegend Kollagenschwdmme in experimenteller und zum Teil auch klinischer
Anwendung [11,12,13,14,53,70,84,127,131,163,164,208,210]. Jedoch ist die
Sicherheit und die Freisetzungskinetik dieser Carrier fragwiirdig [127,180,184]. So
wurden eine schnelle und unkontrollierte Freisetzung von Wachstumsfaktoren aus
dem Kollagen-Carrier [127], Probleme bei der intraoperativen Platzierung
[5,81,106,133], schlechte Kompressionseigenschaften [127] sowie eine fragliche
Sicherheit des aus bovinem Material bestehendem Carriers hinsichtlich der
Ausldsung allergischer Reaktionen und der Ubertragung von Infektionskrankheiten

beschrieben [184].

Ein ideales Carrier-System sollte kontrolliert applizierbar sein und vor allem eine
kontinuierliche, definierte und lokale Applikation von Wachstumsfaktoren
gewihrleisten und dabei ohne Nebenwirkungen vollstindig resorbierbar sein
[16,58,59,80]. Speziell die kontinuierliche Applikation der Wachstumsfaktoren ist
dabei von entscheidender Bedeutung, da die Halbwertszeit der Wachstumsfaktoren
im Minutenbereich liegt. Vor kurzem wurde eine biodegradierbare Poly-(D,L-

laktid)-(PDLLA) Beschichtung zur Applikation bioaktiver Substanzen vorgestellt,
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die diese Anforderungen erfiillen konnte [73,171]. Dieses Beschichtungssystem ist
mechanisch stabil, vollstindig degradierbar, erlaubt die lokale und kontinuierliche
Freisetzung von Wachstumsfaktoren und ermdoglicht die Beschichtung etablierter
Wirbelsdulenimplantate mit bioaktiven Substanzen [172]. Ziel dieser Untersuchung
war es unter anderem, die Wertigkeit dieses Carriers bei intervertebraler Applikation

zu iiberpriifen.

Derzeit sind Poly-Laktidsduren (PLA) und Poly-Glykolidsduren (PGA) und deren
Kopolymere als biodegradierbare Implantate und Carrier-Systeme etabliert
[41,42,53,82,107,114,161,163]. In vorangegangenen Untersuchungen, besonders bei
Verwendung von Poly-Laktidsduren und Poly-Glykolidsduren [53,109,132,187]
konnte gezeigt werden, dass Degradationsprodukte von Polymeren zur Alteration der
biologischen Umgebungsbedingungen fithren konnen [80,114,128]. Speziell die
Ausbildung von Osteolysen wurde beschrieben [53]. Um den Effekt der PDLLA
Beschichtung auf die intervertebrale Fusion zu dokumentieren, wurden in dieser
Untersuchung beschichtete und unbeschichtete Cages verglichen. Die Untersuchung
der Laborparameter, des Korpergewichts und der Korpertemperatur zeigte keinen
Unterschied zwischen den beiden Gruppen. Die histologische Evaluation konnte
keine Osteolysen oder Entziindungsreaktionen in der PDLLA-Gruppe nachweisen.
Auch die Anzahl der Makrophagen bzw. Fremdkdrperriesenzellen in der
histomorphologischen Untersuchung war in beiden Gruppen gleich. In
vorangegangenen Untersuchungen [172] konnte jedoch dariiber hinaus ein
signifikant positiver Effekt der PDLLA-Beschichtung auf die Ausbildung der
Knochenmatrix gezeigt werden. Im Vergleich zu den unbeschichteten Cages zeigten
die PDLLA-beschichteten Cages eine signifikant hohere Knochendichte des Kallus
und ein signifikant hoheres Knochenvolumen/Gesamtvolumen-Verhéltnis. Des
weiteren konnten fiir die PDLLA- beschichteten Cages geringgradig bessere Werte
fiir die Funktions-Rontgenuntersuchung, den Mineralsalzgehalt, das Kallusvolumen
und die biomechanischen Parameter erhoben werden. Zusammenfassend 1dft sich
demzufolge festhalten, dass keine negativen Effekte auf die intervertebrale Fusion
von der PDLLA-Beschichtung ausgehen, jedoch die positiven Ergebnisse friitherer
Untersuchungen nur tendenziell nachweisbar waren [171,172]. Die Ursache fiir die
gering positiven Effekte der PDLLA-Beschichtung ist unklar, jedoch ist eine
inflammatorische Reaktion im Rahmen der Degradation des PDLLA wahrscheinlich
[171].
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Dariiber hinaus war es ein Ziel dieser Untersuchungen, erstmalig die Effektivitit des
PDLLA-Carriers im Vergleich zum Kollagen-Carrier zu evaluieren. Hierzu wurden
beide Carrier-Systeme, versetzt mit analogen Mengen BMP-2, verglichen. Diese
Untersuchungen ergidnzen diesbeziiglich vorangegangene Studien. Fischgrund [53]
konnte z. B. keinen Unterschied zwischen Kollagenschwamm-Carriern und PGA
nachweisen. Jedoch erzielten Zegzula [210] und Ozuna [141] bei Verwendung eines
Poly-(D,L-laktide-coglykolide) (PLA/PGA)-Carriers in einem intertransversalen
Wirbelsdulenfusionsmodell bessere Ergebnisse als bei Verwendung eines Kollagen-
Carriers. Im Vergleich zur BMP-2 Applikation mittels Kollagen-Carrier zeigte in
dieser Untersuchung die BMP-2 Applikation mittels PDLLA-Carrier ein signifikant
hoheres kndchernes Kallusvolumen und ein signifikant hoheres Knochenvolumen /
Gesamtvolumen Verhiltnis. Auf der Basis der vorliegenden
Untersuchungsergebnisse scheint daher die kontinuierliche Freisetzung von
Wachstumsfaktoren aus dem PDLLA-Carrier der kurzfristigen Freisetzung aus dem

Kollagen-Carrier iiberlegen.

3.3  Einfluss von Wachstumsfaktoren auf die intervertebrale Spondylodese

In der Wirbelsdulenchirurgie liegt die Zielsetzung der Wachstumsfaktorenapplikation
in der Stimulation der intervertebralen Spondylodese [12,163]. Dadurch soll die
Fusion beschleunigt, die Pseudarthroserate und Komplikationsrate gesenkt, die
Rehabilitation der Patienten forciert und somit die Kosten der Behandlung reduziert
werden [14]. Zusidtzlich soll durch die Wachstumsfaktorenapplikation die
Notwendigkeit zur Entnahme autologen Knochenmaterials und die damit verbundene
Entnahmemorbiditdt vermieden werden [42,53,61]. Die Entnahmemorbiditit des
autologen  Knochenmaterials  stellt dabei ein zentrales Problem der
Wirbelsdulenchirurgie dar. Erste Versuche durch die Applikation von
Wachstumsfaktoren wie BMP-2 und BMP-7 mittels eines Kollagen-Carriers diese
Entnahmemorbiditit zu eliminieren waren zwar partiell erfolgreich, brachten jedoch
andere Probleme mit sich. Neben den oben beschriebenen Problemen mit dem
Kollagen-Carrier ist speziell die spinale Applikation der BMPs mit Nachteilen
verbunden [81,106,133]. BMP-2 und BMP-7 sind in der Lage, eine de novo Synthese
von Knochen in ektopischen Weichteilgewebe sogar in Abwesenheit von

Knochenmarkelementen hervorzurufen [5,210]. In fritheren Untersuchungen konnte
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in Folge dessen gezeigt werden, dass BMP-2 induzierte Ossifikationen im Lig.
flavum oder im Lig. longitudinale posterior [81,133] zu einer neurologisch
wirksamen Myelonkompression fiihren konnen. Zusdtzlich kommt BMP-2
pathophysiologisch eine entscheidende Bedeutung bei der hereditiren OPLL
(ossification of the posterior longitudinal ligament) zu, die mit einer Myelopathie
einhergeht [81,106]. Daher besteht bei spinaler Applikation von BMPs die
potentielle Gefahr durch eine iiberschieBende Knochenneubildung eine

Spinalkanalstenose zu induzieren.

Im Gegensatz zu BMP-2 sind IGF-I und TGF-B1 nicht zur de novo Synthese von
Knochen in der Lage [118]. Vielmehr liegt die Wirksamkeit dieser
Wachstumsfaktoren in der Férderung des spontanen Knochenbildungspotentials [57].
IGF-I und TGF-B1 regulieren dabei teilweise synergistisch eine Vielzahl
unterschiedlicher Zellen wie Osteoblasten, Osteoklasten und Chondrozyten, die
direkt an der Ossifikation, an der Ausbildung der Knochenmatrix und am
Remodeling des Knochens beteiligt sind [147,157]. Eine ektopische Ausbildung von
Knochen, zum Beispiel in spinalen Ligamenten, ist aufgrund dieses
Wirkungsmechanismus nahezu ausgeschlossen und macht damit die Evaluation
dieser Wachstumsfaktorenkombination in einem Wirbelsdulenfusionsmodell
interessant.

Die Effektivitit einer interkorporellen Spondylodese durch IGF-I und TGF-B1
appliziert mittels eines Poly (D,L-laktid) beschichteten Cage musste an Standard-
Therapieverfahren gemessen werden. Als Standard-Therapieverfahren zur ventralen
interkorporellen Spondylodese der Halswirbelsdule werden die Stabilisierung mit
trikortikalem Beckenkammspan und mittels Spongiosa-augmentierter intervertebraler
Cages angesehen. Zusitzlich hat sich die Applikation des Wachstumsfaktors BMP-2
zur Stimulation der intervertebralen Spondylodese als experimenteller Standard
etabliert.

Zunichst wurde in einer Dosisfindungsstudie erstmalig die kombinierte Applikation
von IGF-I und TGF-1 mittels PDLLA-beschichtetem Cage evaluiert. Dabei zeigten
die mittlere und hohe Dosis von IGF-I und TGF-B1 einen signifikanten
osteoinduktiven Effekt. Speziell die mittlere Dosis von 150 pg IGF-I plus 30 ug
TGF-B1 wies dabei die grofite Effektivitdt auf, da bei geringeren Dosen der

osteoinduktive Effekt ausblieb und bei hoheren Dosen keine Steigerung der
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Knochenmatrixbildung induziert werden konnte. Zusétzlich waren fiir alle IGF-I und
TGF-B1 Dosierungen keine unerwiinschten Wirkungen auf die Laborparameter, das

Korpergewicht oder die Kdrpertemperatur nachweisbar.

Zahlreiche Untersuchungen haben gezeigt, dass alleine die Dekortikation der
Endplatten im Tiermodel eine Spondylodese induzieren kann [164,177]. Um dieses
»spontane Fusionspotential“ von der Wirkung der Wachstumsfaktoren abzugrenzen,
wurde die ,,Nur-Cage*“-Gruppe den Wachstumsfaktoren-Gruppen gegeniibergestellt.
Dabei zeigten die Wachstumsfaktoren-Gruppen in allen Bereichen signifikant

bessere Fusionsparameter.

Die kombinierte Applikation von IGF-I und TGF-B1 fiihrte aulerdem zu einer
Beschleunigung der intervertebralen Fusion. Im Vergleich zur ,,Nur-Cage*“-Gruppe
zeigten IGF-I und TGF-B1 eine hohere Fusionsrate in den radiologischen
Parametern, eine hohere biomechanische Stabilitdit und eine fortgeschrittene
intervertebrale Fusion in den histologischen Untersuchungen. Diese Resultate stechen
im Einklang mit friiheren tierexperimentellen Untersuchungen, die die Wirksamkeit
von IGF-I und TGF-B1 in anderen anatomischen Lokalisationen untersuchten
[9,57,78,118,119,134,157,188]. In vorangegangenen Untersuchungen konnten aber
bei der systemischen Applikation von IGF-I oder TGF-B1 dosisabhingige
Nebenwirkungen beobachtet werden [118,187,204]. Im Einzelnen waren
Elektrolytstorungen, Storungen  des  Glukosestoffwechsels  und  der
Schilddriisenhormonkonzentrationen nachweisbar [187,204]. In den vorliegenden
Untersuchungen konnten diese unerwiinschten Wirkungen bisher jedoch nicht
nachvollzogen werden. Dieses Ausbleiben unerwiinschter Wirkungen 146t sich
vorwiegend auf die lokale Applikation der Wachstumsfaktoren durch die PDLLA-
Beschichtung der Implantate zuriickfiihren, die eine hohe lokale aber sehr geringe

systemische Konzentration der Wachstumsfaktoren gewéhrleistet [172].

Die Applikation von BMP-2 fiihrte in diesen Untersuchungen konstant zu einer
Beschleunigung der intervertebralen Fusion. Im Vergleich zur ,,Nur-Cage*“-Gruppe
zeigte sich bei Verwendung von BMP-2 eine hoéhere Fusionsrate in den
radiologischen Parametern, eine hohere biomechanische Stabilitit, und eine
fortgeschrittene intervertebrale Fusion in den histologischen Untersuchungen. Diese
Resultate stehen im Einklang mit fritheren Untersuchungen

[11,12,13,14,42,53,70,84,127,131,163,164,208,210]. Die meisten dieser Ergebnisse
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wurden jedoch in  dorsalen intertransversalen = Fusionsmodellen  der
Lendenwirbelsdule evaluiert [12,42,53,84,127,131,163]. In diesen Fusionsmodellen
waren BMP-2 Dosen von bis zu 1500 pg notwendig, um eine Knochenneubildung zu
induzieren [12,42,53,84,127,131,163]. Im Vergleich hierzu bietet das verwendete
ventrale zervikale Fusionsmodell der Schafswirbelsdule einen verbesserten Zugang
zu spongidosem Knochen und osteogenetisch potenten Knochenmarkszellen. In diesen
Studien waren demzufolge 10-fach geringere BMP-2 Dosen (150 png) ausreichend,
um einen signifikanten osteoinduktiven Effekt zu erzielen. Die biologisch
vorteilhafte Umgebung des interkorporellen Fusionsmodells konnte daher die
erforderliche Menge an Wachstumsfaktoren reduzieren und deren Einsatz
O6konomisch sinnvoller machen. In jedem Fall ist jedoch darauf hinzuweisen, dass die
Wachstumsfaktorendosis an die biologischen Umgebungsbedingungen und den
spezifischen Carrier adaptiert werden miissen. Aufgrund der geringen und lokal
applizierten BMP-2 Konzentration waren in dieser Untersuchung auch keine
systemischen Effekte des Wachstumsfaktors auf die Laborparameter, das

Korpergewicht oder die Kdrpertemperatur nachweisbar.

Beim Vergleich der Wachstumsfaktorengruppen mit den Gruppen, in denen
autologes Knochenmaterial verwendet wurde, zeigten sich deutliche Vorteile fiir die
Wachstumsfaktorengruppen. Der wesentlichste Vorteil der Wachstumsfaktoren liegt
zunichst darin, dass die Notwendigkeit zur Entnahme autologen Knochenmaterials
entfallt, wodurch sich kausal die damit verbundene Entnahmemorbiditit eliminieren
1aBt [11,70]. Im Vergleich zum trikortikalen autologen Beckenkammspan zeigten
dariiber  hinaus alle = Wachstumsfaktorengruppen  bessere  radiologische,
biomechanische und histologische Fusionsparameter. Auch im Vergleich zu Cages
die mit autologer Beckenkammspongiosa gefiillten waren zeigten die
Wachstumsfaktoren BMP-2 und IGF-I/TGF-B1 bessere Ergebnisse hinsichtlich
funktionsradiologischer Parameter, Knochendichte, Volumen des neugebildeten
Kallus und biomechanischer Stabilitit. Zusammenfassend 148t sich demzufolge
festhalten, dass sowohl die BMP-2 als auch die IGF-I/TGF-B1 Applikation die
Ergebnisse der intervertebralen Fusion mit autologem Knochenmaterial signifikant

verbessern kann.

Ein weiteres Ziel dieser Untersuchungen war es, die Wirksamkeit der neuen

Wachstumsfaktorenkombination IGF-I und TGF-B1 mit der etablierten Applikation
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von BMP-2 zu vergleichen. Hierzu wurden dquivalente Dosen von BMP-2 bzw. IGF-
I/TGF-B1 mit dem PDLLA-Carrier-System appliziert. Derzeit sind die ,,idealen*
Dosierungen, die eine Spondylodese gewdhrleisten, fiir alle Wachstumsfaktoren
unbekannt. Einige Untersuchungen in ventralen intervertebralen Fusionsmodellen
[12,70,208] konnten zeigen, dass BMP-2 Konzentrationen zwischen 100 und 250 pg
gute Fusionsresultate gewéhrleisten. In anderen Untersuchungen konnte gezeigt
werden, dass ein 5:1 Verhéltnis von IGF-I zu TGF-B1 am effektivsten war
[95,94,97,172] und das eine Dosis von 150 pg IGF-I plus 30 pg TGF-B1 im
ventralen intervertebralen Fusionsmodell der Schathalswirbelséule am besten zur
ventralen intervertebralen Fusion geeignet war [92]. Demzufolge wurden fiir diesen
Vergleich Konzentrationen von 150 pg BMP-2 bzw. 150 ug IGF-I plus 30 pug TGF-
B1 gewdhlt. Bei diesen Konzentrationen konnten nur geringe und inkonstante
Unterschiede zwischen den beiden Gruppen determiniert werden. Die BMP-2
Gruppe zeigte dabei eine geringere residuale Beweglichkeit auf den
Funktionsrontgenbildern und eine hohere Anzahl von Versuchstieren, bei denen sich
nach 9 Wochen Knochenformationen im Intervertebralraum nachweisen lielen. Die
vermehrte Bildung neuer Knochenmatrix bei BMP-2 Applikation 148t sich dabei
durch die spezifische Féhigkeit von BMP-2 erklidren, de novo Knochen zu bilden
[5,208]. Im Gegensatz dazu zeigte die IGF-I / TGF-B1-Gruppe eine hohere
Knochendichte des Kallus. Auch dies 148t sich durch die spezifische Wirksamkeit
von IGF-I und TGF-B1 erkliren, die das Knochenremodeling durch die
Beeinflussung von Osteoblasten und Osteoklasten modifizierten. Demzufolge kann
festgehalten werden, dass nur geringe Unterschiede zwischen dem Fusionspotential
der beiden Wachstumsfaktorengruppen in dieser Untersuchung ermittelt werden
konnten. Vergleicht man aber den bisherigen experimentellen Standard BMP-2,
appliziert mittels Kollagen-Carrier, mit der in dieser Untersuchung etablierten
Kombination von IGF-I und TGF-B1, appliziert mittels PDLLA-Carrier, finden sich

fiir letztgenannte Kombination signifikant bessere Fusionsresultate.

3.4  Schluffolgerung

Ziel dieser Untersuchungen war es, den Einfluss des Cagedesigns, von Carrier-
Systemen und Wachstumsfaktoren auf die intervertebrale zervikale Spondylodese am

Schafsmodel zu definieren, um somit die Basis fiir eine optimierte Fusion der
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Halswirbelsidule zu schaffen.

In diesen experimentellen Untersuchungen konnte kein direkter Zusammenhang
zwischen der Primairstabilitdit und der Sekundirstabilitit von intervertebralen
Implantaten nachgewiesen werden. Daher sind rein biomechanische in vitro
Untersuchungen nicht dazu geeignet das frithe Einheilungsverhalten eines Cages zu
prognostizieren. Offensichtlich bestehen statt dessen ,biologisch-mechanische
Qualititen™ intervertebraler Implantate, die im Cagedesign verankert sind und das
Einheilungsverhalten definieren. Die Ergebnisse dieser Studien zeigen, dass die
Auflagefliche fiir das Sinterungsverhalten eines Cages in vivo nur von
untergeordneter Bedeutung ist. Hingegen stellen Designparameter wie die Grof3e der
maximalen Pore eines Cages, die das ,,stress shielding® definiert, und die Volumen-
bezogene-Steifigkeit eines Cages eine ,,biologisch-mechanische Qualitdt™ dar, die
eine positive Korrelation zum Einheilungsverhalten des Implantates in vivo
aufweisen. Daher mufl ein Umdenken in der préklinischen Evaluation von Cages,
weg von rein biomechanischen in vitro Steifigkeits-Tests und hin zu
tierexperimentellen in vivo Evaluationen unter Beriicksichtigung von ,,stress-

shielding* und Volumen-bezogener-Steifigkeit gefordert werden.

In der vorliegenden Untersuchung konnte gezeigt werden, dass die biodegradierbare
PDLLA-Beschichtung intervertebraler Implantate eine sichere, einfache und
effektive Applikation von Wachstumsfaktoren im Intervertebralraum gewihrleistet.
Dariiber hinaus konnte gezeigt werden, dass der PDLLA-Carrier dem Kollagen-
Carrier in seiner Effektivitit signifikant iiberlegen ist. Nebenwirkungen der PDLLA-

Beschichtung konnten in dieser Untersuchung nicht ermittelt werden.

Die Applikation einer geeigneten Dosis von IGF-I und TGF-B1 mittels PDLLA
beschichtetem Cage ist in der Lage, die intervertebrale Spondylodese signifikant zu
stimulieren. Des weiteren konnte demonstriert werden, dass die verwendeten
Wachstumsfaktoren BMP-2 bzw. IGF-I und TGF-B1 eine signifikante Verbesserung
der intervertebralen Fusionsergebnisse im Vergleich zu autologem Knochenmaterial
ermoglichen und gleichzeitig die Entnahme dieses Knochenmaterials tiberfliissig
machen. Lokale oder systemische Nebenwirkungen konnten in den bisherigen
Untersuchungen fiir die untersuchten Wachstumsfaktorendosen nicht ermittelt
werden. Die in dieser Untersuchung etablierte Applikation von IGF-I und TGF-1

mittels PDLLA-Carrier zeigte im Vergleich zum bisherigen experimentellen ,,golden
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standard“ BMP-2 appliziert mittels Kollagen-Carrier signifikant bessere
Fusionsergebnisse. Demzufolge scheint eine weitere Evaluation der kombinierten
Applikation von IGF-I und TGF-B1 mittels PDLLA-beschichtetem Cage
gerechtfertigt.

3.5 Ausblick
3.5.1 IGF-I und TGF-$1

Alle bisherigen Ergebnisse der in vivo Untersuchungen wurden iiber einen Zeitraum
von 12 Wochen gewonnen. Trotz sehr ermutigender Ergebnisse miissen die positiven
Effekte der IGF-I und TGF-B1 Applikation mittels PDLLA-beschichtetem Cage
noch in Langzeituntersuchungen bestdtigt werden, bevor eine humane Anwendung
dieses Verfahrens moglich ist. Zusétzlich muss die Sicherheit der IGF-I und TGF-1
Applikation mittels PDLLA-beschichtetem Cage noch abschliefend belegt werden.
Obwohl in den bisherigen Untersuchungen keine negativen Effekte der
Wachstumsfaktoren IGF-I und TGF-f1 oder der PDLLA-Beschichtung auf
Laborparameter, Korpergewicht und Korpertemperatur nachgewiesen werden
konnten, konnen bei  systemisch  wirksamen IGF-I und TGF-B1
konzentrationsabhdngig unerwiinschte Wirkungen auftreten. Bei systemischer
Applikation von IGF-I wurden bisher neben Elektrolytverschiebungen auch
Verdnderungen der Serumkonzentrationen von Insulin und ,,growth hormon* (GH)
beschrieben. Des weiteren konnen Hypoglykdmie, Konvulsionen, Pseudotumor
cerebri,  Papillenddem,  Facialisparese,  Parotisschwellung, = Tachykardie,
voriibergehend  verdnderte  Leber-Funktions-Tests, Anti-IGF-I-Antikorper,
Haarausfall und vermehrt Infektionen des oberen Respirationstraktes auftreten
[62,63,195,204]. Zudem beeinflusst IGF-I die Nierenfunktion und ist bei
experimentell erzeugtem Diabetes in erhdhten Konzentrationen zu finden
[54,55,64,77]. Auch systemisch wirksam werdendes TGF-1 kann negative Effekte
hervorrufen. Die hochdosierte, systemische Applikation von rh-TGF-B1 erzeugt bei
Ratten ein Spektrum an Lisionen in zahlreichen Zielgeweben wie Leber, Knochen,
Nieren, Herz, Thymus, Pankreas, Magen und Zokum sowie im Bereich der
Injektionstellen an Venen und Muskelgewebe [187]. Zusétzlich wirkt systemisch

appliziertes TGF-B1 immunsuppressiv [37]. Dariiber hinaus konnte die kombinierte,
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lokale IGF-I und TGF-B1 Applikation noch zur Ausbildung additiver
Nebenwirkungen fithren, die iiber das Mall der Nebenwirkungen der
Einzelsubstanzen hinausgehen. Um sowohl das Langzeiteinheilungsverhalten, als
auch das potentielle Nebenwirkungsprofil der kombinierten, lokalen IGF-I und TGF-
B1 Applikation zu evaluieren, werden daher von unseren Arbeitsgruppe derzeit

entsprechende Tierversuche am zervikalen Schafsmodell durchgefiihrt.

3.5.2 Cages

Zunichst haben diese Untersuchungen gezeigt, dass noch ein groBBer Spielraum fiir
die Optimierung des Implantatdesigns von Cages besteht. Diesbeziiglich fiihrt unsere

Arbeitsgruppe derzeit weitere biomechanische Untersuchungen durch.

Unabhéngig davon weist die Cage-Technologie, trotz der in diesen Untersuchungen
dargelegten guten klinischen und biomechanischen Ergebnisse, aber auch Probleme
auf. Die gebriauchlichsten intervertebralen Cages, einschlieBlich der in dieser
Versuchsreihe verwendeten Cages, bestehen aus Titan-Legierungen, wodurch sich
eine Beurteilung der interkorporellen Fusion im konventionellen Rontgen, CT oder
MRT gelegentlich schwierig gestaltet [21,66,111]. Alternative Cagedesigne aus
Karbon oder PEEK (Poly-Ether-Ether-Ketone), die eine {iberlagerungsfreie
Bildgebung erlauben, sind metallischen Cages in Hinblick auf deren biomechanische
Qualitidten unterlegen [17,100]. AuBerdem existieren gegenwértig noch keine
publizierten Langzeitergebnisse intervertebraler Cages, so dass das klinische
Schicksal dieser Dauerimplantate derzeit noch unklar ist. Ungekldrt, jedoch
unwahrscheinlich, bleibt ebenfalls, ob langfristige toxische Effekte dieser
metallischen intervertebralen Dauerimplantate, speziell unter den spezifischen

Umgebungsbedingungen der Wirbelsdule, existieren.

Ein moglicher Losungsansatz fiir diese Probleme stellt die Entwicklung eines
biodegradierbaren intervertebralen Cages dar. Biodegradierbare Cages wiirden eine
ungestorte Bildgebung erlauben und als Folge der Degradation nicht als
Dauerimplantate im Intervertebralraum verbleiben. Zusétzlich kdnnten sie durch die
kontinuierliche Degradation ein ,stress shielding" der Implantate vermeiden.
Verschiedene biodegradierbare Biomaterialien befinden sich bereits in klinischer
Anwendung. Poly-(L-lactide) (PLLA), Poly-(D,L-laktide) (PDLLA) und
Polyglykolide (PGA) und deren Kopolymere werden als biodegradierbare Implantate
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bzw. Substanztriager in der Unfallchirurgie und Orthopadie weitverbreitet eingesetzt
[41,80,82,114]. Die mechanischen  Eigenschaften dieser etablierten
biodegradierbaren Biomaterialien werden jedoch hdufig als unzureichend fiir den
klinischen Einsatz an der Wirbelsdule erachtet [21,66]. Die voranschreitende
Entwicklung mechanisch verbesserter biodegradierbarer Composite-Materialien
konnte hier jedoch Abhilfe schaffen. So konnte unsere Arbeitsgruppe analoge
biomechanische Qualititen von biodegradierbaren und metallischen Cages
nachweisen [100]. Daher werden derzeit von unserer Arbeitsgruppe biodegradierbare

Cages biomechanisch und speziell tierexperimentell evaluiert.
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4 Zusammenfassung

Der Effekt des Cagedesigns, von Carrier-Systemen und Wachstumsfaktoren auf die
intervertebrale Spondylodese am Tiermodel der Schafshalswirbelsdule wurde in
einer anatomisch-biomechanischen, einer rein biomechanischen und sechs

tierexperimentellen Teilstudien untersucht.

Cages weisen eine designspezifische in vitro Primérstabilitit auf. Jedoch besteht kein
direkter Zusammenhang zwischen der in vitro Primérstabilitdt und der in vivo
Sekundirstabilitit der Implantate. Daher sind rein biomechanische in vitro
Untersuchungen nicht dazu geeignet das Einheilungsverhalten eines Cages zu
prognostizieren. Die Ergebnisse dieser Studien zeigen auch, dass die Auflagefliche
fiir das Sinterungsverhalten eines Cages in vivo nur von untergeordneter Bedeutung
ist. Hingegen sind das ,,stress-shielding” und die Volumen-bezogene-Steifigkeit

eines Cages fiir das Einheilungsverhalten des Implantates in vivo entscheidend.

In den vorliegenden Untersuchungen konnte gezeigt werden, dass die
biodegradierbare PDLLA-Beschichtung intervertebraler Implantate eine sichere,
einfache und effektive Applikation von Wachstumsfaktoren im Intervertebralraum
gewidhrleistet. Dariiber hinaus konnte gezeigt werden, dass der PDLLA-Carrier dem
Kollagen-Carrier in seiner Effektivitit signifikant {iberlegen ist. Nebenwirkungen der

PDLLA-Beschichtung konnten in diesen Untersuchungen nicht ermittelt werden.

Die Applikation einer geeigneten Dosis von IGF-I und TGF-f1 mittels PDLLA-
beschichtetem Cage ist in der Lage, die intervertebrale Spondylodese signifikant zu
stimulieren. Des weiteren konnte demonstriert werden, dass die verwendeten
Wachstumsfaktoren IGF-I und TGF-f1 eine signifikante Verbesserung der
intervertebralen Fusionsergebnisse im Vergleich zu autologem Knochenmaterial
ermoglichen und gleichzeitig die Entnahme dieses Knochenmaterials tiberfliissig
machen. Die Applikation von IGF-I und TGF-B1 mittels PDLLA-Carrier zeigte
auflerdem im Vergleich zum bisherigen Standard BMP-2 appliziert mittels Kollagen-
Carrier signifikant bessere Fusionsergebnisse. Lokale oder systemische
Nebenwirkungen konnten in den bisherigen Untersuchungen fiir die verwendeten

Wachstumsfaktorendosen nicht ermittelt werden.

Weiterfilhrende Untersuchungen miissen belegen, ob die kombinierte lokale

Applikation von IGF-I und TGF-B1 mittels PDLLA-beschichtetem Cage auch beim
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Menschen zu einer signifikanten Verbesserung der Ergebnisse der zervikalen

Spondylodese fiihren kann.
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6 Anhang

6.1  Verzeichnis der Abkiirzungen

BAK Bagby and Kuslich

BMP-2 Bone Morphogenetic Protein - 2

BMP-7 Bone Morphogenetic Protein - 7

C3/4 Intervertebralraum zwischen Halswirbelkorper 3 und 4
CT Computertomographie

GH growth hormone

IGF-1 Insulin Like Growth Factor - |

MRT Magnetresonanztomographie

OPLL Ossification of the Posterior Longitudinal Ligament
OP-1 Osteogenetic Protein — 1 (Synonym fiir BMP-7)
PDLLA Poly (D,L-laktid)

PEEK Poly-Ether-Ether-Keton

PGA Poly-Glykolidsduren

PLA Poly-Laktidsduren

rth rekombinant human

TGF-B1 Transforming Growth Factor beta - 1

ug Mikrogramm
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6.2  Begriffsdefinition

Cage

Carrier

Harms-Cage

PDLLA-Carrier

Primaérstabilitat

Sekundarstabilitit

Spondylodese
Steifigkeit

Stress-Shielding
Syncage-C

Wachstumsfaktoren

interkorporelles Wirbelsédulenimplantat

Tragermaterial zur  Applikation biologisch  aktiver
Substanzen

interkorporelles zylindrisches Wirbelsdulenimplantat
(Meshed Titanium Cage) nach Harms

Tragermaterial aus Poly (D,L-laktid)

Biomechanische Steifigkeit eines Bewegungssegmentes
direkt nach Implantation des Implantats

Biomechanische Steifigkeit eines Bewegungssegmentes
nach zeitlich begrenzter Einheilung des Implantates

Fusion eines Bewegungssegmentes der Wirbelsdule
biomechanischer Parameter: beschreibt das einwirkende
Moment (Nm) in Relation zum Bewegungsausmal} (Grad)
Protektion vor der Einwirkung mechanischer Krifte
interkorporelles box-formiges Halswirbelsdaulenimplantat
niedermolekulare 16sliche Proteine mit biologischer

Funktion
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