Aus der Anatomischen Anstalt Lehrstuhl II der

Ludwig-Maximilians-Universitit Miinchen

Direktor: Prof. Dr. med. Christoph Schmitz

Funktionelle und altersbezogene Anpassung des
Knochengewebes an Implantate aus kiinstlichen
Werkstoffen — Analyse von verschiedenen

Anwendungen an Tier und Mensch

Dissertation
zum Erwerb des Doktorgrades der Humanbiologie
an der Medizinischen Fakultit der

Ludwig-Maximilians-Universitdt zu Miinchen

vorgelegt von
Christoph Sprecher
aus

Davos

2016



Mit Genehmigung der Medizinischen Fakultét der
Universitdt Miinchen

Berichterstatter: Prof. Dr. med. Stefan Milz

Mitberichterstatter: Prof. Dr. Peter Miiller

Priv. Doz. Dr. Florian Haasters

Dekan: Prof. Dr. med. dent. Reinhard Hickel

Tag der miindlichen Priifung: 30. Mirz 2016

Seite i1



Kumulative Dissertation



Seite 1v



Inhaltsverzeichnis

PUDIIKAtIONSIISTE. ...ttt ettt sttt ettt s 1
I EANIEIEUNG .....tiiiieeiiiee ettt ettt ettt et e e be e e e esbeesaeenbaessseesbeensseenseas 3
LT IMPIANTALE ....ouvieiieeiieiiecie ettt ettt ettt e et e s e esbeessaeenbaesnbeenbeesaseenneas 3

L2 KNOCREN ..ttt sttt e 3

1.3 Implantate und KNOCKhEN ..........c.coouiiiiiiiiiiiiieiececeee e 4

1.4 Frakturen am proximalen HUMETUS...........cceeviiriieiiieniieiecie et 5

1.5 Untersuchungsmethoden ..........c.ooooiiiiiiiieiiieeeecee e 5
1.5.1 Klinische Untersuchungsmethoden ............ccccooeieviieiiieniiiiniieniieiiecieeieeens 5

1.5.2 Experimentelle Untersuchungsmethoden ............ccccoeevieviiiiiieniiiiienieciees 6

1.5.3 Histologische Methoden ............cceoiiiiiiiiiiiiiiiieeeee e 7

1.5.4 Mikroskopische Methoden ............cccoeeiieiiieriieiiienieeieee et 8

1.5.5 Lichtmikroskopische Methoden ............ccceviiieiieniienieniieiieeeeeecee e 8

1.5.6 Rasterelektronenmikroskopie mit energiedispersiver Rontgenanalyse ........... 9

1.5.7 Finite Element ANalySe........ccccveruiiriieiiieeiieiieeieeieeeee et 10

1.5.8 Quantitative UntersuChUNZEN .........c.cccveeiieriieriieiiieeieeieeere et 10

2 Fragestellung.......ccooiiiiiiiiiie e 11
ZUSAMMENTASSUINE .....eeiiieiieeiie ettt ettt ettt e st e e bt e stte et eeseeeenbeesateenseesseesaseesaseenseennns 13
CONCIUSION ..ttt ettt st b et e h ettt s bt e bt et ebe e be et e sbeenbeeanes 17
OriginalpubliKatiONeN ........couiiiiiiiiiiiiiri e 19

Publikation Nr. 1:  Comparison of imaging methods used for dental implant osseous
INEEZIAtION ASSESSIMENL. ... .vieutiiiiiieiieiieette ettt e sttt ettt esbt e et e s bt e e e e sabeeaneeneee 19

Publikation Nr. 2: Behaviour of ChronOS™ Inject in metaphyseal bone defects of
distal radius fractures: tissue reaction after 6-15 monthsS..............cccevevvvvveiiieiiinnnns 27

Publikation Nr. 3:  Resurfacing of the humeral head: An analysis of the bone stock
and osseous integration under the implant .............ccccoeeieriiiiieniieniene e 35

Publikation Nr. 4:  Stress-shielding induced bone remodeling in cementless shoulder
resurfacing arthroplasty: a finite element analysis and in vivo results .................... 47

Publikation Nr. 5:  Histomorphometric assessment of cancellous and cortical bone
material distribution in the proximal humerus of normal and osteoporotic
individuals - Significantly reduced bone stock in the metaphyseal and subcapital

regions of 0steoporotic INAIVIAUALS ........c.eeeviiieiiiieiieeeeeee e 57
LIteraturVerZEICHNIS ....co.veiuiiiiiieiiieiceete et 67
DANKSAZUNG ...ttt ettt et e st e et e it e bt esnb e e bt e e abeenneeenes 69
Eidesstattliche VersiCherung .............occooiiiiiiiiiiiieeeee e 71

Seite V



Seite VI



Publikationsliste

Erste Publikation:

Sprecher, CM.; Gahlert, M.; R6hling, S.; Kniha, H.; Gueorguiev, B.; Milz, S.;
Comparison of imaging methods used for dental implant osseous integration assessment.
J Mater Sci Mater Med. 2013;24:2195-200.

Impact factor 2.59

Zweite Publikation:

Arora, R.; Milz, S.; Sprecher, C.; Sitte, I.; Blauth, M.; Lutz, M.

Behaviour of ChronOS™ Inject in metaphyseal bone defects of distal radius fractures:
tissue reaction after 6-15 months.

Injury. 2012;43:1683-8.

Impact factor 2.14

Dritte Publikation:
Schmidutz, F.; Sprecher, CM.; Milz, S.; Gohlke, F.; Hertel, R.; Braunstein, V.;

Resurfacing of the humeral head: An analysis of the bone stock and osseous integration

under the implant.
J Orthop Res. 2015;33:1382-90.
Impact factor 2.99

Vierte Publikation:
Schmidutz, F.; Agarwal, Y.; Miiller, PE.; Gueorguiev, B.; Richards, RG.; Sprecher, CM.;

Stress-shielding induced bone remodeling in cementless shoulder resurfacing arthroplasty:

a finite element analysis and in vivo results
J Biomech. 2014;47:3509-16.
Impact factor 2.75

Fiinfte Publikation:
Sprecher, CM.; Schmidutz, F.; Helfen, T.; Richards, RG.; Blauth, M.; Milz, S.;

Histomorphometric assessment of cancellous and cortical bone material distribution in the

proximal humerus of normal and osteoporotic individuals - Significantly reduced bone
stock in the metaphyseal and subcapital regions of osteoporotic individuals.

Medicine. accepted 21. October 2015.

Impact factor 5.72

Seite 1



Seite 2



1 Einleitung

1.1 Implantate

In der modernen Medizin und Zahnmedizin wird eine Vielzahl von verschiedenen
Implantaten aus technischen Werkstoffen in den menschlichen Korper eingebracht. Das
primire Ziel ist die Lastiibertragung vom Implantat auf den Knochen. Haufig wird auch die
Funktion eines degenerierten Gelenks beispielsweise durch eine Totalendoprothese
iibernommen.

Entsprechend dem Verwendungszweck bestehen die Implantate hdufig aus mehreren Teilen
und bilden zusammengesetzte funktionell aufeinander abgestimmte Systeme. Je nach
Anwendung bestehen die einzelnen Komponenten dieser Systeme aus verschiedenen
Werkstoffen und sind zudem teilweise beschichtet. Die verwendeten metallischen Werkstoffe
bestehen derzeit typischerweise aus Titan oder Titanlegierungen, Kobaltlegierungen und
rostfreiem Stahl.

Zu diesem klassischen Werkstoffspektrum ist Zirkonoxid, ein keramischer Werkstoff der
unter anderem fiir Zahnimplantate verwendet wird, hinzugekommen. Zirkonoxid wird aus
dsthetischen Griinden gerne bei Zahnimplantaten im Frontzahnbereich eingesetzt, weil die
weisse Eigenfarbe bei einer Riickbildung des Zahnfleisches (Gingiva) weniger auffillt, als bei
den metallisch grauen Implantaten aus Titan. Eine weitere sehr umfangreiche Anwendung
von keramischen Werkstoffen wie Aluminiumoxid und Zirkonoxid gibt es in der
Endoprothetik als Gleitpaarung.

Oberfldchen von Implantaten werden aufgeraut oder beschichtet um einen direkten Knochen-
Implantat-Kontakt zu ermdglichen. Die Beschichtungen bestehen aus Titan oder aus
knochendhnlichem Material wie Hydroxylapatit (Cas(OH)(PO4);) und sind in aller Regel
nicht resorbierbar. Resorbierbare Materialien sind reich an Kalzium, Phosphor und / oder
Schwefel und werden als Beschichtungen, als Blocke oder Granulate oder als injizierbare
Paste wie beispielsweise ChronOS™ Inject von Depuy Synthes angeboten.

Implantate aus nicht resorbierbaren Werkstoffen lassen sich nach der vorgesehenen
Implantationsdauer in zwei Gruppen einteilen. Die kurzzeitig im Korper des Patienten
verbleibenden Implantate, wie beispielsweise Schrauben und Platten, zur Stabilisierung von
Knochenbriichen werden in Mitteleuropa normalerweise bei gesunden jlingeren Patienten
nach weniger als zwei Jahren wieder entnommen. Langfristig liegende Implantate wie
Zahnimplantate oder kiinstliche Gelenke werden erst entnommen, wenn die Funktion nicht
mehr erfiillt wird oder wenn Komplikationen auftreten.

1.2 Knochen

Das menschliche Skelett stiitzt den Korper und wird aus etwas mehr als 200 Knochen
gebildet. Der einzelne Knochen wird zeitlebens, also auch bei ausgewachsenen Personen
fortlaufend umgebaut und angepasst. Im Zuge dieser ,,Remodelling” genannten Vorgénge
kann sich auch die Gestalt der Knochen deutlich verandern.

Osteoporose ist eine systemische Skeletterkrankung, die durch eine Reduktion der
Knochenmasse und / oder Qualitidt gekennzeichnet ist und bei der die biomechanische
Stabilitdt des Skeletts beeintréchtigt wird. Vor allem Frauen nach der Menopause sind davon
betroffen, wobei die senile Osteoporose Médnner und Frauen gleichermassen betrifft. Manner
sind jedoch durchschnittlich ca. 10-15 Jahre spéter betroffen als Frauen [1]. Der Grad der
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Osteoporose wird klinisch aus der Knochendichte, d.h. iiber den Mineralsalzgehalt mit Hilfe
einer Dual-Rontgenabsorptiometrie (Dual-Energy X-Ray Absorptiometry, DXA) an
vorgegebener Stelle beispielsweise am distalen Radius bestimmt. Die Knochendichte und
Patientendaten wie Geschlecht und Body-Mass-Index etc. werden mit den Daten einer
umfangreichen Datenbank abgeglichen. Die Abweichung der Knochendichte vom
Normalbefund wird im Verhéltnis zur Standartabweichung mit Vorzeichen bestimmt und als
T-Wert bezeichnet. T-Werte grosser als -1 werden als normal angesehen, Werte zwischen -1
und -2.5 bezeichnen eine Osteopenie (verringerte Knochenmasse) und T-Werte kleiner als -
2.5 sind charakteristisch fiir Osteoporose (WHO-Klassifizierung).

An Osteoporose erkrankte Personen erleiden hdufig Frakturen durch spontan, d.h. unter
normalem Korpergewicht, zusammenbrechende Wirbelkorper [2] oder Frakturen nach
sogenanntem Bagatelltrauma ("low impact fractures") mit geringer Energieeinwirkung [3] wie
ein Sturz nach einem Stolpern. Von Osteoporose assoziierten Frakturen am haufigsten
betroffen, sind der distale Radius, das proximale Femur und der proximale Humerus [4]. Die
klinische Versorgung dieser Patienten ist grundsétzlich schwierig, da sie hiufig einen
reduzierten allgemeinen Gesundheitszustand aufweisen. Die Stabilisierung der Fraktur mit
Implantaten wie Platten, Schrauben und Négeln ist aufgrund der unzureichenden
Knochenqualitdt eine Herausforderung und in klinischen Studien wird von Versagensraten
von bis zu 22% der Fille berichtet [5]. Oft wird bei gelenknahen Frakturen an Hiift- oder
Schultergelenk eine Endoprothese anstelle von frakturstabilisierenden Implantaten eingesetzt.

Viele Patienten mit reduzierter Knochenqualitdt, z.B. Frauen nach der Menopause werden in
Langzeittherapien mit Biphosphonaten oder anderen, die Osteoklastenfunktion hemmenden,
Pharmaka behandelt. Neuere Verdffentlichungen zeigen nach langjahriger derartiger Therapie
gehduft Kiefernekrosen [6] und atypische Frakturen am proximalen Femur [7]. Mit
fortschreitender Osteoporose und zunehmendem Alter steigt zudem generell das Risiko einer
Fraktur. Das (Rest-) Lebenszeitrisiko eine osteoporotische Fraktur zu erleiden betrigt fiir eine
50-jdhrige Frau 46% [4].

1.3 Implantate und Knochen

Der Knochen reagiert auf Verdnderungen wie z.B. Traumata bei Frakturen oder das
Einbringen von Implantaten oder Endoprothesen mit einem entsprechenden Umbau. Bei einer
Fraktur wird hdufig zunéchst ein Kallus gebildet, der {iber seinen grosseren Querschnitt eine
reduzierte Last pro Fliche von einem zum anderen Frakturende {ibertragen kann. Erst nach
einer gewissen Zeit, wenn die kndcherne Gewebebriicke stabil genug aufgebaut ist wird die
Gewebevermehrung wieder abgebaut. Durch das Einsetzen einer Endoprothese oder eines
frakturstabilisierenden Implantates wird die Lasteinleitung in den Knochen verdndert. Der
Knochen reagiert auch hier mit Umbauvorgidngen um sich funktionell an die neue Situation
anzupassen. Abbauvorgéinge die durch reduzierte Lasteinleitung gekennzeichnet sind, werden
in diesem Zusammenhang als "Stress shielding" bezeichnet. Man findet diese beispielsweise
bei Hiiftprothesen in der Region des Trochanter minor am Femur. Knochenaufbau dagegen
tritt bei grosser Verdnderung der Steifigkeit z. B. am distalen Ende des Schaftes der
Femurkomponente einer konventionellen Hiiftprothese auf und wird im klinischen
Rontgenbild als lokale Verdickung des Knochens bzw. der Kortikalis sichtbar. Allerdings
nimmt die Regenerationsfahigkeit des Knochengewebes mit zunehmendem Alter ab,
unabhingig davon, was der auslosende Faktor fiir einen Umbauvorgang war. Dieser Umstand
erschwert besonders die Behandlung dlterer Patienten [1].
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1.4 Frakturen am proximalen Humerus

Jiingere Patienten verletzen sich im Bereich der Schulter meistens an den Weichteilen und
erleiden Sehnen- oder Bénderrisse. Proximale Humerusfrakturen erleiden hauptsichlich altere
Patienten [4]. Deren Versorgung gilt als schwierig, weil die Patienten zumeist noch weitere
Risikofaktoren und Grunderkrankungen aufweisen.

Die hédufigen und charakteristischen Frakturtypen mit bis zu vier Fragmenten am proximalen
Humerus wurden von Neer [8-9] beschrieben und als 2, 3 oder "4 part fracture" bezeichnet.
Die entsprechenden Frakturlinien verlaufen entlang dem anatomischen und dem chirurgischen
Hals sowie in den Bereichen von Tuberculum majus und minus.

Proximalen Humerusfrakturen konnen konservativ oder operativ in der Klinik versorgt
werden. Je nach Art der Operation z.B. mit dem perkutan angewandten Humerusblock [12] ist
der Schaden an den umgebenden Weichteilen geringer als bei einem Nagel oder einer Platte.
Das Heilungsverhalten und das Endergebnis sind unterschiedlich, da der Humerusblock ein
Sintern (zusammensinken der Fraktur unter Belastung) erlaubt was die rigideren
Implantatsysteme wie z.B. die Philosplatte nicht zulassen. Letztere verlangen auch eine
langere Ruhigstellung der Extremitdt, wéhrend die konservative und die perkutane
Versorgung eine frilhe Mobilisation mit Krankengymnastik zulassen. In bestimmten
Situationen ist zudem eine Schulterendoprothese die beste Losung.

Die Schwierigkeit der Versorgung einer proximalen Humerusfraktur ist unter anderem vom
der Frakturtyp, dem Schaden an den Weichteilen sowie dem allgemeinen Gesundheitszustand
des Patienten und weiteren Faktoren wie beispielsweise soziale Lebenssituation oder
Pflegebediirftigkeit abhingig. In klinischen Studien wird bei allen proximalen
Humerusfrakturen von Versagensraten von bis zu 22% berichtet. Als hdufigste Ursachen
werden zusitzlich zur reduzierten Knochenmenge das Ausreissen ("cut-out") von
winkelstabilen Schrauben aus dem Knochen, der Verlust der Reposition sowie ein
ungiinstiger Frakturtyp und die ungeniigende mediale Abstiitzung genannt [5, 11-12].

1.5 Untersuchungsmethoden

Das Ziel von Untersuchungen an Patienten in der Klinik, Versuchstieren in der Forschung
oder Proben ist es, immer mehr und detailliertere Informationen zu erhalten. Die zur
Verfiigung stehenden Methoden und die Mdglichkeiten unterscheiden sich deutlich. In der
Klinik werden die Untersuchungen am lebenden Patienten durchgefiihrt, wihrend dies in der
Forschung nicht immer der Fall ist. Im Interesse des Patienten muss beispielsweise die
radiologische Strahlendosis auf das Minimum reduziert werden, wéhrend diese
Einschriankung bei Untersuchungen an postmortal entnommenen Proben von Donatoren oder
Tieren nicht gilt. Histologische Untersuchungen von grosseren Gewebeproben bleiben in der
Regel experimentellen Untersuchungen vorbehalten.

1.5.1 Klinische Untersuchungsmethoden

Die typischen Kklinischen Untersuchungsmethoden werden am lebenden Patienten
durchgefiihrt und dem Gespriach zwischen Arzt und Patient kommt hohe Bedeutung zu, da nur
so Information {iber Beschwerden wie Schmerz oder Bewegungseinschrankung
weitergegeben werden konnen. Im Weiteren diirfen die Untersuchungsmethoden, weder
Struktur noch Funktion nachhaltig beeintridchtigen, d.h. nicht zerstérend sein. Die Ausnahme
bilden kleine Biopsien.
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In der Verlaufskontrolle nach z.B. Frakturen von Knochen werden am haufigsten bildgebende
Methoden wie Rontgenbilder, Computertomographie und Magnetresonanztomographie
verwendet. Die erzeugten Bilder kdnnen archiviert werden und zusétzlich kénnen diese auch
von anderen Personen begutachtet werden. Im klinischen Alltag werden diese Bilder
mehrheitlich vergleichend oder semiquantitativ ausgewertet. Den gesundheitlichen Risiken
fiir den Patienten wie z.B. die Strahlenbelastung aber auch Zeit- und Kostenaufwand wird
dabei zwangsldufig ein besonderes Augenmerk geschenkt.

In klinischen Studien sind der Zeit- und Kostenanteil meist genau kalkuliert, doch es muss
auch die Strahlenbelastung den einzelnen Patienten tief gehalten werden. Ethikkommissionen
sind sehr restriktiv und genehmigen in den meisten Fillen keine zusitzlichen Untersuchungen
mit bildgebenden Verfahren, wenn diese nicht unmittelbar fiir die Behandlung des Patienten
erforderlich sind.

RS |ateral
pmyertikal

Abb. 1:  Der Partialvolumeneffekt (*’Partial Volume Effect’’) ist bei jedem bildgebenden Verfahren stark
abhdngig von der Auflosung resp. dem untersuchten Volumen. Die schematische Darstellung der
Auflosungen vergleicht den Darstellungsbereich der klinischen CT’s (400 bis 630 um, beide
Grautone), der explorativen CT’s (36 bis 82 um, beide Blautine) und der mikroskopischen Auflésung
an histologischen Schnitten (3.8 um laterale und ca 5 um vertikale Volumenauflosung, rot).

1.5.2 Experimentelle Untersuchungsmethoden

Experimentelle Untersuchungsmethoden werden am lebenden Individuum oder post mortem
durchgefiihrt. Experimentelle Computertomographen, wie das xtremeCT und das pCT40
(beide von Scanco Medical) bieten deutlich hohere Auflosungen als die in der Klinik
verwendeten Verfahren (Abb. 1). Dafiir konnen entweder nur geringere Probendurchmesser
untersucht werden oder die Untersuchungen gehen mit einer hoheren Strahlenbelastung als
bei klinischen Geriten einher.

Die Auflosung von Kontaktradiographien (also konventionell durchstrahlten Objekten welche
sich unmittelbar vor dem Rontgenfilm befinden) ist stark von der Korngrosse des
verwendeten Films abhéngig. Da es sich wie beim konventionellen Rontgen in der Klinik um
ein durchstrahlendes Verfahren handelt, geschieht die Abschwichung der Rontgenstrahlung
proportional zur Rontgendichte der Probe. Kontaktradiographien von ganzen Knochen
ergeben grundsitzlich dhnliche Bilder wie beim konventionellen Rontgen, jedoch mit mehr
Kontrast, da die Weichteilstreuung der Strahlung fehlt. Bei Aufnahmen von histologischen
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Schnitten mit typischen Schnittdicken von 200 um koénnen problemlos Dichteunterschiede
zwischen Implantaten, altem und neuem Knochen erkannt werden (Abb. 2).

Abb. 2:  Kontaktradiographie eines 200 um dicken Schnittes durch eine Schaftibia mit einem Defekt 12
Wochen postoperativ. Der neugebildete Knochen im Defekt und entlang der Schrauben erscheint
weniger hell (d.h. weniger rontgendicht) als die urspriingliche Kortikalis. Das Remodelling in der
urspriinglichen Kortikalis entlang der Osteotomien und der Schraubenkandle ist gut zu erkennen.

1.5.3 Histologische Methoden

Die mikroskopische Untersuchung von biologischen Geweben ist ein wichtiges Teilgebiet
der Biologie und der Medizin. Neben der Beschreibung makro- und mikroskopischer
Normalanatomie befasst sich die histologische Untersuchung auch mit der pathologischen
Verdnderung des Gewebes. Dabei ist die Grenzziehung zwischen physiologischer Reaktion
und pathologischem Zustand haufig schwierig, speziell in der Umgebung von Implantaten.
Fir die Anfertigung histologischer Priparate benétigt man diinne Schnitte des Gewebes,
welche angeférbt und mit Hilfe eines Mikroskops beurteilt werden. Die Beurteilung basiert im
Wesentlichen auf der Morphologie und mit gewissen Einschrankungen auf der Anfarbbarkeit
(eigentlich besser: Kontrastierbarkeit) des Gewebes. Die Priparation beginnt unmittelbar mit
der Gewebeentnahme und mit der Fixierung welche einen wesentlichen Einfluss auf die
Untersuchungsergebnisse hat.

Histologische Schnitte mit einer Dicke von weniger als 20 um werden iiblicherweise als
Diinnschnitte bezeichnet. Das zumeist in Paraffin eingebettete Gewebe wird mit einem
Mikrotom auf eine typische Dicke von 3 bis 12 pum geschnitten. Der Schnitt wird auf
Objekttrager aus Glas aufgebracht, gefdrbt und unter einem Deckglas mit lichtdurchldssigem
Harz eingedeckt. Die maximale Probengrdsse ist im Routinebetrieb auf etwa 15 x 15 mm
beschrinkt und darf nur nicht mineralisierte Gewebe (z.B. entkalkten Knochen) enthalten.

Histologische Schnitte mit einer Dicke von 20 bis 100 pm oder mehr werden als Dickschnitte
bezeichnet und konnen bei Verwendung eines speziellen Verfahrens auch mineralisierten
Knochen sowie metallische oder keramische Implantate enthalten. Das Gewebe wird nach der
Fixierung in einer aufsteigenden Alkoholreihe entwéssert und anschliessend von einem
fliissigen und polymerisationfdhigen Kunststoff (z.B. Methylmethacrylat) durchdrungen.
Nach dem Aushérten werden mit einer Diamantsége (z.B. Sdgemikrotom Leica SP1600) oder
Exaktsdge 330CP (Exakt Apparatebau) Schnitte einer Dicke von 200 pum hergestellt.
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Geschnitten werden neben Weichteilen, Knochen auch keramische oder metallische
Implantate und die im klinischen Gebrauch verwendeten Kunststoffe. Haufig werden von
diesen Schnitten Kontaktradiographien (siehe 1.5.2 Experimentelle Untersuchungsmethoden)
angefertigt, bevor die Schnitte auf transparente oder auf diffus streuende Objekttriger aus
Kunststoff oder Glas aufgeklebt werden. Vor der histologischen Begutachtung miissen die
Proben in der Regel geschliffen, poliert und gefarbt werden.

Die nicht von Harz befreiten Dickschnitte werden nur an der Oberfliche gefirbt. Die
Eindringtiefe der Farbstoffe wird je nach Féarbung ca. 10 bis 20 um betragen und hdngt von
verschiedenen Parametern des Farbungsprozesses sowie den Rissen und Spalten innerhalb des
Schnittes ab. Die héufig zu beobachtende Anordnung von Spalten entlang von
Implantatoberflichen legt nahe, dass es bei Einbettungen in Kunststoff wéhrend der
Entwésserung und / oder Aushédrtung zu einer geringen Volumenabnahme kommit.
Dickschnitte kdnnen von grossen Proben hergestellt werden und erlauben die Untersuchungen
ganzer Implantate. Mit geeigneter Mikroskopiertechnik kann zudem der manchmal stérende
Einfluss der dritten Dimension bei grosseren Schnittdicken kompensiert werden (siche auch
1.5.5 Lichtmikroskopische Methoden).

1.5.4 Mikroskopische Methoden

Die Details im Gewebe wie beispielsweise Zellen konnen nicht von blossem Auge beurteilt
werden, weshalb Makroskope (sog. Stereolupen) und Mikroskope dazu benutzt werden. Mit
steigender Vergrosserung wird jedoch das Gesichtsfeld immer kleiner und auch die
Tiefenschirfe nimmt ab. Modernere Geréte mit einem motorisierten Tisch und entsprechender
Steuerung konnen automatisch von einem Priparat riesige Landkarten aus
zusammengesetzten Einzelbildern aufnehmen. Mit entsprechender Software kann sich der
Betrachter in diesen Dateien lateral bewegen und in die Tiefe fokussieren, etwa so wie wenn
er ein Préparat unter einem wirklichen Mikroskop betrachten wiirde.

1.5.5 Lichtmikroskopische Methoden

Gefédrbte histologische Diinn- und Dickschnitte werden grundsdtzlich immer mit
Lichtmikroskopen betrachtet. Licht einer Glithbirne, Halogenlampe oder eines LED
Beleuchtungskorpers durchstrahlt dabei den Schnitt und lésst eine Betrachtung zu. Abhédngig
von der Probendicke beeinflusst die dritte Dimension das Bild. Diffus streuende Scheiben
direkt zwischen dem Objekttrager und der Lichtquelle reduzieren Schatteneffekte, lassen
jedoch auch keine Kohler'sche Beleuchtung zu, was aber bei Dickschnitten kaum stort.

Bei ausserordentlich dicken Schnitten ab 200 pum mit einer Oberflachenfirbung und
moglicherweise auch noch einem lichtundurchlédssigen Implantat konnen Schatteneffekte die
Befundung der Gewebereaktion an der Implantatoberfliche erschweren oder gar unmoglich
machen. In der Vergangenheit hat es sich gezeigt, dass eine kombinierte Betrachtung mit
Auflicht- und Dunkelfeldbeleuchtung diesen Effekt kompensieren kann. Fiir besonders
komplexe  Fragestellungen wurde zusétzlich noch eine partielle Hellfeld-
Durchlichtbeleuchtung verwendet, was ebenfalls mit dem Begriff der kombinierten
Beleuchtung bezeichnet wurde. Man benétigt dazu in der Regel speziell konfigurierte
Mikroskope, welche alle diese Beleuchtungsformen gleichzeitig zulassen. Bei reiner
Verwendung von Auflicht mit Hellfeld sind die Schleif- und Polierspuren der Priparation gut
zu sehen, aber die Implantate reflektieren so stark, dass die eingehende Beurteilung des
periimplantéren Gewebes schwierig bzw. unmoglich ist.
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1.5.6 Rasterelektronenmikroskopie mit energiedispersiver
Rontgenanalyse

Das Rasterelektronenmikroskop ausgeriistet mit einer energiedispersiven Rontgenanalyse
bietet die Mdglichkeit der Bestimmung von chemischen Elementen in nativen Proben, das
heisst beispielsweise am ungefirbten und nicht eingedeckten Schnitt. Das kann bei der
Identifikation von Implantatwerkstoffen, Beschichtungen darauf und Einschliissen darin, wie
auch bei Fremdstoffen wie Abrieb von grossem Interesse sein. Der Nachweis von leichteren
Elementen wie Kohlenstoff, Stickstoff und Sauerstoff in geringeren Mengen und typische
Elemente wie Magnesium, Chlor, Natrium von Salzen aus Korperfliissigkeiten, erlaubt dabei
hiufig keine Zuordnung, da sie aus verschiedenen Quellen stammen konnen. Die
Elementanalyse von sehr kleinen Objekten wie Abriebpartikeln schliesst hiufig bei
Punktanalysen umliegendes Material mit ein, weil das Anregungsvolumen grosser als das
untersuchte Objekt ist. Bestimmte metallische Elemente die iiblicherweise nicht im
menschlichen Korper in hoher Konzentration vorkommen, gelten dabei als aussagekriftige
Nachweiskandidaten fiir Fremdmaterialien (Abb. 3).

Bilder von Schnitten aus der Kontaktzone zwischen Implantat und Gewebe werden im
Rasterelektronenmikroskop hédufig im Riickstreuelektronenmodus ("back-scattered electrons')
aufgenommen, da weniger die Topographie und mehr die Dichte des Materials dargestellt
wird (Abb. 3). Damit werden die Kratzer bei Schnittherstellung weniger sichtbar, dafiir lassen
sich z.B. neuer und alter Knochen oder Metalle und Beschichtungen einfacher unterscheiden.
Bei grossem Interesse an der Oberfliche oder der Topographie der Probe ist der
Sekundirelektronenmodus ("secondary electrons") die geeignete Methode.

1 2 3
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= | Ca | Ca ] II | ; Ca
. | ".IL..—’I"" .':I A
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Abb. 3:  Die knocherne Verankerung einer Schulterkappenprothese dargestellt im Rasterelektronenmikroskop
im Riickstreuelektronenmodus (links, Massstab 50 um). Die Spektren der energiedispersiven
Rontgenanalysen wurden auf dem Implantat (1) bestehend aus einer Kobaltlegierung (Co), an der
Beschichtung (2) sowie am Knochen (3) erhoben. Die beiden rechten Spektren zeigen erhéhte
Konzentrationen von Calcium, Phosphor und Sauerstoff an.
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1.5.7 Finite Element Analyse

Die Finite Elemente Methode ist ein modernes Berechnungsverfahren aus dem
Ingenieurwesen flir volumetrische Objekte. Fiir biomechanische Fragestellungen wird aus
einer hochaufgeldsten Computertomographie von einem Knochen ein dreidimensionales
Modell gebildet. Jedes finite Element erhdlt entsprechend dem Grauwert der
Computertomographie mechanische Eigenschaften wie E-Modul etc. zugewiesen. Wird ein
Modell beispielsweise ohne und mit virtuellem Implantat belastet, so verdndern sich die
Dehnungen und die Spannungen in den einzelnen finiten Elementen in Abhéngigkeit
voneinander. Durch die Analyse dieser Verdnderungen konnen Reaktionen von
periimplantdrem Knochen prognostiziert werden.

1.5.8 Quantitative Untersuchungen

In experimentellen Studien werden verschiedene Massnahmen getroffen um eine einheitliche
Datengrundlage fiir die quantitative Auswertung zu schaffen. Wenn verschiedene bildgebende
Verfahren fiir die gleiche Fragestellung zur Verfiigung stehen, dann ist es wichtig, die
Vergleichbarkeit oder gar Gleichwertigkeit der Verfahren zu kennen.

Quantitative Ergebnisse werden mehrheitlich mit bildanalytischen Methoden unterstiitzt von
Computern erhoben. Eine grosse Auswahl von Software zur Bildanalyse ist verfligbar. ImageJ
(kostenfrei verfiigbar iiber Download) wird als ,,quasi- Standard*“ des National Institutes of
Health (NIH) der USA gerne benutzt und bietet mit den Erweiterungen wie BonelJ oder FIJI
eine Vielzahl von Méglichkeiten. Die Validierung liegt jedoch zumeist in der individuellen
Verantwortung der einzelnen Benutzer. In der Praxis bedeutet das, dass die Validierung der
Ergebnisse praktisch immer fehlt. Eine &dltere kommerzielle Losung ist die Software KS400
von Zeiss, die sich durch eine hohe Flexibilitit auszeichnet und in der Vergangenheit in einer
Vielzahl von Projekten benutzt wurde. Diese Software ist nach strengen Industrie-Kriterien
validiert worden und stellt somit, trotz des Alters, eine Art von ,,Goldstandard* dar. Mit Hilfe
dieser Software (Windows-Version) wurden schon Bilder von histologisch gefirbten
Préaparaten, Kontaktradiographien, Kulturen auf Agarplatten oder Rontgenbildern ausgewertet
und die Ergebnisse in der Literatur publiziert.

Quantifizierbare Ergebnisse aus der Bildanalyse konnen mit einer entsprechenden
statistischen Analyse, einen massgebenden Beitrag bei der Uberpriifung einer zu
untersuchenden wissenschaftlichen Hypothese leisten. Die der Analyse zugrunde liegenden
Bilder kénnen mit den verschiedensten Methoden generiert werden, wobei viel Wissen in der
Praparation der Proben, der Aufnahmetechnik und der Auswertung der Bilder liegt. Die
Bedeutung der Bildinhalte ist dabei unmittelbar mit den zuvor genannten Parametern
verkniipft, so dass sich bei unterschiedlicher Bildentstehung immer die Frage der
Vergleichbarkeit der Ergebnisse stellt.
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2 Fragestellung

Das iibergeordnete Ziel der verschiedenen Teilprojekte die dieser Dissertation zu Grunde
liegen, war die Charakterisierung der Interaktion zwischen Gewebe, insbesondere
Knochengewebe und Implantaten. Als Implantatmaterialien wurden neben kiinstlichen, nicht
resorbierbaren Werkstoffen wie Metallen, Keramiken und Kunststoffen auch resorbierbare
Knochenersatzwerkstoffe in verschiedenen Anwendungen quantitativ untersucht. Diese
Fragestellungen wurden mittels Bildanalyse und Finite Element Analyse verfolgt um damit
funktionelle oder altersbezogene Anpassungsvorginge des Knochengewebes zu
dokumentieren.

Die Verankerung von Zahnimplantaten im Knochen wird hdufig anhand histologisch
gefarbter Schnitte oder mit Kontaktradiographien von solchen Schnitten untersucht [13-14].
Das Ziel der ersten Publikation war es Aussagen zur Vergleichbarkeit der mit
unterschiedlichen bildgebenden Verfahren erhobenen quantitativen Resultate zur
periimplantéren, anteiligen Knochenfliche sowie zum Knochen-Implantat-Kontakt zu
machen. Dabei wurde auch die Abhdngigkeit der Ergebnisse von der Einheilungszeit (4 und
12 Wochen postoperativ) untersucht. Auch der Einfluss der grossen Rauheit der Oberflachen
im Bereich des Implantatgewindes auf die Verankerung im Knochen wurde beriicksichtigt.

Die Resorption von Knochenersatzwerkstoffen wie ChronOS™ Inject wurde in der
Vergangenheit ausschliesslich im Modell mit adulten Schafen untersucht [15]. Dabei ist zu
beriicksichtigen, dass es derzeit keine allgemein verfiigbaren Grosstiermodelle mit einer der
menschlichen Osteoporose vergleichbaren Charakteristik gibt. Die Ergebnisse dieser Studien
lassen sich daher nur eingeschrinkt auf den Menschen iibertragen [10]. In der einzigen
klinischen Studie beim Menschen [16] wurde der Abbau von ChronOS™ Inject anhand von
Rontgenbildern 3 und 6 Monate nach der Implantation des Knochenersatzwerkstoffes
untersucht. Obwohl mehr als die Hailfte der Patientinnen iiber 50 Jahre alt waren, fehlen
Angaben {iber z.B. den Osteoporosestatus sowie mdgliche Therapien. Deshalb war es das Ziel
der zweiten Publikation die Resorption von ChronOS™ Inject bei élteren Patienten anhand
von Biopsien aus der metaphysdren Frakturzone am distalen Radius zu untersuchen. Die
Biopsien wurden mit hochaufgeldster Mikrocomputertomographie auf Riickstdnde von
ChronOS™ Inject untersucht. In den anschliessend angefertigten histologischen Schnitten
wurde die Resorption von ChronOS™ Inject und die Reaktion des Gewebes auf den
Knochenersatzwerkstoff untersucht. Dabei wurde auch zwischen den Patienten ohne und mit
Osteoporosetherapie unterschieden.

Proximale Humerusfrakturen treten gehduft bei Patienten mit Osteoporose auf [19]. Deshalb
werden in den drei weiteren wissenschaftlichen Publikationen Fragestellungen zur
Knochengewebeverteilung im proximalen Humerus bearbeitet. Fiir die dritte Publikation war
die Verankerung von explantierten, humeralen Kappenprothesen im Knochen von 14
Patienten zu untersuchen. Die halbkugelartige Implantatgeometrie verdeckt den kompletten
Knochen innerhalb des Implantates und ldsst im radiologischen Bild in vivo keine Aussagen
zur Knochenstruktur innerhalb der Kappenprothese wie z.B. frithe Lockerungszeichen
erkennen. An histologischen Schnitten, wurde die anteilige Knochenfliche unter der
Implantatkappe sowie der Knochen-Implantat-Kontakt mittels Bildanalyse bestimmt um
Aussagen zur Gewebereaktion machen zu konnen. Die dem Gewebe zugewandte
Verankerungsseite der Implantate wurde ausserdem mit dem Rasterelektronenmikroskop und
mit der energiedispersiven Rontgenanalyse untersucht und morphologisch wie chemisch
beschrieben.
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Da sich mechanische Beanspruchung nie direkt im histologischen Schnitt als Parameter
darstellen ldsst, sondern immer anhand indirekter Faktoren vermutet wird, wurde in der
vierten Publikation mit Hilfe der Finite Element Analyse die Verdnderung der
Belastungsparameter wie Druckbelastung im Knochen vor und nach der virtuellen
Implantation einer humeralen Kappenprothese untersucht. Je ein Finite Element Modell eines
nativen Humerus mit normaler und eines mit reduzierter Knochenmenge (T-Wert 0.7 vs. -2.5)
waren dabei zu erstellen. Anschliessend wurden weitere Modelle mit virtuell implantierten
Epoca RH bzw. Copeland Kappenprothesen erstellt. Die Krafteinleitung wurde entsprechend
den Messungen von Bergmann [17] auf 150 Newton festgelegt. Die Validierung der
Ergebnisse der Finiten FElement Analysen erfolgte an Kontaktradiographien von
histologischen Schnitten entsprechender Explantate von reoperierten Patienten.

In der Literatur findet sich eine grossere Anzahl von Studien iiber den proximalen Humerus,
welche die Verankerung von Implantaten zur Osteosynthese, fiir die Endoprothetik oder
Fadenanker bei Weichteilverletzungen untersuchen [18-22]. In weiteren Studien werden
einzelne Stellen nach geometrischen Kriterien ausgewidhlt um daran die mechanischen
Eigenschaften und die Knochenmineraldichte (BMD) zu bestimmen [23]. Trotz all dieser
Studien existiert bisher keine allgemeine "Knochenverteilungskarte" fiir den proximalen
Humerus. Deshalb war in der fiinften Publikation das Ziel, die funktionelle und
altersbezogene Verteilung des Knochengewebes im proximalen Humerus in der Frontalebene
zu untersuchen. Bei osteoporotischen und nicht osteoporotischen Individuen wurde entlang
der charakteristischen Frakturzonen im Bereich des collum anatomicum, in der medial
metaphysdren Region und im Verankerungsbereich von Implantaten die anteilige
Knochenfliche bestimmt. In diesem Kontext wurden die regional unterschiedlichen
Verteilungen der Dicken der metaphyséren Kortikalis und der subchondralen Platte ebenfalls
bestimmt. Die Zuordnung zu den Gruppen osteoporotisch und nicht osteoporotisch erfolgte
nach den WHO Kiriterien anhand von Resultaten aus DXA Messungen an allen distalen Radii
der Donatoren entsprechenden Humeri.
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Zusammenfassung

Im Rahmen dieser Dissertation wurde die Interaktion zwischen Implantaten und
Lagergeweben untersucht und die sich daraus ergebenden funktionellen Anpassungen der
Gewebeverteilung quantifiziert. Die meisten Untersuchungen basierten auf der bildanalytisch
quantifizierten Auswertung histologischer Préparate, was eine statistische Bewertung der
gestellten Hypothesen ermoglichte. Zusétzlich wurde in einer Finite Element Analyse die
histologisch beobachtete Knochenverteilung und das vermutete "Stress Shielding" innerhalb
von humeralen Kappenprothesen untersucht. Die Ergebnisse beantworten die
projektspezifischen Fragen und lassen Schliisse fiir die weitere Entwicklung oder die
Anwendung in der Klinik zu.

In der ersten Publikation wurde die Integration von Zahnimplantaten in Kieferknochen von
Minipigs untersucht. An Kontaktradiographien von Schnitten sowie den entsprechenden
Schnitten, welche mit Giemsa-Eosin gefarbt wurden, wurde die periimplantéire, anteilige
Knochenfliche und der Knochen-Implantat-Kontakt bestimmt, welche eine sehr hohe
Korrelationen der mit den beiden unterschiedlichen Methoden erhobenen Messwerte (r > 0,81
und Signifikanzen mit p <0,001) ergab. Interessanterweise wird der Knochen-Implantat-
Kontakt, der an Kontaktradiographien bestimmt wird, um 4,5% gegeniiber den Werten der
histologischen Schnitte unterschitzt. Das Ausmass der Unterschitzung ist 4 Wochen
postoperativ deutlich ausgeprégter als nach 12 Wochen und ist somit vom ,,Maturititsgrad*
des neugebildeten Knochens beeinflusst. Diese Beobachtung kann unter anderem auch mit
dem Partialvolumeneffekt ("Partial Volume Effect") von Knochen und direkt anliegender
rauer Oberfliche des Implantates erkldrt werden. Dabei sind diinne Knochenlamellen an der
rauen Implantatoberfliche im gefdarbten Schnitt erkennbar, doch nicht in der
Kontaktradiographie. Damit wird die hohere Sensitivitit der Untersuchung am histologisch
gefarbten Schnitt gegeniiber der entsprechenden Kontaktradiographie klar verdeutlicht.

Die zweiten Publikation beschreibt die Interaktion zwischen Gewebe und dem resorbierbaren
Knochenersatzwerkstoff ChronOS™ Inject an Biopsien aus metaphysédren Defekthohlen vom
distalen Radius élterer Patienten. Die Biopsien wurden 6 bis 15 Monate postoperativ
entnommen und in der hochaufgeldsten Mikrocomputertomographie auf Riickstinde von
ChronOS™ Inject untersucht. Die gefundenen dichten, globuldren und heterogen verteilten
Strukturen wurden als das kugelférmige B-Tricalciumphosphat, eine der zwei vorkommenden
Phasen, von ChronOS™ Inject interpretiert. In den mit Methylenblau gefarbten Schnitten
waren die Oberfldche wie auch die Poren der Kugeln in direktem Kontakt mit Geweben wie
Knochen oder nicht mineralisiertem Osteoid. Haufig waren sie vollstindig mit Lamellen aus
Knochen oder Osteoid bedeckt. In benachbarten Schnitten mit Masson-Goldner
Trichromfarbung fanden sich vergleichbare Gewebestrukturen, doch die Vorhandlung bei
dieser Farbung liess die Kugeln vollstandig fehlen. Das Knochen / Osteoid Verhéltnis lag bei
Patienten mit vorangegangener Osteoporosetherapie in einem Bereich von 2,4 bis 8,7, was
deutlich tiefer ist als bei Patienten ohne derartige Therapie (Verhiltnis hier: 13,1 bis 32,1).
Generell dauert die Resorption von ChronOS™ Inject bei dlteren Patienten (Alter 62 — 81
Jahre) ldnger, als in einer Studie am Schaf beschrieben wurde. Dort ergab sich eine
Resorptionsrate von iiber 90% nach 6 Monaten [15].

In der dritten Publikation wurde die Verankerung im Knochen an explantierten humeralen
Kappenprothesen von Patienten im Alter von 63,5 + 14,8 Jahren untersucht. Keine der 14
Prothesen zeigte nach einer Implantationsdauer von 2,0 + 1,7 Jahren (Spannweite: 0,5 bis 6,1
Jahre) klinische oder radiologische Lockerungszeichen. Dies ist jedoch nicht iiberraschend, da
die halbkugelartige Implantatgeometrie den kompletten Knochen innerhalb der
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Kappenprothese verdeckt und somit die radiologische Untersuchung am Lebenden nicht
moglich ist. Deshalb wurde an histologischen Schnitten die anteilige Knochenfldche unter der
Kappenprothese bestimmt. Innerhalb der Kappenprothese betrug sie 9,2 + 3,9% im Vergleich
zu 21,2 + 9,1% in derselben Region einer vergleichbaren Altersgruppe (60,3 + 16,0 Jahre)
ohne operativen Eingriff. Die dem Gewebe zugewandte Verankerungsseite der Implantate
wurde mit dem Rasterelektronenmikroskop und der energiedispersiven Rontgenanalyse
untersucht. Morphologisch und chemisch stellten sich rau gestrahlte Oberflichen dar, als
Implantatwerkstoff wurde mehrheitlich eine Kobaltlegierung nachgewiesen. Einzelne
Explantate waren mit einer dichten Schicht aus Kalzium und Phosphor beschichtet. Porose
Beschichtungen wurden aus einem gebrochenen Titanpulver oder aus Kugeln mit einem
Durchmesser etwa 200 pum aus einer Kobaltlegierung hergestellt. Bei keiner der
Untersuchungen, liess ein Einfluss auf die Knochenmenge oder -morphologie unter der
Implantatkappe nachweisen. Der markanteste Knochenanbau auf der Verankerungsseite der
Implantate fand sich am Rand und, weniger ausgepréigt und regional unterschiedlicher verteilt,
an den zentralen Verankerungsstrukturen. Offensichtlich erfolgt bei den untersuchten
Implantaten nur an wenigen Stellen eine Lastiibertragung auf den Knochen des proximalen
Humerus. Der deutliche Abbau von Knochen innerhalb der Kappenprothese nach einer relativ
kurzen Implantationszeit von 2,0 + 1,7 Jahre (Spannweite: 0,5 bis 6,1 Jahre) wurde als
Reaktion auf die stark verdnderte Belastung des periimplantiren Knochens nach Implantation
der Kappenprothese (d.h. im Sinne eines "stress shielding") interpretiert.

In einer Finite Element Analyse wurde die Verdnderung der Belastung des Knochens vor und
nach der virtuellen Implantation einer Kappenprothese untersucht. Dazu wurde in der vierten
Publikation das Finite Element Modell eines nativen Humerus mit normaler und mit
reduzierter Knochenmenge ein Finite Element Modell erstellt. In beide Modelle wurden
virtuell ein Epoca RH und ein Copeland Implantat der entsprechenden Grdsse implantiert.
Alle 6 Modelle ohne und mit Implantat wurden mit 150 Newton im Zentrum des
Humeruskopfes belastet. Die Entlastung im Inneren der Kappenprothese am Caput humeri
betrdgt unter diesen Bedingungen zwischen 31 und 93% der sonst auftretenden
Beanspruchung, wodurch die, bereits nach kurzer Implantationszeit auftretende, ausgeprégte
Knochenresorption an allen untersuchten humanen Explantaten erklart wird. Die Belastung
des Implantates wird vornehmlich am Rand und an der zentralen Verankerungsstruktur des
Implantates auf den anliegenden Knochen {ibertragen. Die lokal entstehen hohen
Druckspannungen zwischen Implantat und Knochen sind im Modell mit reduzierter
Knochenmenge noch ausgepragter.

Die lokal vorhandene Knochenverteilung am nativen proximalen Humerus wurde in der
fiinften Publikation untersucht. Zusétzlich zu den verschiedenen Regionen entlang der
typischen Frakturlinien wurde auch die Dicke der metaphysdren Kortikalis und der
subchondralen Platte bestimmt. Die altersbezogenen Verdnderungen wurden an je einer
Gruppe nicht osteoporotischer resp. osteoporotischer Individuen untersucht. In allen
untersuchten Regionen war die Spongosia der osteoporotischen Individuen weniger dicht, als
bei Individuen ohne Osteoporose. Zusétzlich wurden auch grossere relative Unterschiede
zwischen den einzelnen Regionen in der Osteoporosegruppe gefunden. Unabhéngig von der
Gruppenzugehdrigkeit waren im Humeruskopf im Bereich der subchondralen Platte bzw. der
unmittelbar darunterliegenden Spongiosa die hochsten Knochenanteile zu beobachten. Die
grosste Abnahme der Spongosia wies dagegen die medial metaphysdre Region auf. Auch
entlang des collum anatomicum wurde eine signifikante Abnahme der anteiligen
Knochenfliche zwischen der kapitalen und der subkapitalen Region gefunden. Bei der
Dickenverteilung der subchondralen Platte zeigten sich keine signifikanten Unterschiede
zwischen den beiden Gruppen. Auch die Dicke der metaphysdren Kortikalis unterscheidet
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sich signifikant nur in der medial-distalen Region. In Abhéngigkeit eines, entsprechend
WHO-KTriterien, am distalen Radius bestimmten T-Score, zeigen die Resultate grosse
Unterschiede der anteiligen Knochenfldche entlang der typischen Frakturlinien und in den
Verankerungszonen von Implantaten fiir Osteosynthese oder Endoprothetik. Zusétzlich zeigen
sie, dass bei osteoporotischen Individuen die Unterschiede (der anteiligen Knochenfldche)
zwischen den untersuchten Regionen z.B. in der medial metaphysédre Region grosser sind als
bei Normalpersonen. Damit lassen sich, zumindest teilweise, die mit bis zu 22% sehr hohen
Versagensraten der Implantatverankerung bei dlteren Patienten mit proximalen
Humerusfrakturen erklaren [5].
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Conclusion

This dissertation focuses on the interaction between implants and the surrounding tissue and
on the resulting functional adaptation of the tissue. The majority of the investigations were
done by quantitative image analysis on histological sections in order to prove the underlying
hypotheses by statistical analyses. Additional finite element analysis was performed to
compare the bone distribution observed in histological sections with the hypothesis of stress
shielding under resurfacing shoulder endoprostheses. All results answered project specific
questions and led to conclusions for further implant development or daily clinical work.

In the first publication the integration of dental implants in the jaw bone of pigs were
investigated. On contact radiographs of sections and the corresponding stained sections the
relative peri-implant bone area and the bone-interface-contact were measured. The correlation
between the values obtained by the different methods was strong (r > 0.81) and significant
(p <0.001). Interestingly, the bone-interface-contact evaluated on the contact radiographs was
on average 4.5% lower than on the stained sections. This underestimation was more
pronounced 4 weeks after the operation than after 12 weeks and seems to be influenced by the
bone maturation process. The partial volume effect of bone on the rough implant surface
might be an explanation for the underestimation, because thin bone lamellae on the rough
surface are distinguished in the stained section but not so easy in the contact radiograph. This
underlines the higher sensitivity of the stained histological section in contrast to the contact
radiograph.

The interaction of tissue and ChronOS™ Inject, a resorbable bone substitute material in
metaphyseal defects in distal radius of elderly people was investigated in the second
publication. The biopsies were taken between 6 and 15 months postoperatively and scanned
by high resolution computer tomography to distinguish residues of ChronOS™ Inject.
Globular, dense and heterogeneous distributed objects were found and interpreted as globular
B-tricalcium phosphate, one of the two main constituents found in ChronOS™ Inject. The
surfaces and the pores of the globular B-tricalcium phosphate were often in direct contact with
tissue, non-mineralized osteoid and bone, as observed in methylene blue stained sections.
Consecutive sections, stained with Masson-Goldner trichrome, showed similar morphological
tissue structures but without the globular B-tricalcium phosphate, which due to the treatment
during the staining procedure was dissolved. The bone / osteoid ratio in patients with a pre-
operative osteoporosis therapy was in a range of 2.4 - 8.7 and much lower than in patients
without a comparable therapy. Here the ratios lay between 13.1 and 32.1. Overall the
resorption of ChronOS™ Inject in elderly patients with an age range between 62 — 81 years
was longer than reported in a sheep study with a resorption rate of 90% after 6 months [15].

In the third publication the bone integration of explanted resurfacing head prostheses of
patients aged 63.5 + 14.8 years was investigated. None of the 14 explanted prostheses after an
implantation time of 2.0 £ 1.7 years (range: 0.5 - 6.1 years) showed any clinical or
radiological signs of loosening. This is not surprising because of the hemi-spherical implant
geometry covers the whole bone stock underneath. Therefore a precise radiological
investigation in living patients is almost impossible and thus the relative bone areas
underneath the resurfacing heads were measured on stained histological sections. The relative
bone area underneath the resurfacing heads was 9.2 + 3.9% compared to 21.2 + 9.1% in a
similar region from donors of comparable ages (60.3 £ 16.0 years) without any surgical
treatment. The bone-implant-interface was further assessed by scanning-electron-microscopy
and energy-dispersive-x-ray analysis. A cobalt alloy was often found as implant material and
surfaces were rough and sometimes coated with calcium and phosphorus. Porous coatings
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were made of fractured titanium powder or beads made of a cobalt alloy with a diameter of
200 pm approx. No influence of any of these surface modifications on the amount of bone
under the prosthesis could be detected. The largest amounts of bone were found at the rims
and at the central stems, indicating that the load was transferred only at a few locations to the
proximal humerus. The pronounced bone resorption after a short implantation time of 2.0 £+
1.7 years (range: 0.5 - 6.1 years) was interpreted as a reaction on a dramatic change of the
load pattern on the peri-implant bone which resulted in an almost complete stress shielding
under the prosthesis.

In a finite element analysis the change of the compressive strains within the bone before and
after a virtual implantation of a resurfacing head was investigated. Therefore for the fourth
publication a finite element model of a native proximal humerus with a normal and one with a
reduced bone stock quality was made. In both models an Epoca RH and a Copeland
resurfacing head were virtually implanted. All six models, without and with resurfacing head
were loaded with 150 Newton at the center of humeral head. The load reduction in the caput
humeri with resurfacing heads was 31-93% below the native conditions without prosthesis,
which explains the pronounced bone resorption after a short implantation time under the
explanted resurfacing heads. The load from the implant is transferred dominantly on the rim
and the stem to the underlying bone. Locally high compressive strains between implant and
bone were found which were even higher in the model with reduced bone stock.

The local bone distribution on the native proximal humerus was investigated in the fifth
publication. Additionally to several regions along typical fracture lines also the thickness of
the metaphyseal cortical bone and of the subchondral plate were measured. Bone distributions
were investigated in a group of non-osteoporotic and osteoporotic individuals. In all
investigated regions the trabecular bone from the osteoporotic group was less dense compared
to the non-osteoporotic group. Additionally, the relative differences between the regions of
the osteoporotic individuals were larger. The subchondral plate and the subchondral
trabecular bone directly underneath showed the highest relative amount of bone in both
groups. The largest decrease of trabecular bone was observed in the medial metaphyseal
region. Between the capital and the subcapital region along the collum anatomicum a
significant decrease of trabecular bone was also measured. The thickness of the subchondral
plate was not significantly different between both groups. Only in the medial-distal region
significant differences were found for the metaphyseal cortical bone. The results of several
regions from the proximal humerus show large differences of relative bone areas along typical
fracture lines and in anchoring regions for osteosynthesis implants or endoprosthesis.
Interestingly, the differences of relative bone areas between these regions are larger for
osteoporotic individuals, which is especially shown in the medial metaphyseal region,
compared to non-osteoporotic individuals. This observation might explain the high
complication rate up to 22% in elderly patients after proximal humerus fractures [5].
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Abstract Two different imaging techniques used 1o
determine bone tissue response to dental implants were
compared. Dental implants were implanted into the mix-
illag of |8 pigs, which wene sacrificed after 4, & and
12 weeks., Implants with surmounding bone tissue wene
retrieved for methyl methacrylate histology and contact
rachiography, On wdentical sections pen-implant bone den-
sity and bome implant contact (BIC) ratio were assessed
with two different imaging methods. Evaluation of Giemsa
eosin stained and contact radiographed sections showed
direct osseous integration for all implants and both meth-
oy showed a strong correlation with correlation cocfficient
ro= (930 (P < 0001 for peri-implant bone density and
r= 0817 (P <000) for bone implant contact ratio.
While the two imaging methods showed moderate differ-
ences for peri-implant bone density there were significant
differences between the BIC values determined. In gencral,
contact radiography  tends 10 underestimate BIC for
approximately 4.5 % (P = (0.00003).
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1 Imtroduction

Assessment of metal of cermmic implant incorporation
intes bone is vsually based on invesfigation of the implant
bone-tissue interface region. Two histomorphometrically
determined parameters have received special attention
because they allow guantifying the reaction of the host
tissue af the implantation site. Bone umplants wsually
have to transfer load from the implant to the swmounding
bone. Therefore the immediate interface and the neigh-
boring bone are of particular interest and are uwsually
assessed by bone interface contact ratio and peri-implant
bone density [1, 2]. Histomorphometrical parameters can
be assessed wsing contact radiographs from non-decalei-
fied MMA embedded sections or wsing pohished and
stained sections |2, 3]. The two methods visualize bone
and implant on the basis of X-ray absorption or chemical
regetiom which leads o differem contrast of mineralized
structures in subsequent imaging. Interestingly, there is a
wenk cormrelation reported  for morphometnic measure-
ments oblained with two  different X-ray  technigues,
p-CT and contact radiography (4] but no data are
available so fur regarding the comelstion of the two
before mentioned techniques.

Histological staining technigues and contact radiogra-
phy are frequently ssed [2, 3] and thus it is important to
know whether the values obtained with these methods can
be seen as identical or at least comparable representations
of hiclogical tissue reaction. Therefore, it was decided to
investigate the performance of dental implants with two
different imaging technigues and to assess the correlation
between parameters obtained with the two technigues, Two
different types of implants were used as this setup resem-
bles the typical wse of the imaging techniques in biomed-
ical material research.

4 springer
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2 Materials and methods
2.1 Animals

Eighteen female mini pigs (Goettinger mini pig) with an
average age of 23.7 months and o weight between 31 and
51 kg were used in this study, The animals were kept in
small growps, in cages designed for experimental purposes
and fed with a stundard diet. Only 12 h prior to and after
surgery the animals were nol given access (o food, but had
water accessible ad libium. The protocal of the animal
experiment was approved by the Swedish authoritics in
Malmi (ethical approval number: M 66117},

2.2 Implant and study design

Threaded implants with o 6-cornered shaft, 4.1 mm in
divmeter and 10 mm m length were manuafactured wsing
different technigues for titanium (Ti-5LA) and zirconia
(7)), The aim was 10 generate almost identical implant
surfaces on the two different materials. Detiils of the
implant manufacturing processes and the animal experi-
ment are given elsewhere [2]. Six months prior o mmplant
insertion, edentulous areas of the maxilla were created in
which the implants were inserted, For the present study s
total of 34 implants were placed into three groups of ani-
mals which were sacnificed after 4. 8 and 12 weeks of
healing. The allocation of the implanis to a certan group is
expliined m Table 1.

Surgical procedures and implant placement are desori-
hed in detsi] in Gahlert et al. [2]. After sacrifice, the jaws
were dissected and specimens containing the implants were
fixed in 4 % buffered paraformaldehyde.

2.3 Histological preparation

The specimens were rinsed in tap water to remove the
paraformaldehyde and dehvdrated in ascending fractions of
aleohol ¢34, T, 96, 100 %) Using sylene as a defatting
intermediate the specimens were block-embedded in
methyl methacrylate (MMA, Fluka, Switzerlandy [5. 6.
Using o suw-microtome (Leica SP 1600, Leity, Germany ).

consecutive serial sections with an imitisl thickness of
2N} pm were obiained in a buco palatinal plane.

2.4 Comtact radiography

Comiact radingraphs { Fuxitron, Faxitron X-ray Corporation,
USA) with Agfa Strukturix X-ray scnsitive film (Agfa,
Germany ) were taken from each section prior to staining.

2.5 Pohishing and histological staining

Based on contact rdiography evalustion, sections repre-
senting a longitudinal cut through the centre of the impliant
(i.c. parallel o its long axis amd through its preatest
diameter) were selected and glued on plastic slides, ground,
polished and surface staned with Gremsa eosin.

2.6 Histomorphometrical analysis

Analysis of contact radiographs and corresponding stained
sections was performed osing an Axioplan 2 microscope
(Aeiss, Germany) equipped with Plan-Neofluar objectives
(5%, H0x) in ransmined and in the case of the stained
sections additional reflected (i.e. combined) light mode.
Microscopic images (Fig. 1) were obtained with a digital
camera (Axiocam HRc, Feiss, Germany ).

The oufcome: parameters for the analysis of all images
were the amount of bone (e, ratio of bone volume 1o total
volume) inoa | mm regon of mterest (ROD around the
implant and the bone implant contact ratio (BIC. Fig. 2).
The ROI was manually defined, starting at the first and
ending at the last thread of the implant. The hone param-
elers were assessed by combined use of Zeiss Axiovision”
4.5 and Zeiss KS400 image analysis software (Zeiss,
Germany). The sections. were analysed using the KS400
image anulysis software in semiguiomatic segmentation

mide,
2.7 Suatistical analysis

Statistical and graphical analyses were performed using
SPSS (IBM SPSS Stanstics 190, SPSS Inc. Chicago, 1L,

Talde 1 Group allocation with number of implants inserted for o given time interval and resulis of stabistical comparisons

Imiplantution interval Cormelation BDY Cosrelution BIC Difference BD Difference BIC
tn = mumber of implamsy GE versus CR GE versus TR GE versus CR GE versus CH
4 weeks (n = 12} r= 093 (/< 0,(HH1] ) r= D817 (P« 0L.IHHI] § P=0013 P = [LINHHI3

& weeks (0 = 12)
12 weeks (0 = 1)

G Giemsa eosin, OF contocl mdiography, 80 pen-implant bome density, B bone implant contact, r eormelation coeficient, P P value

€1 Springes
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Fig, 1 Histological appesrance of Giemsa eosin stoined 8 implants
wilh the MJI'I\HII.II-:II:IIJ__' hone appearing in red color, The \.:Ill'l\uhrllll'H!IILu
contact radiograph b shows the same section prior o staining at the

UsA) and Prism Graphpad (Version 5, GraphPad Software
Ine, 2236 Avenida de la Plava, La Jolla, CA 92037 USA),
respectively, The sigmificance level was set to 005, After
testing of normal distribution with the Shapiro-Wilk test.
mean valve and standard error of mean (SEM) were cal-
culated for each parameter of interest i each group for
ench imaging technigue. The two technigues amd the
eroups of animals were then compared with regard 1o the
parmmeters of interest using the Levene test, Pearson cor-
relation test and general linear model (GLM) Repeated
Measures analysis of varance with Tukey H5D post hoc
Lessl,

3 Results

Evaluation of Giemsa ecosin stained and contact radio-
graphed sections  showed  direct osseous bone  implant
contact for all wmplants (Fag, 1) The values for bone
implant contact ratio and peri-implant bone density were
normal distributed for all time points, Yalues obtained with
hoth methoeds showed a strong comrelation for peti-implant
bone density and bone implant contact ratio (Table 1)

However, when analysing the amages from contact
radiography, BIC ratio was significantly under estimated in
comparison to values obtained from images of the identical
but Giemsa cosin stained sections (P = 0.00003), From
regression analvsis (Fig. 3) an average underestimation of
4.5 % could be concluded.

Peri-implant bone density values (Fiz. 31 obtained with
contact radiography  showed a less pronounced but sull
sigmificant under-estimation in comparison o values from
Giemsa eosin stained sections (P = (L0133,

same magmbication, Mote the bope lomella, visible in Giemsa eosin
datned section (armowy in 01 bol nod in ..'||m:h|u1|u!|||.j.'_ Lomiigl
raciography (arroaes in b, seale baes = 100 pm (Color fgune online)

Bone implant contact under-estimantion was most pro-
nounced ai 4 weeks and least prominent ot 12 weeks
(Fig. 4) and s chamclensed by

(P = 0.087).

a statistical trend

4 Discussion

The purpose of the present study was 1o investigate the
influence of the imaging technigue on the values abtained
by histomorphometric analysis. Especially the influence on
direct bone to implant contuct ratio and peri-implant bone
density were of particular interest because these parameters
serve as surmogate markers of biological implant integration
and the ability to tansmit load between implant and sur-
rounding bone tissue [2]. We used the values of an animal
experiment designed o assess the healing and integration
copacity of dental implants inte maxillary bone bt the
results an principle can be transferred o other situations as
well.

As expected, but never explicitly reported in the literns-
ure, there was a strong correlation between the values
ohbtained from images of histologically stained sections in
frimm comtact microrsdiography images, This observation
ensures that studies using any of the imaging lechmgues
investigated can expect o arrive with comparable resulis
and comparisons of the behaviour of implants made of
different materials can be assessed with either methodol-
ogy. Contact microradiographs are made with immediate
contact between undecalcified section and X-ray detecting
film and should not be confused with conventional radio-
graphs which allow for a significant distance between film
und investigated object. Intimately close distance between

‘e'z Springer
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Fig. 2 Schematic representation of the implant with surmoonsding
bone a Region of interest { marked with solid faes) lyving within | mm
distance from the implant surfsce abong the dread. The reclangle
marked with o detted live is shown in b and © at higher magnitication,
b The bone density (BD) value is measured as the bone arca (hashed
arew) and reported B percent. € The bone bterfoce contact (BIC) is
aseessed as the mtio (in %) between bone implani contact length and
bength of the threaded part of the implamt, In this graph the fidokened
diie pbcales contact betwveen boise and ill'lfllmjl; the thin comtour Hme
indlicaies no conine

film and ohjectreduces the blurring arefact that is inevi-
tably induced from X-rmy sources where the X-rays always
originate from small areas on the target within the X-my
producing tube rather than ideal points [T]. With increasing
distance between ohject and detecting film the influence of
bluming anefacts also increases. Therefore the results of
the present investigation canmid be transferred 1o conven-
tional X-ray based imaging techniques [8] which allow for
a distunce between object and film. Surprisingly. the two

€1 Springer

imaging techniques showed signiticant differences when
absolute values obtained from the same sections are com-
pured. Here the two parameters bone implant contact ratio
and peri-implant bone density are influenced to o different
extent by the imaging techmigue used. Bone implunt con-
tnet rutio represents as the more cnibical parameter as it
shows 3 higher difference between values obtained with
different imaging technigues which renders it more sus-
ceptible to imaging arteficts occurring it the bone implant
imerface region. The most important factor influencing
both parsmeters is related 0 the contrast generating
mechanism. In rmdiography the X-ray absorption capability
is wsed to determine the region that is occupied by bone
while in stained sections it is the dye-hinding hehaviour of
the sectiom that leads to the classification as bone tissue.
The lutter 15 known o exhibit different amounts of local
hydroxyapatite concentrations [9—12], especially in regons
with high bone turnover, This for example, this is the case
in remodelling bone which is wsually occuming around
implants immediately after their insertion, The two dif-
feremt imaging technigues in sueh situations do oot neg-
essarily identify all parts of that bone identically because
low mineralized bone thar sull s appearing red i Giemsa
eosin stain may alresdy be below identification threshold
(1.2 has u oo low X-ray absorption ) in contsct radiography
(e.g. Fig. 1). This is paticularly true for mon- or low
mincralized osteoid which is detected with Giemsa eosin in
different colors but appears 1o be invisihle in contoect
rachography [13]. Consequently, the effect 1n more pro-
nounced at early time points and less pronounced at later
time points when peri implant remodelling characteristi-
cally also is reduced, Another isswe is related o the rela-
tively high section thickness which is commonly used in
comparable studies. In thick sections, contuct radiography
detects the X-ray absorplion capecity of all mineralized
material throughoul the entire section thickness wheneas in
Giemse eosin stained sections usually only the upper
2030 pm of the section are stained while the deeper rest
of the section is basically not visible. Finally the two point
resolution  of  microradiographs,  although  completely
depending on the emuolsion of the X-ray detecting flm
used. is repored to be approximotely 5 pm [ 14] whereas
classical staining allows for two point resolutions around
| pm. This may result in a finer assessment of bone implant
coniact in stained sections.

Muore over, at the surface of a cylindrical implant, grey
shadows may occur when the section is nol exactly placed
through its central axis (e where the section not exuctly
runs perpendicutar o the implant surfoce at its greatest
diameter) and this phenomenon especially interferes with the
accuracy of the BIC determination where the artefact free
imaging of the comtact region is paramount. 1l can be
assumed, that this effect is less influencial in stained sections
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Fig. 3 Scaner plots of a
parmeters medsured, drvwn Sl
together with the regression ling

amd 95 % confidence intervals.
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Fig. 4 Bone implant condact (BEC) mtio scatier plot. showing the
values for 4 ond 12 weeks with different svonbols. Lines representing
linear reluteons between v and ¥ ais are shown with mathemitical
equations for easier orlentation in the graph. Al bodh e polais BIC
ratio on average 15 underestimated bt the effect is more pronounced
ot 4 weeks, BIC_CR = walues obtoined from comact radiogruphs,
BIC_GE = values obtained from Giemss eosin stined seclions

because here artefact refated imaging modalities can be
identificd and their negative influence can be avoided.

In summary the present investigation shows  that
evialuation of Giemsa eosin stained and contact radio-
graphed sections of implants showed strong correlation for

50 4

peri-implant bone density and bone implant contact mtio.
While both imaging methods showed moderate differences
for per-implant bone density there were mone pronounced
differences observed for the BIC values obtained. In gen-
eral. contaet radiography tends to underestimate BIC ratio
for approximately 4.5 % when compared to  values
obtained from Giemsa eosin stained sections,
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Bindegradable calcium phosphate cements are frequently vsed in human patients bue data regarding
resarption characteristic of Chran08™ Inject in meraphyseal bone defects are lacking,

Six panients {range 62-81 years) with a dorsally displaced distal radius fractuie were treated with
Feyvenris: volar locking plate systerss and ChrondS™ |nject application into the metaphyseal bane defect, Daring
Desial rasdius fracture implant removal {time in situ 6-15 months, average 11 months} a 2 mm diameter biopsy was obiained
Miotaphyseal bone defect froim the region of the previous cement injection. In all specimens’ area of bone, osteaid and remaining
:&Tﬂ;‘i’nt;:‘lm'm" tissue were histomorphometrically determined and presence of cement particles. bone marrow fibrosis

’ and signs of inflammation were recorded,

Vinal bawne tissaie, oeteoid formation, mast cell sooermence and marmow Rbrosis wene detected in maose
apecimens. Varying but small amoants all granular material identified as remainder of The: cement were
detected inall specimens, Agglomerations of granular material were alten surrswnded Lry o fssue and
islets of newly formed osteoid in direct cantact with the remaining cement also socumed. Bone density
(i.e. area per region of Interest} ranged between 9% and 36.2% and osteoid density between 0.5% and
7.8%. Bone osteodd ratio was higher in patients who received no osteoporosis medication and lower in
patients who received asteoporosis medication (range 6.0-32.1) The present study shows that small
amoarnts of Chron08™ Inject are still detectable in human patients 15 months after implantation into a
diistal radius bane defect. During tissue remodelling Chron0S™ Inject is integrated into the newly formed
trabecilar bape medwink,

@ 2012 Elsevier Lid All rights reserved,

recommended, ™ However, treatment of the void in addition with
locking plates at least in certain cases remains debatable.”

Introduction

The treatment of distal radius fractures |DRFs) aims to restore
the anatomy and should provide stability with minimal compro-
mise of hand function.'* In elderly individuals with osteoporosis,
bone quality can limat the possibilities for fracture stabilisation,
Although it is biomechanically evident that locking plates have
improved the ability to gain a reliable support of the distal
fragment in osteoporotic bone and although the use of locking
plates renders treatment of the metaphyseal wvoid usually
unnecessary' there are stll limits for that methad® If left
untreated the metaphyseal instability can lead to mal-alignment of
the distal fragments and loss of reduction. While using conven-
tional plates in the treatment of distal radius fractures, booe
grafting lor large metaphyseal cancellous bone diefects was

* Carrespanding author. Tel.: «43 512 504 HO8T3
Emoiil addres: rolatarora@oki.at (K Arora),

OOR0-TI83/5 - s (ront marter © 2012 Elsevier Lid, ARl nights reserved,
ety . dodorgy 10 10T & inuny. 201 306006

Autogenous cancellous bone i= usually regarded as the most
suitable bone graft procedure, supplying growth factors for
ostecinduction, & structural scaffold for osteoconduction, and
porential progenitor cells for osteogenesis. The anterior and
posterior iliac crests are currently the most common sources for
harvesting autogenous cortical and cancellous bone grafrs,*

However, limiting factors for this methed are the need for an
additional incision, increased theatre time and the limited gquantity
af bane which can be obtained. Donor site morbidity is high and an
overall complication rate of iliac crest bone graft harvesting up to
49% is reported ™ An alternative method is the use of allegrafts
which depends an an access ta.a bone bank.'? However, there is a
potential nsk for transferring contaminants, toxins, or infection
froam the donar,"™ amd the structural, mechanical, and resorption
properties of the graft may be altered by processing, preservation,
and sterilisation technigues,'"An alternative to aurogenous and
allografts are synthetic bone subsritutes. The most commonly used
mineral based substitutes for treatment of traumatic bone defects

Seite 29



1684 & Arcre et al /ooy, Ing |, Core fmjored 43 (2002 TH82- 168

are hydrogyapatite (HA) and tricalcium phosphate (TCP), Boch
compounds are applied in the shape of Blocks or granules. The
incorparation of blocks may be limited due to the shape of the
defect leading to incomplete bone-implant contact and thus, to
insufficient osteointegration.'®-#?

Recently, a new synithetic, biodegradable and injectable calcium
phosphate bone substitute was developed. Chron0S™  Inject
(Synthes, Switzerland) is intended 1o be used as metaphyseal
bome void fller for the repair of bone defects caused by fraumatic
injury or surgical intervention and for reconstruction of bone
defects. As an injectable bone substitute, it can also be applied inta
complex geometrical bone defects. such as remaining vedds in
compressed DRFs. Chron05'™ Inject has been successfully used in
cranioplasty in animal models**** and is approved for clinical use
as bone substitute in human patients, but there are no published
data on histological evaleation of ChronD5™ Inject in human
patients after 6-15 months of application,

The purpose of this study therefore was to investigate the
clinical behaviour and histological appearance of Chron0s™ [nject
that was applied into the metaphyseal bone void in dorsally
displaced DRFs in human patiems.

Patients and methods

Berween 2006 and 2008 Chrond5™ Inject was used to fll the
metaphyseal void in six patients (3 women and 3 men) with a
mean age of 70 vears (range 62-81, Table 1) with a dorsally
displaced DRF who were treated with open reduction and volar
locking plate fixation. Presence or absence of osteoporosis
treatment was recorded for each patient. The study was conducted
according to hospital ethical committee regulations (Medical
University of Innsbruck, Austrial Specific informed consent for
participation in the study was obtalned from all patients
individually. The use of ChronDs™ was indicated by occurrence
of a metaphyseal dorsal bone defect due to reduction.

All fractures were initially classified according to the AQ
classification and were then reduced under local anaesthesia in the
emergency department and immaobilised with a forearm plaseer
cast below the elbow. In all cases, the cause of fracture was a low-
enefgy injury (simple fall while walking).

Fracture management was performed in all patients with a
volar locking plate [2.4 mm LCP distal radius plates, Synthes,
Switzerland ). After reduction of the distal fragment and temporary
K=wire fixation, the plate was applied and the position checked by
an image intensifier. Subsequently the dorsal metaphyseal void
was filled with Chron0S™ Inject via an additional minimal
Invasive aceess over the dorso-radial aspect of the radius. Care was
taken that there was no extra-osseous exerusion, which would
result in soft rissue or imra-armicular deposits, Afver surgery. the
wrist was immaobilised in a light below elbow splint for

Table 1

approximarely two weeks. Active digital range of motion was
starved immediately, Ten days after surgery, sutures were removed
and physiotherapy with active and passive wrist mohilisation out
of a removable splint was started, The splint was applied for an
additional week after suture removal,

Postoperative standard anterior-posterior and lateral radio-
graphs were taken for radiclogical evaluation including dorsal tilt,
radial inclination, and ulnar variance at 2, 6, 12 weeks, at 6, 12
msiths and at final follow-up Immediate Postoperative CT-scans
wiere performed in all patients to document the localisation of the
applied ChronOS™ Inject, Union of the fracrure was defined as hone
bridging of the radial, ulnar, and dorsal cortical aspect of the distal
radivus within three months after surgery. Osseous integration of the
bone substitute was defined when there was no radiographic
evidence of cyst formation or osteolysis in the final follow-up
radiographs within the region treated with bone substitute orif the
bonie substitute was surrounded by newly fommed bane.

Implant removal was conducted on average 11 months (range 6-
15 mwoniths) alter the initial surgery, Two patients required implant
removal doe to fexor tendom irmitation; the other 4 patients claimed
it for personal reasons. After remaoval of the plates repreésentative
biopsy specimens of ChronQs™ Inject were obrained from the
previous dorsal metaphyseal vold zone, using a kyphex bone hiopsy
device with a core diameter of 2 mm. The exact position of the
trephine was ascertained with an image intensifier, taking the
postoperatively performed CT scans into account.

Histodogic evaluation

The biopsy specimens were fixed in 4% buffered paraformalde-
hyde, dehydrated in ascending alcohols and defatted in xylene,
Then the specimen were infiltrated with methyl methacrylate
(MMA) monomer, immersed in methyl methacrylate embedding
solution and polymerised according to the method of Schenk, ™™
The polymerised blocks were trimmed and cut at a thickness of
S5pm in a palmarfdorsal direction with a special hard tissue
microtome [Polycut, Reichert Jung). Prior to Masson-Goldner or
Methylene blue staining the MMA was remowved with xylene and
the sections were hydrated in descending aloohals,

For histomorphometric assessment of bone formation an entire
section of the biopsy was digitised using an Axioplan microscope
which was equipped with an Axiocam HRc digital camera,
The resolution of the resulting Images was approximately
063 . Using KS400 image analysis software (Zeiss) in interac-
tive mode. the outer contour of the biopsy was manually defined
and the resulting area was divided into a palmar and a dorsal half,
In each of the resulting regions of interest the relative amount of
bone, osteoid and remaining tissee was determined. In addition
the sections were gualitatively evaluated for presence of cement
particles, bone marrow fibrosis and signs of inflammation.

Matient history, type off fracture (A0 classification ) and histologecal classification, Nooe of the patients suffered from any metabalbc bome diseases | Le. choomc kidney disease,

higperparathogt Cenhing's di v, ar climonic liver disease]. # iindicabes that Beature is present, - o dccumence.
Pattent § Parieny & Pattent 3 Fariend 4 Patisnt 5 Farient &

Patlear hiszory
Gender {MIF] F M F M M F
Age in years 2 s =13 mn &1 i
AD classification 3 Q2 1 O i | e |
Thame b plate resmoal (e L] 12 12 L} 15 15
Tstenponsis mediralian il N Mo ¥es Yes Yes
Hismingics! observations
Cedl comtaining grey matersal * " +
Pelasn gl " " ® - W
Mudrinuciear gaane cell ¥ — * * ¥ +

Avital bone fragmends
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Table 2
{linscal results at final fodlow -up. First nunsber represents ahsolute values, second number represents relative range of mation/grip srength compared fo comtra. lateral side.
Marient 1 Pariest 2 Pament 3 Patient 4 Patient 5 Patieat &

Wrist extension in S0 (TTE] B0 (B3]} 65 {93%] 55 (9%} 65 {971%)] B0 [R3X)
Wrist Pesion in 45 (75%] 5% [TO%) &0 (BEY] 50 (07E) &0 {a2%] 40 (BTE)
Farearm supination in 25 (945 G0 [ OIS a0 (10T 00 [ 100%) B (&) f0 [RaE)
Farearm promatiom in 5 (943 S0 { 100K S ¢ TOCE ) HO [HErE) B (541 HO (53K
Grip strength in ky 16 (B0 26 [BTL) 26 (93%) 50 (80T 36 (B0 22 (Tox)
Darsal e in 2 4 o -5 5 o
Kaclial imciination in 14 21 L 12 I3 rl |
Uknar varance im mm I F. F] 5 L] L]

Two af the six MMA embedded specimen were investigated by
RET (uCT40, Scance Medical, Switzerland ) prior to sectioning: The
thresholds ware set to allow discrimination of Chron0s™ Inject
which appears to be more radio dense than the surrounding bone
tissue, The CT data were used to determineg the volume fractions of
Chron0s™ Inject and mineralised tissue and to generate a 3D
model of their distribution.

Results
Clinical ad rodiclogical resuls

Post-0p course was uneventfully in five patients and wrist
function of all patients is presented in Table 2. The mean follow-up
was 17.9 months (range, 12-27 manths) Clinical and radiological
folbow-up did not show any signs of inflammatory reactions or
ostealysis. Fractures united on average after 7 weeks. In one
patient { patient 4, Table 2 ) loss of reduction was ohvious during the

postoperartive course due o a highly comminuted and unstable
situation, which could not be neutralised with the locking plate
resulting in a dorsal tile of 257,

With increasing postoperative time penod, the implanted
Chron05™ Inject cement became smaller, the process starting
from the edges. After 3 months a defined sclerosis of bone in the
neighbourhood of the cement flled void could be observed
radiologically. Adjacent to the radio-dense centre of the former
bome defect a circular radiolucent area with varying width was
detected. After 6 and 12 months, the width of this radiolucent area
had increased and the area of radio dense material in the centre of
the former bone defect had decreased in all patients (Fig. 1)

Histological and wCT resulls
Qualitative evaluation of the undecaicified histological sections

showed vital bone tissee in most specimens. Only in a few cases
empty osteocyte lacunae indicated small regions of non-vital bone

Flg. 1. Radinlogic images of 2 69-year-okl woman (patierst &) showing a C2 rype fracture. Preaperative CT images shaw the dorsal metapbyseal vodd in lateval (a) and axial [b)
view. Immediate postoperative Jateral radiograph () show the metaphy=eal void flked with ChironDS™ Inject. The cement is visible 43 & Sructare with a ligher density than
bene amil & lower density than the implent metal. On the postoperate axial CT scan (d) the place (P and the pewghbouding cement [C) can be Satimgumihed, (@] Lateral
radbagraph 6 monthes afrer surgery showing resorprion of the bane orment {armes ), [ 1) Lateral radiograph 15 months after surgery, The: volar plate has heen remaoved and only

faimt rests of bone cement are detectahle (armow)
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Fig. L Methlene blue staived undecalcilied sections: (&) Granolar maverial (grey] surrounded by bone [light blue, scale bar = 50 gl (b) Cells containing grey material
[arrw) ard neasty & mast cell with metachromatic granula (°, scale bar = 20 i () Multimiclear glantoell in the marrow cavily (scale bar = 10 pm L (d ) Avical bone tssue
{umssained and no maiclel visible] with wital secondary esrean (Mue] mdicasing on-going remodelling (scale har = 50 pm),

tissue {Fizg. 2a and d}. These regions were usually surrounded by
vital bone which exhibited lacunae filled with osteocyte nuclei,
Ostecid formation of more than 1% per biopsy could be detected in
all but one case. The 3 patients with osteoporosis medication
showed always higher values for osteoid formation and lower
values for bone osteoid ratio than the 3 patients, who received no
oslegporosis treatiment. Due 0 the low number of individuals no
statistical analysis was made.

Iin fvost specimens (5 of &) 4 varying degree of marrow fbrosis
was detected, The severity of the condition ranged Trom minue
alterations which were difficult to detect to complete flling of the
marrow spaces with dense connective tissue,

In one case the sequestered bone fragments only exhibited
empy lacunae and this also was the specimen that exhilxited the
miost severe type of marrow fibrosis. In this case no osteoid
formation was observed on the dorsal side,

Tabbe 3

Cranular material {Figs. 2a, b and 3c.d) which was identified to be
Chron0s™ Inject was detected in all specimens in varying
concentrations. The distribution of the material across the sections
was inhomogeneous and this was confirmed in 2 cases by CT. The
telative amount of granular matenial which radislogically appeared
denser than bone was greater when determined by wCT than by
histological assessiment of the same specimen (Fig. 3a-dl

Histologically, bone tissue was found between the islands of
particulate materal and the materal was sometimes incorporated
within trabecular bone, There was no solid cement agglomeration
derectable in all specimens Investigated,

In some individuals cells filled with a grey material were found
together with mase cells, The latter were identified in Methylens
Hue stained sections by their metachromatic granula. Few
multinuclear giant cells were also detected in all but one specimen
[Table 1, Fig. 2b and ¢

Cuantirative histalogical amd wCT eeabuation of botie bapsies. For hsmological evaluation reglons of iinerest were delived lof the entire bbopsy and far the palimas aisd dodsal

tialf-separanedy; ma=not awailable

Patwent Histological evaluation uCT analysis
Bome [%] seenad |£] Bonefostenid ratio
Palmar Brarsal Civerall Palmar Dorsal Cheprall Palmar Drsal Drwerall Chronos Hane Bone/chronos
[mm?*| |mans?) ratio
1 290 2490 04 12 1.2 1.2 248 240 Pk na na na
2 %] 56 L% ] 1.4 iR s 4.5 616 11 .1 i na
3 405 4.3 .2 L1 11 1.1 358 161 Izl il (1% i
4 15 17.3 187 15 178 TE 1.8 1.0 4 i 1% na
2 281 118 N | 410 313 a7 T 43 L] o .5 973
i 194 26 209 1.7 11 24 114 T2 87 19 177 a4
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Fig- X Bone biopsy oblained from a 69-year-old femmale {patient 6}, (a) A three-dimensional reconstruction of 2 part of the bong biopsy was generated wiing pCT. The
trabecular boie b5 shown in grey, The globubsr ChronDS™ ngect gramibes are inhomopenoushy distritsived and marked in green (scale bag =1 mom | b Histobogical section
through a cornes ponding regenn as shvem in (4 ). Afler sining with Masson-Caldner trichrom stain the bone appears green, the nsreodd beght orange amd the soft rissue pale
arange grey |scale bar = 1 mm. (¢} Detaibed view of the region marked with a rectangée in (b]. Mineralised bone tissue (green) & surmounded by unmineralised ostenid
{orange, scale bar = 200 wml The granisdar Chron(a™ Inject particles are not staimed, bat the outline of a cement granule can be depicted [arrows ). (d) o a neighboaring
secTion staimed with Methadene blee the area occupied by e ChrondS™ Ingect granubes (* ) (s filbed with grey gradned marerial [scale bar = 200 pm ). Note that part of the
ChronDS™ Inject material is lost dusing the histological preparation and oaly the wold Barmerly sorapied by the matenial is lefe

Quantitative assessment showed that there was no differenoe in
bene density between palmar and dorsal regions of interest. The
amount of bone and active osteokd formation was calculated using
Masson-Coldner stained sections (Fig. 3b and c), The quantitative
data are given in Table 3, In some specimens palmar and dorsal
regions showed differences in bone density and osteoid amoun
but in the majority of cases (4 of 6) no difference greater than factor
2 was found,

Driscussion

The present study shows that Chron0S™ Inject &5 still
devectable in human patients 6-15 months after implantation
into a bone defect in the distal radivs. Chron0S™ Inject is
integrated into the newly formed trabecular bone and sametimes
ostenid was surrcunding the margins of a resarption zone, Fifteen
manths after implantation the relative amount of ChroanQs'™
Inject which was detected by pCT laid berween 3% and 10% of the
total bone volume of that region. This is more than 50% less than is
reported for MorianSRS™ cement after approximately the same
time of implantation™ indicating a superior resorption rate, with a
higher probability of trabecular bone regeneration.

Histological assessment of bone formation using parameters
such as osteoid ratio and bone density did not reveal any
detectable difference berween dorsal and palmar regions of the
bone hiopsies, We cannot calculate the amount of the initially
implanted material that has heen resorbed, but it is reparted, thar

in the elderly human patients the resorption occurs much slower
than previously reparted for animal models.® In the same study
Chron0s™ Inject exhibited a significantly higher rate of resorption
andd new bone formation at 2, 4 and & manths when compared 1o a
conventional HA-cement.™ Our reselts are in line with observa-
rions of Sarkar et al,*™ who reported slower Biobon" cement
resorption and bone turnover in different locations of the human
skeleton than in the wswally adopted animal models, Although
Biobon" cement does mot contain the same composition as
Chron05™ Inject, the results are to some extent comparable as
bath are calcium phosphate based cements. The Chron05™ Inject
remnants detected i this stody, did not show langer =olid material
agelomerations. This indicates that the resorplion process reaches
all regions of the cement filled former vaid region,

Bone marrow fibrosis, as observed In our specimens, |5 usually
seen a5 an indicator of previous trauma and subsequent
inflammatory reactions.”" Since the provacation of inflammatory
reactions has so far not been reported for ChronQs™ Inject™ and
because cancellous bone compression fractures result in signifi-
cant trauma to bone marrow cells, we interpret findings pointing in
that direction as the consequence of the initial trauma rather than
of the ChronDS™ Inject application, Clinically, patients with
anatomically restored distal radius fractures exhibited a good
ouitcorme in 5 of & cases when being treated with Chron0S8™ Inject
as a void filling bone substitute, In contrast te sintered ceramic
materials, which mostly persist without any change on X-rays
years after implantation, radiographs of cur patients clearly
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showed signs of resorption and incorparation, sech as reduction of
the implanted cement volume and sclerosis at its margins. In three
patients {patients 1, 4 and &} after an average of 10 months no
cement was visible on lateral radiographs. In the remaining three
patients {patients 2, 3, and 5] after an average time of 13 months
the cement was visible on lateral radiographs. Cement resorption
and new bone formation between individual patients varied,
Patient’s ape, fracture pattern, the different time in situ and
implanted cement volume could explain the variance in resorption
rate.

The mechanical progerties [compression and shear streagth ) of
injectable calcium phosphate cements (Chron0s™ Inject), are
known to be lower compared to PMMA which is highlighted in
ol series by the case with major loss of reduction. Linstable DRFs
with a considerable metaphyseal bone void are a distinctive
finding within an elderly population and often indicate the first
clinical onset of osteoporosis. Despite the fact that dependant
patients hardly require surgery,"’ several studies demonstrated
superior outcome in an active elderly population, when the wrist
has been anatomically restored.*

Conversely, the huge metaphyseal cavity following reduction
might be a matter of concern. Flinkkild et al.** demonstrated the
implication of defect size in metaphyseal ares of Colles fractures,
Whereas small trabecular bone defects heal spontanecusly this
capability is limited to.a certain extent.” The so-called critical size
defect cannaot be restored without additional support of bone graft
or bone graft substirite,™ Although the critlcal size defect has not
been defined in the clinical setup, these facts may justify the use of
a bone graft substitute, which has proven to support trabecular
hone regeneration.
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Beschreibung des Eigenanteils: In diesem Projekt habe ich die lichtmikroskopische
Untersuchung des direkten Kontaktes zwischen Knochen und Implantat durchgefiihrt und
deren Ausmass quantifiziert. Zusitzlich habe ich Elemente der Beschichtungen und der
eingesetzten Implantatwerkstoffe mit dem Rasterelektronenmikroskop und der
energiedispersiven Rontgenspektroskopie bestimmt und die Morphologie beschrieben. In das
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ABSTRACT: Cementless-surface-replacement-arthroplasty (CSRA) of the shoulder aims for functional joint restoration with minimal
bone loss, Good clinical results hove been roported, but due to the radiopogue metal shell no date is available on the structure, ssseous
'il'lI.l,.11".1'1.||L'h:||'|.I and bone stock under the imp\]unl,

14 hemi-C5RAE (4 manufactureral with two geometries (crown [n= 7] stem [n= 7] fixation) were retrieved from patients undergoing
revision due to glencidal erosion. Histological sections ecutting through the implant centre and bone were analysed. Quantitative
histomorphometry: evaluntod the bone-implant-contact and compared the bone-aren to native humeral retrievals n-= 75 The bone-
implant-interfoce was further assessed by scanning-electmn-microscopy (SEM) and energy-dispersive-x-ray ([EDXD)

Qualitative histology revealed a reduced and inhomogerneous bone steck. Obvious signa of stress shielding were ohserved with bone
predominantly visibie at the stem and implant rim. Quantitative histomorphemetry confirmed the significantly reduced bone-area
9.2+ 39% [erown 99=4.3%, stem B6+36%]) compared (o notive humeri (21.249.1%; p=<005). Bone-implant-contaet was
20,54 5 8% (erown 21,8 4 6.2%, stem 19,2 4 5.6%) which was conlirmed by SEM and EDX.

Altogether, CHSA shows satisfactory bone ingrowth at the interface suggesting sufficient primary stahility to allow osseous integration.
However, clear signs of stress shielding with an inhemogeneous and reduced bone stock were observed, The impact on the long-term-
results 1= uncloar requiring further investigation, © 2015 Orthopaedic Research Society, Published by Wiley Periodicals, Ine. J Orthop

Hes 33:1382-1500, 2015,
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INTRODUCTION
Cementless surface replacement arthroplasty (CSHA)
of the humeral head iz a viable alternative to conven-
tional shoulder arthroplasty in order to restore shoul-
der function in patients with specific indications
suffering from glenohumera! arthropathy.” Originally,
the implants were designed for you and active
patients to avoid stemmed implants,"™ but are in-
ereasingly used in elderly as well.? A major advantage
ia the preservation of humeral bone stock which eases
the conversion to a stemmed shoulder implant should
a revision become necessary.! CSRA also allows to
restore normal shoulder joint biomechanics more easi-
Iv, a8 the individual humeral anatomy is conserved in
large parts.™® Further potential advantages include a
reduced risk of periprosthetic fractures, reduced blood
loes, and shorter operation times. 7

To date, several studiezs have reported satisfying
short- and mid-term results”** " Furthermore, an
in vitro study evaluated the primary biomechanical
stability of CSRA and found that the implants were
providing sufficient initial fixation on the humeral
head." This is confirmed by the short term results of
the Danish shoulder arthroplasty registry where the
eumulative failure mode after 5 vears was 9.9% and
was mainly caused hy glenoid attrition (28,6%) and
rotator cull dysfunction (20.6%) whereas loosening
only accounted for 3.2%." However, long term data
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are still not available and little is known about the
bony reaction underneath the implant. Due to the
radiopague implant shell that covers the bearing bone
stock, the implant interface i= not visible on standard
'.K-I'E.}"E.“ At an early stage this makes it difficult to
recogmize failure of osseous integration or aseptic
loosening using standard radiographs or computed
tomography.”” Considering that hip resurfacing
arthroplasty (HRAL which has the same design philos-
ophy,” ghows distinct patterns of bone remodelling
under the femoral cup,"™™ it is of interest to investi-
gate the CSRA implanta.

The aim of this study was o evaluate the implant
related bone reaction of CSHA, with three main
questions heing addressed: (A) how 15 the osseous
integration at the bone-implant interface, (B) does
bone resorplion cecur below the implant, and (C) is
there a difference between various implant geome-
tries?

MATERIALS AND METHODS

Patients and Implant Retrieval

The stidy eohort consisted of 14 retrieved hemi-CRSA
implants. Implants were collected from four different ortho-
paedic departments according to their availability. Clinical
informaotion svailable included age, sex, the diagnosis at
insertion, time in situ, and the cawse of revision, Implants
were incloded il they had been anchored cementless and as a
hemi-resurfacing  arthroplasty due to ostesarthritis of the
shoulder and were revised due to glenoidal erosion. Accord-
ing to the information available, none of the implants had
shown obvious clinteal or rodiological signe of lossening al
the humeral side. The mean time in situ was 2.0 £ 1.7 vears
irange (.5-6.1 years), with details for the different implants
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Table 1. Implant and Patient Characteristics
Average Age Side
at Implantation {Implantsy Gender {Abzaolute
Sampling (Mative Humeri) [Abaolute Mumbers Survival
(years + S0} Mumbers m/T Right/left) {vears + S0}
Epoca in = T 62 4+ 21 (1/6} (3/4) 224256
Copeland in = 5 5 67 + 10 (1/4) (1/4) 1808
Capicain = 1) 70 (/1) L0 1.5
Global Capin=1" 48 i1} (1) 1.8
Central stem (n="T) 659 (L6} (34) LEx 0.8
Comical erown (n=T) 62 + 21 (1/6} (2/5) 224+ 25
Mative humerus (n = 7) B0 + 16 (374} 12/5) -

" = conical erown fixed” = central stem fixed

and patient characterizstics given in Table 1. The study
design was approved by the Institutional Review Board
(UETDR.03/8HAR).

Implant Design and Geometrical Differences

CE2RA implants investigated in this study were produced
from 4 different manufactures: Copeland n=05 (Biomel,
USA) Epoca RH n - 7 (S8ynthes, Bwitzerland), Capica n -1
(Implanteast, Germany), and Global CAP. n=1 (DePuy,
USAL All implants were anchored cementless with & central
fixution design to provide primary stability after insertion.
Two different central fixation geometries could be distin-
guished: One geometry with a central stem (n=T) used by
the Copeland, the Capica, and the Global CAP. (Fig. 1a)
and one geometry with a central conical erown-shaped ring
{n =T} used by the Epeca RH (Fig, 1k,

The Epoea RH (CoCrMo alloy) had a spherical joint
surface with three wedge-shaped circulsr Qutes at the distal
rim and a perforated central erown with three external
wedpge-shaped flutes. The whole bone contacting surface of
the implant including the complete crown 8 coated with
hydroxyapatite. The Copeland (CoCrMo alloy) had o spheri-
eal joint surface with a hydroxyapatite coating at the bone
eontacting surface and a futed taper-fit stem with a blasted

Fig. 1.
oateotomy next to the implant rim.

finish. The Capica (Titanium alloy) bad a non-spherical
shape with an inner titamium plasma coating covering the
inner surface including the complete hollow tapered atem.
The Global CAP, (CoCrMo alloy) featured a costing made of
metal beads which were integrated to the inner surface of
the implant including the proximal portion of the cruciate
stem. This metal beads are available with or without a
plasma spray hydroxyespatite costing covering the bone
eontact surface including the proximal stem.

Implant Processing

Removal was performed by an oscillating saw-ostestomy
right under the implant rim with subsequent extraction
(Fig, 10, Alter removal, the CRSA implant and the sttached
tissue were fixed in 70% methanol for 3 weeks, changing the
anlution weekly. The whaole apecimens were then transferred
to 100 ethanol, followed by xylene and Anally embedded in
polymethylmethacrylate (PMMA), A longitudinal section of
Lmm thickness was taken through the centre of the implant
uzing o diamond eoated band saw (Exact CP310, Exact,
Germany), The orientation of the cut with respect to
ahoulder joint geometry was not known, The sections were
ground polished (Exact 400, Exact, Germany) and stained

Example of two different CERA implants with varying geometries to achbve primory stability: al Copeland (Biomet) with o
contral stem and b Epoca RH (Synthes) WFI.:.l'I n central crown-shaped ring. Specimenz were retrieved

through an osvillating saw-
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with Giemsa-Eozin for gqualitative histolegical examination
and quantitative histomorphometric analysis (Fig. 2]

The microseopic analysis was performed with combined
ilhimination (transmitted and reflected light) as previously
described in Sprecher et al'” on an AxioTech microscope
(AmioTech, Carl Zeizs, Germany) equipped with & digital
camera LAxioCam HBEe, Carl Zeiss, Germany), The images
with a pixel size of 2.12 pm were transferred to a computer
ind analysed with a colour-image-analysis system (AxioVi-
sionV 4.8.2, and KS400, both Carl Zeizs, Germany).

Cealitative and Quantitative Evaluation

Qualitative evaluation of each single implant included digtri-
butivn and homogeneity of the trabecular bone, soft tissue
formation at the bone-implant interface, and inflammatory
reactions.

Quantitative assessment was performed for the total ares
under the implant (Fig. 2). The region of interest was defined
by the inner cavity of the shell and by a connecting line
between the rims of the implant {equals the resection level
during explanation), The measurements determined the
relative bone area (Bone area [BAr] in %) (orea covered by
bone/ total area of interest) and the amount of bone at the
imterface [bone implant contact (BIC) in %] (length at the
imterface with direct bone contact! tetul length of the inter-
face) under the implant shell (Fig. 3). The BIC was asseased
with a 100 magnification and a pixel size of 2,12 pm. The
B Ar wos assessed with a pixel size of 14.2 pm. The length of

the interface for the BIC measurement of the Global C.AP
with the spherical joint surface and the Capica with the
rough titanium sprayed surface was defined as the length of
the most superior surface bayver

To compare the bene stock of the CHSAs with that of a
notf-resurfaced humeral head, seven representative native
humeri were processed according o the retrievals, The
apecimens were obtained from Platinum Medical (Platinum
Medical, Henderson, USA) and had been collected post
mortem with appropriate consent of the individual or their
relatives.

After ereating o histological section secording 1o the
CRSA specimens, the B.Ar was determined for the area of
the humeral head which is usually covered by the CSRA. To
account for dilferent bone qualities, a representative set of
humeral bones with bone mineral densities (BMD) ranging
lrom good to reduced bone stock was selected (mean: 175 + 65
mg HAem3; range 117-297 mg Hojem)." The BMD was de-
termined by HE-pQCT (XtremelU'T, Scanco Medical,
Bwitzerland?,

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
(EDX)

Selected spotz of the bone-implant interface of some CHRSA
retrievals were further assessed by SEM (Hitechi S-4700
FESEM, Hitachi High Technologies, Germany! using the
histologieal sections in order to evaluate the osseous integra-
tion and the interface. The staining of the sections was

Fig. 2. Giemen-Eosin steined undecsloifed PMMA sections: ab notive bumeral bone stock of the corresponding CBRA implantation
area, b} Epoca RH, cf Copeland and df Capica. The native humeral bone stock is homogeneous and evenly distribuled {a). In contrast
the CSRA show a highly inhomogeneous bone dock (b—d} with incremsed bone substance ot the outer rim and stems (black arrowsr and
highly reduced bone stock under the central implant shell between the stems and rim (white asterix). At the bone-implant interface
predominantly bone substance and bone marrow cells are observed. The bane marrow appears normal. Focally, st the CSRA rim where
the implant had direct contact to the synovial thid, some connective tissue can be found (white deshed arrows), However, no
interpasition of any connective tissue was noted at the remaining interface between bone and implant shell
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grinded down, then thoroughly pelished and coated with
10nm of earbon, The chemical composition of the materials
at the implant-interface of the CRSA was then determined
by energy dispersive x-ray (EDX, Oxford Instruments, TTK),

Statistics

Values are reported as mean with standard deviation. After
evialuation for normal distribution with & Shapire-Wilk
Normality Test, the results from the BIC analysis were
compared between the different fxation peometries (comical
crown va. contral stem, Epocs ve, Copeland) by an unpained-
t-test. Accordingly, the results from the B Ar analy=is were
compared between the different fixation peometries (conical
crown wvs, central stem, Epoca vs, Copeland) and also
compared to the native humeri (all CSREA vs, native, Epoea
va. native, Copeland ve nativel by an unpaired-t-test. P-
vilines <005 were considered statistically signilicant,

1385

RESULTS

Qualitative Histological Evaluation

Qualitative histological evaluation of all CSRA
implaniz revealed no chronic inflammatory reaction in
terms of macrophage or foreign body cells under the
implant shell, especially not at the side of the contings,
Mo pseudotumor, wear debris, or histolytic prolifera-
tion in terms of a reaction on particles waz observed.
Furthermore, no signs of induced necrosis, fibrosis, or
acute nsteolysiz were seen.

At the inner implant nterface predominantly bone
substance or bone marrow cells were found with direet
econtact to the surface of the implant shell. There was
no conneetive tissue interposition obzerved at the
mnner interface between the bone stock and implant
shell, The bone marrow at the interface and the cavity
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ig. 3. Quantitative analysis for the bone area [B.Ar] and bone imy
lg.e“k areal! total wrea below the implint shell region of intenest ).
native humeri. No significant
length ol bone at the interface h".llh. direct contact o the Imp'l.nni
The BIC was 20.56-+5.8% for all Lur:rhplunt.a and designs. No signil
(Btatistical aignificance s shown with comparative p-values),

differences were observed between the various

lant contact [BICT: B.Ar was defined as the area covered by bone

B.Ar of the implants was significantly rl-duwl:l in comparison to
groups of implants and C is defined as the
ellow linel/ tolal length (vellow and white) af lhr,- implant interfoce,
nt differences were oheerved between the implants and designe
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appeared normal, Only foecally, at the outer implant
rim of few CHRSA specimens where the bone had
eontact with the joint and synovial fluid, some connec-
tive tizsue was oheerved, However, this was limited Lo
the edges of the outer rim and no interposition of
eonnective tissue was noted at the remaining interfacs
between the bone and implant shell.

In contrast, the overall bone stock appeared to be
reduced under most of the implant shells, For crowned
peometries, the bone stock reduction was most pro-
nounced at the inner part of the crown. For stemmed
geometries, the bone stock appeared to be reduced
between the central stem and rim of the implants
Prominent bone stock could be zeen at the outer rim
and next to the stems of the implants (Fig. 2).

itative Histological Evaluation
e Implant Confact at the Inilerface [BICY]

The mean percentage of BIC for all CHSAs was
20.5 + 5.8% (range 10.7-30.6%; Fig. 3). The mean BIC
for the Copeland (n=5) was 19.8 £ 5.3% (range 12.7-
25.6% ) and for the Epoca RH (n=7) 21.8 + 6.2% (range
10.7-30.6%, p=0.57). The BIC for the Capica in = 1)
was 11.8% and for the Global CAP. (n = 1) 23.6%.
Implants with a conical ecrown-shaped ring had a
mean BIC of 21.84+6.2% (range 12.7-26.6%) and all
implants with o centred stem had a mean BIC of
19.2 = 5,6% (range 11.9-25.6%) which was not signifi-
cantly different {p = 0.43).

Bone Area Under the Implanis [B.Ar%]

The mean percentage of BAr for all CRSAs was
9.2+ 3.9% (range 3.0-14.8%; Fig. 3). The mean B.Ar
for the Copeland (n=5) was 87 +4.4% (range 3.0-
13.6%) and for the Epoca BH (n="7) 9.9+ 4.3% (range
3.6-14.8%; p=0.66). The B.Ar for the Capiea (in=1)
was 8.7% and 7.7% for the Global C.AP. (n=1J
Implants with a conical erown-shaped ring had a
mean B.Ar of 9.9+4.3% (range 3.6-14.8%) and all
implants with a centred stem had 8 mean B Ar of
A6+ 3.6% (range 3.0-13.6%) which waz not signifi-
cantly different {p = 0.55).

Bone Area Under the Implants Compared 1o the Native
Reference Humeri

The mean percentage of B.Ar measured in the corre-
sponding area of the native humeri in = 7) was
21.24+91% irange 11.0-39.4%). Comparing the refer-
ence humeri with the bone stock of the implants, the
CRSA showed a reduced B.Ar by 2.3-fold which was
statistically significant (p=0.0004). For the Copeland
(n = 5 the B.Ar wag reduced by 2.4-fold (p=0.02), for
the Epoca RH (n = 7) by 2.1-fold {p=0.01), for the
Capica {n = 1) by 2.4-fold and for the Global C AP, (n
= 11 by 2.9-fold.

SEM and EDX

SEM analysis confirmed the osseous integration of the
histological sections and showed trabecular bone
apread into the implant surface, With the high resalu-

MIURMAL OF DETHOPAEDIC RESEARUH SEFTEMBER N5

tion the direct contact of hone and implant was clearly
seen for the hydroxyvapatite (ealeium phosphate) coat-
el Copeland and Epoca, the titanium coated Capica
and alse for the spherical particles coated Global
C.AP. (Fig. 4a—d).

EDX analyveis confirmed the implant materials used
with high levels of cobalt and chrome for the Epoca,
Copeland, and Global CAP. az well az titanium for
the Capica (Fig. 4e-h). Spot analysis of the interface
identified the presence of the hydroxy] appetite eoating
and the ingrown bone with high caleium and phos-
phate levels attached to the coating (Fig, 4e<h), No
connective tissue in between bone and implant surface
in termz of a fbrous interface was obhserved in the
analyzed interface regions (Fig. 41

DISCUSSION
Buccess of cementless implants is highly related to
their primary and secondary stability.'® Primary ata-
hility is= mechanically achived and depends on a firm
fit and lock between the implant and bone,"™*" Second-
ary stability is biologically induced and depends on
good hony on-growths into the implant surface,'*"
which is of utmost importance for the longevity of an
implant.'™ Beside, stress shielding is another factor in
joint replacement™ ™ and should be avoided as it can
cause excessive hone remodelling with leosening of an
implang, ™

In this study, osseous integration for the evaluated
CREA implants revealed a mean BIC of 20.5%. As
currently no data is available in the literature about
the osseous integration of cementless hip (HRA) or
shoulder {CRSA) resurfacing implants we compared
our results to the osseous integration of cementless
acetabular cups in total hip arthroplasty.®™* Pidhorz
et al. evaluated 11 titanium cups, coated with a porous
titanium metal wire, after 8 mean of 41 month. They
reported about a mean BIC of 29.7%, however with
some implants showing clearly lower values.™ Similar-
ly, Tonio et al. evaluated six retrieved cementless alloy
hip cups and reported sufficient stability.** The evalu-
ated hemizpherical alloy metal cups were completely
coated with hydroxyapatite on g sublayer of titanium
and revealed a mean BIC of 36.5% alter 3 and 7 years,
As none of their implants had failed, they considered
the lowest measured BIC of 20% to provide a sufficient
and reliable fixation.™

In thiz study, 9 from 14 CRSA implants had a BIC
of more than 20% and thus were clearly above this
threshold. From the remaining 6 implants, 2 were
slightly below this reported threshold {(18.8% and
16.2% ) whereas 3 implants showed a clearly lower BIC
(10.7%, 11.9%, and 12.7%). It iz unknown whether
those BIC2 are ahle to provide sufficient stability for
the CRSA, However, it has to be noticed that the
resulta of the other two studies were retrieved from
avetabular cups of the hips with differing coatings,
geometries, and fixation technigues,
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Furthermore, the forces acting at the shoulder are Nevertheless, a definite statement 1= at the current
clearly lower compared to the hip and therefore it state not possible and requires further investigation.
might be possible that even the lower BICs found in Connective tissue at the bhone-implant interface,
this study =till provide sufficient stability in CSRA which iz seen as an indieator for insufficient primary
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Fig. 4. SEM analysis of the bone-implant interface: s} Epoca RH (Synthes) with bone, bl Copeland {Biomet) with hydroxyapatite
coating luyver, o) Capies (Implanteast] with ttantum coating and db the Global C AP, (DePuyv) with & coating made of spherical
rticles, In all four samples the bone was attached to the interface with no connective tissue in-between (Co = cobalt-chrome implant,
“aP = ealeium phosphate (hydroxyapatitel, Ti = titanium implant, A = artefact (caused by PMMA shrinking), B = bone). EDX analveis
eonfirmed the im|:|h|r|.l malerials used with 11:i|.:l|. levielas of eobalt for the @) EFmrﬂ RH, I r.‘(li:ll,!.llll:ld. [ Global C AP, and Uitanium for the
hi L‘ufita. Spot analyeis identified & the ingrown bone with high calcium and phosphate levels, §} the hydroxyapatite (calciom
phosphate) conting and gl the ttanium eosting.
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stability,'""* was only found in some samples at the
edges of the CERA shell where the implant had direct
contact to the synovial fluid, None of the implants
showed connective tiszue formation at larger propor-
tion= of the interface between the implant surface and
hone, This suggests sulficiont primary stability and is
in line with in-vitro biomechanical CSRA studies '

Qualitative evaluation of the bone stock revealed,
compared to native reference humer without a des-
tructed joint surface, an inhemogenecsus, and reduced
bome stock under the shell of almost all CRSA
implants. Bone was predominantly seen at the outer
rim and stem of the implants, whereas only little
amounts of bone were observed in-between. This
finding was supported by the guantitetive analysis
which revealed a mean B.Ar of 9.2% under the CRSA
implants. This is elearly less than the corresponding
area of the evaluated reference humeri, which showed
4 2.4-2 7-fold higher mean B Ar in the corresponding
area.

Similar effects with bone remodelling as well as
femoral neck narrowing 7% have been described
for hip resurfacing arthroplasty (HRA), from which
the CSRA design was originally derived.” The causes
for the bone resorption in HRA are still not completely
understond and controversially discussed with bone
necrosis, wear debris, and stress shielding being
among the most frequently mentioned reasons,'™**4
Bone necrosiz under HHAs has been attributed to
compromised blood supply ® and thermal heat
damape during cement curing™ As the CSRA
implants were all cementless and no histological signs
of necrosis were observed, we have no evidenee that
necrogig or a compromised blood supply contributed to
the bone resorption, Similarly, osteolysis due to poly-
ethylene wear dehris was not obhserved and osteolysis
is unlikely a2 only hemi-arthroplasty implants with o
native glenoid were assessed.

Stresz shiclding has the strongest evidence to
eomtribute to the hone remodelling processes in
HRA." Several finite element analyzes have identified
the stem mnd the rim as primary route for load
transfor 2% lapding to distinet regional unload-
ing of the hone under the femoral resurfacing eompo-
nent. "™ The unloaded bone iz then resorbed and
has been described as femoral neck narrowing which
iz observed for a high percentage of the HRAs'
Similarly, for CRSA osteolysin around the prosthetic
rim has been described. '™ As zame of the implants
showed no progression, but some required revi-
gion,*™** the functional and elinieal impact of osteoly-
sis in CRSA is unknown. In contrast, a recent CRSA
atudy even described an increase of the periprosthetic
BMD at the 2 year follow-up, after an initial decrease
in the first 6 month postoperatively.” Those results
support rather than contradict our findings, as the
study did not measure the BMD under the implant
surface but at the periprosthetic rim and stem of the
implant where the stress shielding pattern lead to an

MOURMAL OF DHTHOPAEDIC RESEARCH SEPTEMBER 25

inerease of the bone substance. This might also explain
why periprosthetic osteolvsis is only observed in few
implants on standard radiographs ™

Az randomized studies are rare and CHSA retriev-
als are only available in himited numbers and biased
by surgical variables, finite element analysis are a
helpful tool to identify the canses. According to finite
clement studies in HREA, the regionally distinet load
transmission in CRSA creates areas of stress shielding
and unloaded bone."™™ Thiz explains the prominent
bone stock at the stem and outer implant rim where
the load is transferred in contrast to the unloaded
regions in-between where bone is resorbed ™ Up to
now no higher rate of aseptic loosening has been
published in the literature' and the bone resorption
process may be o sell-limiting process. A definite
gtatement to which extent this reduced bone stock
affecta the implant stability is not possible az we did
not test our CRSA samples mechanically during or
after extraction. Further investigation iz therefore
necessary to elarify the importance of bone loss and
giress shielding for the long-term stability and clinical
performance,

Another aspect that deserves attention in CSRA is
the fact that technically resurfacing & more than
hemispherical joint iz not possible without at least
partial resection of the subchondral bone plate during
the reaming process. The inherent loss of stability by
removing the subchondral bone plate might be the
critical problem in some of the shoulder resurfacing
implants that require deep reaming in order Lo he
adequately seated. However, in this study no signifi-
eant differences botween the erown and stem fixed
geometries or the coatings of the four manufacturers
were observed. Similarly, Jocubowite et al. reported in
their hiomechanical study only ahout small differences
in the micromotions when evaluating the primary
stability of the crown and stemmed fixed geometries,"”

Furthermore, the osseous integration into the im-
plant surface and coating seems to work for all
evaluated CRSA implants. Accordingly, Stilling et al.,
did not find a difference in a radiostereometric migra-
tion analysie after 6 month for the Copeland and
Global C.UP.* However, it has to be noted that the
limited number of retrievalz, the different CHSA
designs and the varying patient characteristics proba-
bly do not provide enough statistical power to deteet a
differences between the implant geometries,

This study has some further inherent limitations.
First of all, we evaluated a limited and uncontrolled
patient eollective. This is due to the relatively small
number of CRSA parformed, the unpredictable point of
time for a revizion and our inclusion criteria. Second,
we did not have full patient information and thus were
not ahle to address a possible migration of the
implants; the global BMD of the patients as well as
medications or other factors that might have affected
their bone quality, Third, we did not have preoperative
information on the amount of disease-related damage
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to the humeral head, especially the size and location of
eystic lesions prior to implantation, Fourth, we did not
have information on the rotational orientation of the
retrieved implant, therefore it is not certain that
osteopenia is homogenous in the varions regions of the
head. Fifth, we only evaluated implants that were
revised due to the diagnosizs “pain to glenoidal erozion”
and only after 8 mean follow-up of 2 years, These
aspects might have influenced on our findings.

In conclugion the ohservations of the present study
suggest that CRSA implants, regardless of stem, or
erown fixation, provide sufficient primary stability,
and allow osseous integration at the interface, Howev-
er, we consistently ohserve significantly reduced bone
area under the implant shell, which is probably eaused
by stress shielding due to changes in load transfer
onto and through the cancellous bone. Whether this
has an influence on the performance and longevity of
those implants remains unknown. Long-term clinical,
radiological, and retrieval studies are required to
determine the consequences of the ongoing remodel-
ling proceszes.
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ARTICLE INFO ABSTRACT

Cementless surface reglacement arthroplasty :EE;] ::ut the shoulder was designed o preserve the
individual anatomy and humeral bone stock. A matter of concern In resurfacing implants remains the
stress shielding and bone remodeling processes, The bone remodeling processes of two different CSRA

Arricle sy
Acrepted 30 August 2004

Kepwords: fixation designs, conical-crown (Epoca BH) amd central-stem (Copeland ), werne stodied by thnee-
Shouklen dimensional (30 finite element analysis [FEA] as well as evaluation ol contact radiographs from
Resurfacing FHnmman CSRA refrievals, FEA included one native husieris model with a sormal and one with a reduced
Arthraplasty bone stock quakity, Compressive strains were evaluated befsne amd alter virtual CSRA irmplantation amd
Hurmeérus the results were then compared to the bone remodeling and stress-shielding pattern of eight human
mlzm CSitA retrievals (Epoca RH med and Copeland n-d4). FEA revealed for both bone stock modeds increased
ilecheie oo compressive strains at the stem and suter implant mm for both CSRA designs indicating an increased
bane formation at those locations. Unloading of the bone was seen for both designs under the central
implant shell {conical-crown 50-85%, central-stem 31-93%} indicating high bone resorption. Those
effects appeared more pronounced for the reduced than for the normal bone stock model. The
assumplions of the FEA were confirmed in the CSRA retrieval analysis which showed bone appasitian
at the outer implant rim and stems with highly reduced bone stock below the central implant shell,
Owerall, chear signs of soess shiglding were observed for both CSRAS deskgns in the In vitro FEA and
human retrbeval analysis. Especially in the central parr of both implant deskgns the bone stock was highly
resorbed, The impact of these bone remodeling processes on the clinkcal outcome as well as long-term

stability requires further evaluation,
© 2014 Elsewier Lid, All rights reserved,
1. Introduction and mid-term functional outcome and no increased revision rates

Shoulder arthroplasty has become an efficient treatment option
for different pathologies of the gleno-humeral joint. Although
good clinical results are achieved, complications as periprosthetic
fractures, glenohumeral instability or aseptic loosening can com-
promuise the lomg-term success {Sperling el dl. 2003). To mphove
long-term strategies for patients and ease upcoming vevision
suirgeries, bone conserving implants have been developed (Ballas
and Beguin, 2003 Burgess et al. 2009 Delaney et al, 2003
Huguet et al., 20107,

Cementless surface replacement arthroplasty (CSRA) of the
humeral head has recently gained popularity as it conserves the
individual humeral anatomy and preserves humeral bone stock
[Burgess et al., 2009] Studies have reported about a good short-

* Corresponding author at: Department of Orthopaedic Sargery. University of
Munich [LMUL Marchioninistr. 15 BI3TT Munich, Germany,
E-mail godress; Flowkan Schmiduresmed. um-muenchen de (F, Schmldurz )

it e deonorgy 10 HEFHG ), | beanmesch 3= . 102
O0E-4200 e 2014 Elsevier Lid Al rights resenved.

for CSRA (Al-Hadithy et al.. 20012; Alizadehkhaiyat et al, 2013; Levy
and Copeland, 2004; Raiss et al. 2009). However, from hip
resurfacing arthroplasty (HRA) it is well known that resurfacing
implants affect the load transfer and induce stress shielding
(Gupta et al, 2006; Ong cf al., 2006a) According to Wolll's law,
stiess shielding can lead 1o excessive bone resorption aflecting the
clindeal outcome and leading 1o prematuce implant failure {Buben
et al, 2012).

Recent clinical studies have provided evidence that stress shield-
ing also oocurs in comventional shoulder replacernent arthroplasty
[Magels ef al, 2003; Verborgt et al, 2007). For CSRA of the humerus
anly little data is available, as the bone is covered by the ndiopaque
implant shell and long-term results are not yet available. However,
in a current CRSA retreval study, we found dear signs of stress
shiekding below the implant {Schinidutz e al, 2012,

Thensfore, this study aimed o further evaliate the load ransler
and bone remodeling processes of CSRA implants conskdering two
different geometrical designs, Finkte element (FE) models of a normal
and a reduced bone stock were oreated and the  stress-shielding
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Fig. 1. The applied boundary conditions an the mmeral FE models: {2} matee
humeris and (] with an imserted CSRA mpland. For both native hormeral models
{normal and eeduced BMD) and for rhe CSEA resarfaced miodels [Copeland amd
Epoca RH) the lcad was applied with the same veoor {dashd] line | over the seme
surfare area simulating the ghenoid, with an sgual magnitude of 150 N | 2mmow].

pattern were analyzed before and after virual implantation of the bwo
different CSRA implants. Furthermone, the results swere then compared
o human CSRA implant retrievals. Dur hypothesis was that CSEA
implants cause significant stress shiclding and bone remodeling
processes below the implant.

2. Materials and metlsods
A0 hreplant geamielry and e

Tweo C5EA deskgns with dilferent. Axation philosophees, ane widh a conscal-
crown shaped ring (Epoca RH, Defuy Synthes. USAL and one with & cemral-stem
{Copeland, Bomet, USA) (Mg 1 and 3} were svalvabed, Bath designs are
mmmmercially available and in climical use. They are anchored cementless amd the
cemiral stem indensds b provide sifTicient pricmary sabality alter insertion. Bod, the
Epenica RH amid Copeland have a sphenical joim surface amsd a Bydrisgdapaniog coating
at the imner serface to allow bone in-growth and ossecdntegration

2 Fimlde element omalisis

Theee-dimensional | 3-0) models of two Bumeral bone specimens with b
different bone stock gualities, normal bone stock [ dual phozon X-8ay{ DFX) lorearm
1-Seore 07, DMD radivs 0632 gicm? | and feduced baie stock [DEX forsdrm T-Scone
-2.5, BMD D340 glom”) were generated. Both specimens had similar anstomical
ane geometrical aribaites {normal bene model; centmany column diaphyseal (CCD)
anghe = 129, rermorson =47 and redoced bone madel; CC0 angle= 128°, retm-
torsion= 31 L The specimens had been mollected post maoriem with- appropriame
cansent of the mdividual or their relatives [Pldinem Medscal, Henderson, LISA)

The Fimer were scamned with Righ-resohition perpheral quangititive compated
mmography (HE-pQCT) (XeremeCT, Scanen Medical, Rristselien, Swinpertand) ar a
resailitian of B2 . The x-ray tobe was setat G0 kvp and S00 o4 and the Image matria
wize was of 153 « 1536 at nominal 82 pm soinopic resolution. The Integratian Hme
s s oo 300 meflseonds and the. phanboim was scarmed Tor qoalsny oidind

Fromm: the two scanmed humert, & mal of sid different FE models was cneanisd
|Vign. 2 amd 1), Three FE models were created from the hemenos with a good bane
uaity; ane native lumens model. one with an Epoca BH and one with a Copland
implant. Acconlingly, theee FE models were oreabed fram the humeros witl a
reduond boie gualing: cor nalive bumens madel, one wigh an Epoca BH and one
with 2 Coplard |mplant

The & models were created and - anabyzes) using the computed tomography
4T} data, the Simpleware software (Simpleware Lid., Exeter, United Kingdom) and

ADAS [assault Systerm, France ) FE software, Viriual templateng was perforimed
o deerening che corredt mmpland size. The meral FE madeis with am inglang
weere firer prepared by a wirmual eamer acconding to the manafactures inanontions
Theen each type of implant, an Epoca BH size 4 (openang diameter of 455 man} and
it Copelani size 4 (openang dameter of 462 mm], was implanted in the FL model
witlh & Eoddl boie aock gualing as weell as in the FE model wich g redoced Bome siock
quasiy [Figs. 2 and 3}

The comiponent cokentation was ina peural posthion according o the natural
anabormy of the bumeén, The mormal offset posigion of the humerad head was
reconstrocted. The maxnum shoukler contact forte vector [ 150 M] acting on Ehie
joent cender during mormal shoslder mosemeit |[Rergmasn e al, J0ET) wias
applied over an area simulanng the glenmd onto the humeral bead {AranTa o
al_ 2ty (Fig: 1), Then the implants were fssvred and the cup and stem wene
madeded as completely bonded The location and load application a5 well & the
miilary Conditam werd retaned unchanged i the FE models of e mative
haimeri and ater insertion of the CSRA implants (Epoca RH and Copeland ) (Fig 13
Thee distal part of the bone was conssrained inall directions.

Quadratic tetrahedral 3-10 stress ciements wene used for mesh generation
IWicecont et al, 2005) The FE models of the intact, Copeland mmplamted and Epoca
HH implamied contabned apgroghmagly 05 mifon 1 mlMaes amd 1.5 melllkan
clements, respecively, Mesh was generated wich Simipleware, while further pre-
perceiessing and sojuisoms were obitained using ABACLS, Bone was assumed o be an
iotropic material A Poissoi's ratio of 03 was assumed foe all maderials. The
Wiwiiig's istduilios [} al the imiplants | cobali-chmimlai-ialibdeisin alboy) was
IRID00 MPa, and the Young's Modulos and appanent densiy (p) wene allocated m
rcach bane element using the CT-scan daga and the relatomshsp, unng iteratve
caldration data and goide |Helgaon ot al, H0H)] m Smplesane as follows:

Grayscale Mass Density Young's
(GS) {pin g per ccm”) Modulus

(E in MPa}
= 14 ol 3
14-4000 G.6TR10 4333000 *aGS 3790803
= 000 L5 17000

X271, Amalysis off the compressive strming

The rhanges in strains of the bone stock werne calmolated post processing oy
each model This was done similar as desiribed by Bryan et al (2012 ] Feratly, Based
o e Sl and Heck 3208, The Booe aitsder Che mplan dhell wis divided o Sigha
regions [Fly. 4% Then for each region. the stratn results from the intact model wiene
compared to those from the resarfacsd model, thas allswing the change in strain
Iodliraing resurfacing bo be calculabed. The change im the lower princopal strain vwas
calculitdd according &0 Eq (1) a8 described by Quental ef &l (2002

by .I{H“Tﬂl ﬂ“',"'"
b gl {-"Irrﬂlkﬂ }Jr'-'l'

where i |5 the fcompressive siraim, ¥ s the solume of element § and 0 is the fotal
namber of elements in the analyioed regpon

.:lx Vi

dp = & |00 il

29 ovivo CSEA retrievels

200, [SRA fmjifands

The resalts of the FE model wee comparnd with the bome emodiling
precesses of human CiRA retmievals from an ongoing retrieval study |Schmiiluns
et al, ML Impiants were aken from patients with & CRSA which required
revisian die to glennidal erosion and pain. Mo signs of loosengng wene observed o
thi Baimieral shde aih the s-cags. Only CSRA Implants weie @daluated which wene
insertedd due fo ostecarthrits of the shoubder and had been used a3 hemi-
arthmplasty, Implants wene randamly retrieved from owo diffevent arthopedic
departments scconding (o their availshilsty, Two different implant designs wene
afalyzed, Epocd B [n=4) and Copeland (n=d), wiil a foesn thine in Sito af
3.7 = 2.1 years (detailed parsent data see Table 11 Remosval was performed by an
aupetomy right ander the implant fim wah sebweguent extraction, The sy
design was approved by the inststotiona] Beview Boand (LETOE O93/5RAS].

232 tenplont prodessing

Fixation al the CSEA implancs asd the arached fissos for Furlser evauation
waz performed by dehydraring the tissae in 1005 methanal far 3 weeks, changing
the solution weekly. The specimens were then transferred o 1000 ethamol
lmllowed by xylene for cbearing and  fnally embedded in polymethyl-
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Epoca RH

E, Min. Principal
{Avg 75%)

OLDRODO
=10

-0 001
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=00
~-0.00
0.0
=i,10
-0
=i
R R

—m
f=i=1-1-1-1- -1~} 1"
=SaDIesen

Implant

normal BMD

reduced BMD

Hg 1 Compressive seraims of teen bumeral FE models (normal BMD (a-c) and redoced BMD (d-F) before and after vimiual implantation of twa different CSRA dengne
{eentered-stémm Copelend (b, &) aind conkal-crovn Epoca RH (e, £ The bane i highly wnlosded (red aress) below the implant shell after CSRA and the strain & transferred

wia Che outer Implant nim [Mue ardash

methacrylate {(PMMAL Then longimudinal sections of about 1 mm thickness were
fakoen froin the center of each implaimt veing o dabosd Hade saw | Exact CPIE0,
Exact. Germany ) For qualitative comparssen of the bone sl after CSEA. Two
native humeri, ane with 2 pormal bone stock [P forearm ‘1-S0ore 003, BMED
a5 p;ll.'m:: ani ane with a redwced bone stock (WY forearm T-%care -39, BM0D
L89S giem?) were taken and processed acconding to the merriewals. Contact
radiographs al all specimens were [aken using a calinet x-ray machine { Faxitnon
Heray Corp, Hlinods, USAL Evaluation and documentation was done with a bright
light field microsmope (Axinskop, Cad Zetss, Germany ) equipped with a digital
camera [ AoCom HEC Carl Peiss, Germany), Qualitative evaluation of each single
wmaplant incloded the homsagemeity and diszebution of the bone stock belew the
imptant,

3. Resulis
3.1, Finire elernent analysis
The compressive strains for the native humeral models with

a normal and reduced BMD and after virtual implantation of the
CSRA implants are depicted in Figs. 2 and 3. The results for the

absolute strains in the eight regions are given in Table 2. The
changes [%] of the compressive strains compared to the native
hurmeeral meodels are given in Table 3 and depicted in Fig 4,

311, Normal bane stock model

The native model with a normal bone stock shows a predomi-
nantly homogenesus compressive sirain pattern in the proximal
humarus (Figs. 2 and 3a). After implantation of the CSRA implants,
the compressive strains change to @ mone inhomogencous pattern
in both implant geometies (Fige 2 and 3b, ¢} Furthermore, both
implant geometries show very low compressive strain levels in the
upper part (reghon 1-4), indicating unloaded bone stock. This
accounts especially for the upper central regions {region 2. 3}
where the compressive straing dropped from =139« 107" 1w -
054 = 1077 for the native humerus to a very low level of -
032 « 10" o -0.14 « 10" for the Epoca RH and -0,10 = 10"
o -0.07 = 10" for the Copeland (Table 2), This corresponds to a
relative decrease of the compressive strains after implantation by
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Copeland

Epoca RH

E. Min. Principal

(Avg: 75%)
000000
<. D10
= =10, DNEERS0
[ -0 ) 1 EV}
= 0. OO
[+ -0, 004
E -0.00
= i), ENERERDRCY
-0.0%
=~
=0, D ENERED

normal BMD

reducad BMD

Fg. 3. Comperesstve straims of teeo humeral FE models (marmal B0 {a-c} am reduced B0 d-0) before and after virtual mmplantation of two dilferent 55RA designs
(entered-sterm Copelad (b &) andd conhCal-crovwn Epaca BH (¢, 7). For Both implencs thee beme andier thse implant is clearly anlosded [red] amd the scran is mansfemmed via the
outer smgplant clm snd the seem, High comipressive sirains can especially be observed ar ihe tip of the Copefand sfem (o]

T7-85% for the Epoca RH and 93% for the Copeland in comparison
1o the native humeras stave {Tabie 30,

Load transfer after CSRA I8 predominantly seen at the outer rim
of the implant and at the stem (Fig 2b. ¢l Besides, clearly
Increased levels of compressive strains are observed around the
distal part of the Copeland srem whereas the Epoca RH shows a
mare homogeneous distribution and only slightly increased fevels
of compressive strains around the crown (Fiz. 3b, ¢l

312, Reduced bone stock model

The native humeral model with a reduced bone stock shows a
predominantly homogeneous cormpressive steain pattern in the
upper part (region 1-4 In contrast, the lower part [region 5-8)
shows a predominantly inhomegenecus compressive  serain
partern with high peak strains occurring in the regions & and 7
(Table 2, Fig. 3d), After insertion of the CSRA implants, the
inhomogenity of the compressive strain pattern increases in the
loweer region for both geometries. Furthermore, the upper regions

also change to an inhomogeneous compressive strain patterm
[Figs. 2 and 3e, N Simdlar po the normal bone stock model, bath
implant geometries show predominantly low compressive sirain
levels in the upper part (reglon 1-3), indicating unloaded bone
sipck. Lowy levels of compressive strains are again seen in the
upper central regions (region 2, 31, However, the decrease of the
compressive sirain levels is not as distincrive as in the normal
bone stock model, but still drops from 310 =10 1o -
1LBB« 10°" for the native humeros to a low level of -
1.35 = 107 ™ to 132 « 10°™ for the Epoca RH and -1.13 « 10~
o 052 = 10°% for the Copeland (Table 2). Compared to the
native humeral model this corresponds to a refative decrease by
27-57% for Epoca RH and 39-83% for Copeland (Table 3).

Im the lower pant (regeon 5-8), the stress distribunon was simikar
for all models, but revealing higher compressive strain levels. The
compressive  stralns i these fegions reached walues of
10,04 = 10 ™ po =372 107" for the native humerus, -B96 «
10" fo -3.76= 10" for Epoca RH and -8999 10" to -
449 = 10" for Copeland (Table 21
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narmal BMD reduced BMD
50 50
a5 FL —
] ]
= e ||I'
B B0
78 ™
100 ~100
1 2 3 4 1 2 3 4
d
50

L] Il'l]'II ML
A

-]

T a -] il T B

Fig. 4 Evaluton of the compressive strain in peroentage | 5] after CSRA companed 1o the native madets; (a-b) the upper regions | 1-4) amd [c-d | the lower Tegions {5-8) with
black=candcal-crown fixed Epoca BH and grey = ceniesed-stem fixed Copelamd. Especially the upper centrad zomes [1-3] are heghly unloaded after CSRA

Tahde 1
Patient characieristics of the remevals

Patient  Implant  Age  Sex Side  Diagnoses  fime-in-sit

1 Epoca BH 68 W right Oswecanhrds 10
F ] Epoca BH 4H w beft Ostenartbritis 4%
3 Epoca BRI S1 W ledt Osteoarthritis &1
4 Epoca BH - &1 L] et Duesarihiitis 06
-] Copeland 70 W Ll (stwoamhriis 140
& Copeland &0 W kelt Osheoarmhrics K1
7 Copeland 76 w rght Ostenanthritis 15
8 Copeland 62 (] bt Oetecartfritiz 5
Marpeg 1 Hormal L m Ll = -

Harive 2 Bedured by ] et = =

Tahie 2

Absolute compressive straim vabaes of the different modeds in B defined regions.

g Mol D Reduced BMD
. ﬁ Mative Epoca RH Copeland Mative Epoca BH Copeland

Reglon | - &40 — ORI - 129 -417 -7 =R
KRegion 2 =139 -0%2 =Lk -310 =132 ~042
Region 3 Do -0 aay LBE -1.35 Ly
Riegiom 4 -4 —0322 -.31 -334 408 AT7
Region 5 - 1,74 - 147 -3.56 —5,493 -5
Kegion & -3 =384 =184 S Ui A -H.3n
Region 7 207 -2 218 942 -758 -
Region § 07 -082 - (LAS in -im% 4489

Values in 1xE-03 = 0G0

Similar to the normal BMD moded, load rransfer afer CSRA §s
predominantly seen at the rim of the implant and ai the stem
(Fig, 3e, . Especiafly the Copeland geometry shows clearly
increased compressive strain levels ag the distal rip of the central
stem, whereas the Epoca RH has only slightly increased compres-
sive strain levels around the crown (Fiz. 3e, 7).

Takle 3
Evalutlon of the compressive sraim i peroentage [%) afer CSRA (Epoca and
Copefand) compared o the nasive modeds with a normal and reduced BRC;

29 9

Martmal BMD  Reduced BMD Noomal BMD Reduced B0

Reghon 1 - 6% BELE ~41% -41%
Region 2 - 175 - 575 ~b¥r _BTE
Region 3 #5% 2 o33 a%
Reghon 4 - 50% ZI% =31 At
Reghon 5 - 1% X -9 -BE
Eegion & 238 - 14% B ;3 Mt
Region 7 25% L Fj 2 o
Region § 0% 1% k< ik

3.2 Hurian CSRA retrievals

Qualitative evaluation of the CSRA retreivals showed for both
geometries and all mplants an inhomegeneous and meduced  bone
stock below the implant shell, Although the stems are locared
differently, rhe patterns of bone remodeling are similar for both
implant gerometries. Prominent bone stock was observed at the lower
implant im and around the stems of both implant designs (Figs. 5, 6L

321, Conical-crown geometry

For the conical-crown fixed Epoca RH the bone stock was
prominent around the outer rim and arcund the distal part of the
crown stent. Reduced bone stock was predominantly seen in the
irmer part of the crown and in the supenior lateral part of the implant
between the stem and the rim of the implant {Fgs 5a and Ga-d)

122, Central-siemmed geometry

For the central-stem fixed Copeland the bone stock was
prominent around the suter im and around the ceniral stem.
As the stem is located in the center, bone loss was not seen directly
in the central part, but between the stem and the rim with a
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rwih fixed Epoca RH and (b) cen st fixed Copeland C3
e Badiiee gRialicy at F

Fg & Cosvtact ra

e of the CSHA reirievads i} cowilcal-crown fed Epoca BH and (e -h) cepfened-stom fxed Copeland, Bone stock 45 vesorbsed under thee | mplani
d at the

recaminanthy s

neter Tim amd the spem

magimum at the supenor-lateral and medul part [Figs b aied resorption and compromise the outcome of an implant [Decking &1
e-h L., 2006; Rube t al, 20 The present study evaluated the
stress-shielding and bone remodeling pattern of two different
C5RA designs using FEA and human retrieval analysis,

Our results provide evidence that CSRA causes an inhomoge-
neous strain distribution in the humeral head and induces stress-
shielding. An increase in compressive strain and bone apposition

Xk { was observed around the stems as well as around the outer rim ol
humeral head area where the resurfacing implant is located. In
i 2 L o the implants. In contrast. the compre
contrast, afber C5RA with a mean of 3.7 years in situ, the bone

ik reduced i the oo
stock s inhomogeneous and highly redoced {Fip nd G

.23 |

By qualitative comparison of the native humeral sections with
the sections of both CSRA designs, the inhomogeneous bone
distribution is clearly apparent (Fi I, The native humeri hawve a
very homogenous trabecular bone structure in the superior

I TS

e CSITAIN Was |II'\-:

al part below the implant shell, which caus

undoading aned piion of the bome, These observaiions werns
by the human CSEA
To our knowledge, there is currently no CRSA

study that allows direct comparison of such stress-shielding
ation of stress-shielding is an important factor for the patiern in shoulder arthroplasty. Hor or, ourr results match well
long-term success of implants, as it can cause excessive bone with previous computational and retnieval studies on hip

indicarad by the FE simulation and confim

4, Discussion retrieval analysi

Minimn
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resurfacing arthroplasty (HRA) (Bryan et al. 2012; Gupta et al,
2006; Lomg and Bartel, 2006; Cng et al, 2006a; Pal and Gupta,
20015 Watamabe et al., 2000

Ong et al described in thelr 3-D FE model of cemented HRA
that stress and strain are shilted towards a non-physiological load
distribution. They found an increase in the stress around the stem
and thus bone formation at this location, Reduced stress and bone
resorpiion were reported below the resurfacing shell {Ong
ef al. 2006a). These findings are consistent with our resulrs,
where the main load is transferred via the stem and rim, and
the bone is unloaded and resorbed at the central region.

For the unloaded area, our data revealed a strain decrease by 21-
93% after virual CSRA implantation compared to the native humenas
model. Accordingly, Gupta et al described in their FEA analysis of HRA
a strain decrease by 20-70% and predicted a bone resorption of G0-
9% below the implant shell (Gupta et al, 2006) Long et al, whe
evaluated different varus and valgus positions for HRA in thelr study
reported that all conditions were assocated with a substantial
unloading and remodeling of the bone below the implang {Lomg
anil fartel, 2006} Watanabe er al, reported in their FEA study that
stress concentration in HIRA was observed at the outer implant rim
and stem, Stress shielding and bone resorption were described below
the implant shell and the authors even raised concern for the kng-
term survival and stability in pabents with osteopenic bone stock
{Watanabe et al, 2000}, Those in vitro FEA results are supported by a
former im v study that evaluated cemented HREA implants in a
sheep model. The authors described & high degree of stress shielding
and reported a high failure rate with completely or partially resorbed
bore in the supenor femoral heads bebow the mplant shell [ Phillips
et al, 1987)

However, i comparison o these siidies it had 1o be notioad that
the forces acting on the hip and shoulder joint are pot the same.
Besides, our study imvestigated cementless CSEA Implants, In contrast
o most of the HRA studies where the femoral component is madndy
cemented. Rothsiock et al. compared in an FEA sbedy different
cemented and cementless HRA designs, They finally proposed that a
cementless design might decrease bocal strain peaks ar the distal
implant rim and also might reduce the stress shielding and bone
resorption (Rothstock of al, 2001} Those results are in contrast to our
and the results of others [Ong et al, 2006a; Fal and Gugta, 200111 Ong
et al. compared cemented and comentless HRA implants i an FE
simulation and did not fnd a difference regarding the stress pattemn or
bone loading pattern and thus no advantage for the cemented or
cementiess HRA dedign (Ong et al. 200G6a) Pal et al. reponted for
cementless HRA about a S0-80% reducthon of the bone mineral
density within the superior resurfaced Femoral ead, which is simllar
o previous FE simulations on cemented HRA (Pal and Gupta, 2001}

In the current study, two different CSRA fixation geometries
were analyzed and bath showed similar pattern of stress shielding
in the FEA and retrieval analysis. An obvious difference was
noticed in the FEA with a high peak strain occurring at the distal
tip of the Copeland stem which has similarly been described in
studies on HRA [Ong et al, 2006a; Pal and Gupta, 2011, Rothstock
et al, 20011 L In contrast, the Epoca showed a more balanced strain
pattern arownd the stem, which is probably related to the bigger
surface of the distal part of its conical-crown stem. This peak at the
tip of the Copland stem became even more pronounced in the FEA
madel with the rediced bone stock.

Stress shielding around the central stem has been reported
before {Gupta et al., 2006; Ong e al. 20060) and varlations in the
length and diameter of the stem have been found to cause
different pattern of stress shielding (Rothstock et al, 2011}
However, a new and relevant finding of this FE study i5 that
load transfer via a conical-crown stem appears advantageous in
terms of a reduced stress shielding compared 1o a conventional
central stem. This suggests that the wse of stems which transfer

the load not only to the center of the bone, but also in the
surrounding area might be favorable, Furthermore, those designs
would increase the surface of the stem and thus transler the load
1o a larger bone stock area which might reduce the amount of
unloaded bone,

Similar efforts have been made with the recently introdoced
metaphyseal anchored shoulder implants. In order o create a
larger surface for improved stability and better load transfer,
implant designs with a six branches “corolla” shaped stem (TESS,
Biomet, UK] or 2 large, inner hollow and fenestrated cage stem
(Eclipse, Arthrex, USA) have been introduced {Brunner et al, 2013;
Huguet et al, 2010 However, studies demonstrating that those
designs offer an advantage compared to the current resurfacing
diesigns are not yet available.

In this study, higher compressive strain levels were observed
for the native model with a reduced bone quality and were in
general 2-3 times higher compared o the native model with a
normal bone gquality, This 15 in line with a study of Bryan et al. who
showed that strain kevels increased in HRA in femura with a
reduced bone mineral density and reduced cortical thickness
[Bryan et al,, 2012},

The relatively higher strain levels also remained after virtwal
CSRA implantation and raised concern about the stability of the
implants in patients with a severely osteoporotic bone stock, The
concern for patients with an osteoporotic bone stock as well as the
bone resorption processes has similarly been raised by others in
respect to HRA (Pal and Gupta, 2001; Watanabe et al, 2000).
However, a definite statement regarding the required bone stock
guality for CSRA implants is not possible, as the direct transfer of
the FEA results to in vive latigue data is difficult. The same
accouils for the stress-shielding and the substantial bone loss
below the implant shell. As we did not perform biomechanical
testing of the implants, we cannoi give a siatemeni about the
ultimate stability of the CSRA which reguires further investigation,

Although the present study allows a closer Insight info the bone
remodeling processes after CSRA, several limitations have to be
considered. First of all, only two geometric designs and bone qualities
were addressed with this FE analysis. Secondly, a limited number of
human retrievals was analyzed, which were from an uncontrofled
collective with different times in situ and implantation conditions. No
information about the bone stock quality was available for those
patients. Thirdly, we did not include the muscular forces and only
analyzed one loading direction. Finally, an inherent limitation of this
study s that we cannol provide amy data about the actual stabiling
after the ocowrence of bone remodeling and bow those eflects will
affecy the long-term performuance. However, the main strength of this
sty §s the direct comparison of the computational FE analysis and
the human CSRA retrievals,

In summeary, the FEA and CSRA retrieval data show that stress
shielding also occurs in uncemented resurfacing arthroplasty
of the shoulder. Load transfer changed to a highly inhomogeneous
pattern after implantation but appeared more homogeneous
for a conical-crown than for a centered-stem CSRA design,
The main Ioad transfer and bone appositicn were seen for both
designs along the stem and the owter rim of the implants. In
coritrast, a substantial decrease of compressive strain was
observed under the implant shell with unioading and resorption
of the bone, Further evaluation [s necessary o answer the guestion
o what extent these mechamically induced bone remodeling
processes will affect the clinical outcome and long-term resulis
of the C5RA implants.
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Crimical Triat/ExXpERIMENTAL STUDY

Histomorphometric Assessment of Cancellous and Cortical
Bone Material Distribution in the Proximal Humerus of
Normal and Osteoporotic Individuals

Significantly Reduced Bone Stock in the Metaphyseal and Subcapital Regions
of Osteoporotic Individuals

Christoph M. Sprecher, MSc. Flovtan Schmidutz, MD, Tobias Helfer, MD,
R Geoff Richards, PhD. Michael Blauth, MD, and Stefan Milz, MD

Absiraet: Osteoparosis is a syslemic disorder predomimanly affecting
postmenppansal women ut also mes af an ad d aze. Holl &
may suffer fromi low-enerpy fractures of, Tor example, the proximal
himiers whes reduetion of the bone stock orfasd qrality kas aceursed

The aim of the ourrexn stechy wis 1o compare the amoot of hooe iz
eaical et mome of the prosinal umeris is osseopimotic aitd -
vsiopanibe mdividuals.

The amowat of boms i the sroximal hemerss was deermined
histomarnhometrscally in frontml plane sections. The demor bones were
allomted to noemal and osteoparotic groops ssing the T-score from
distal madins DA measunsmenls of e sime extreanities. The T-score
evnleation was dome sccarding 10 WHO critenis. Repional thiclkness of
e subckomigral plute ard the metaphysenl coniml] bone were measured
using intemctive imape ammbysis

At all measured locagions the smennt of cmesllos bone was
sapnificanthy lwer is imdividusls frem the csteoaumtie group compared
to the nom-asteoparctic oee The ameoporctic group dhrwed mon:
sagnificunt differecces betowen repions of the same bone than 1be
nos-psteoporatic growp, In ot proups the subckondral cancellous
bow i the snbehomdial plate were kst affected by bone lose I
contrast, the medinl metaphysenl region in the osleoporutio gronp
pukibiled higher bome Lows in comparison to the bisml side

Thas observation may explan prevailing fache pattems, wiick
Ereuenaly inwalve compression fracturss and cemtainky has an infeenes
or the sahility of impslants placsd in teic medial region. it shoeld be
considered when planning the anchoring of adeosyrthesis matesigls i
isteoponitbc pativnis witk fracteres of the proxinsl humerus
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Abbrevintioms: BMD = bone migesal dersity, BTV = boee
wolume to total volime, DXA = dual-energy X-ray abeoaptiomenny,
WHO = Warld Heakth Ompazdzation.

INTRODUCTION

stepporosis = 4 systemic skelefnl disorder, which causes

reduction of the bone stock w-"s.ud aquuglity and impairs:
hinmeshanical stahility of the skeleton ' [t affects predomi-
nanthy pmst‘m:mpauna] wamen but zlso cecurs in men at an
advanced gge” Proximal humerus fachures are among the 4
maost freguent types of fractures in the elderly pl:lpu]u.nnu fi. £;
aged 63 years) and may ulready oceur after minor trauma,®
These frochwes stil] pose a challenge for adequate stalaliz-
ation i modem stensynthesis.” Despite all advances in the
field of osteogymihesis material development there are still
considerable probiems related to the cocurrence of screw cut-
il phenoenena g well as shori- and long-term  mplant
inatability,

This isamderlined ina previous sody” imeolving 53 elderly
patienis (mean age 63 vears, T2% females) whi bad prosimal
hmeral fracture, which was treated with an angular stahle
plate. Primary screw perforation during the operation was the
most frequent problem with 13.5% followed by secorsdary
screw pesforation with 7.3%. In o recently published prospec-
five multicenter shixly {131 pabents, mean age 66 vears, T0%
femabes) mvolving & polyaxial angolar stable plate the sy
frequent implant-related problens was - intra-aricular screw
perforaticn ocowring o 14.5% of patients."” Several other
studies bave resalted 0 comparable mitcomes. -

The coment elinical picture indicates 3 mericalar problem
related to the fact thet pe surgically accepted “bone material
distribmtion map " of the proximal humenas exists to give a pood
forecast for potestinlly wseful implant anchorimg posrhons. As a
resuft the stable plicement of mopknts can be very difficult,
capecially in the case of an osteoporotic fracture.

A particular problem in all stadies comparing normal and
asteoparotic dividmls relates to the Fuct that there ure no
geerally accepted rules Tor their clsifieation. Thas question
has b addressed i several studies and led fo o recommen-
dation by the WHO te classify normmal smd osleoporetic con-
ditwoms ming the Toscore,” Currently, the authors follow the
WHO chasafication and differentinte between nommal and
asteaporotic mdivkhnls based an T-scores oblaimed by XA
measirements of the distal radivs.
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It 15 nlresty known that osteopoross dogs not affect all
remions of the upper skeleton to the same extent™ ™ and thus it
canoot be assumed that redoction of the bone stock op'and
quality occurs more or bess homogenoos m afl pards of a larger
Iumnan hone like the humens,

Thervefore, the aim of the present study was o investigates
the distribution of bone tissue within the proximmal end of the
IzEnerus m fromtal sechions of nonmal and esteoporobc human
samples, Dhe to physiological differences i the regonal bone
strueture al materizl distnbution, we compared diffent
regions of cancellvus and corical bone in the proximal humems
and defined the regons with respect to the ocoamence of typical
fracture fmes"™ tm an elderly mtient collective, For concellous
Tome we choose the bone volume o to1al volume (BV/TV) mtio
as an appropriate parameter for asscssment of material distri-
tastion (hone density) whereas in the case of compact bone, we
wsed the cortical or subchondr] plate thickness as representa-
tivee paramseters ' 2

METHODS

Donors

Upper exiremities including the shoolder podmt from 12
donos {uvernge ape 686 vears, ape ranpe; 19-90 years, 6
imales, & femmales: further detals are giml in Table 1) wene
oltatned froon Platinwm Medical (Herderson, NV Speclmens
were fresh frozen and bad been collected postmonem with
appropriate consent of the individan] or of their relatives. The
specimens. were  handled  acconding 1o legol  regulations
of Switeerland.

DXA measarements from the distal mdius, ipsilateral o
the proximal humeras: used for histomorphomesry, wers
obtained for each specimen wsing o DXA - sennner (GE
Healtheare Looar Prodigy Di-14868, Madison, W1 and
the T-score was recorded as recommended by the WHOL
Donors were gronped into mormal and osteoporotic individ-
ualg using the T-score us o critedion for decision (details in
Tabde 1), This approach seemed resscmable becanse Rrap
pnger e al.' coukd demomstrate a correlation (eorrelation
cocfficient (157} between the average bone mineral densisy

(M values of the radivs amd humeral bead in living
homan patiends.

Specimen Preparation

After thawing, the specimen: were dissected and the
progimal thisd of the bumerns was reenoved and fxed for at
least 4 weeks in 106 methanod and then were debiydiated in
ascending concentrations of alcohol a1 room iemperanoe.
Fimally. the proximal humeral end was block embedded in
m:ﬂ:}ﬂmﬂth:u:r_!ﬂa.‘lr Al Tul}'mzri:'.ed @ fermperiare o
trodled water bath “"After bardening of the block, | section
per specimen was obtained in the frontal plane with 1 dismond
band saw (Exaki Makro [hsmond Bamd Saw, MNosdersieds,
Germanyh. Each section with o thickness of ~~500 um was
glued on & cosiom made plastic shide (size 55 = [10mm),
grcznd and polished with an Exakt grinding 400C5 (EXAKT,
Norderstedh, Crermany) 1o 8 thickness of ~~400pm and finally
siined with Chemsa Fosin s1ain

For overview pmapges the stamed sections were scanned
with an Umax Powetlook Scamer (Uinax 2000XL). Detalled
imapes ot hipher resolutions at selected locatiops wathin the
sections were made nsing 1 Zeiss Axioplan microscope (Zzivs,
Clatingen, Germany] nqu'ip|:||:|:| with a high resolution camer
tAxiocam HRc).

Definition of the Regions of Interest for
Cancellous Bone Material Distribution
Assessment

The me'lngu.'al section ol the promimal end of the
huteeres was sepurated jate differemt regions of nterest asd
thess regions then were morphometrically nssessed. To achieve
un unfiased and reproducible determinntion of the boundaries
of the viriows Tegions in ol the bumeri, the following peometric
scheme was applied. First, the central long axis of the hurmenas
was determined {line a in Figure LA) then fine b was drawn as
the conmection between the cranial and caudal end of the hvaline
Em:ilzu.lu.r cartibape coverng the head This line was comsidered as
a reproducible sdentifier For the cowrse of the “collum ansio-
micum” or anatomical meck. Purthes, o line ¢, perpendicialar (o

TABLE 1. Individual Donor Data Presentation

1 Age (yearsh Weight (kgh Height {em} BV (kg™ Gender T-Score
Wormanl 25,743 33 7 160 U] f —M ks
24, TRE an 86 193 231 m 0,6
24, TR0 1% 0 180 247 m 0.3
24,743 a0 9% (E4] 274 m LX)
24,745 an a3 140 45 f 14
25 741 11 S0 &0 352 m -9
Ml 54,7 Bl 1730 276
L] 0 113 14.8 45
Dsteaparotic 24,783 52 Q3 163 L] f 7
2, TR an 4% 157 194 m F4
24, TRS m an 1% 280 m -5.1
24,102 oy o0 (L 11] 352 m —4.3
24, Tad 54 a4 172 183 f 4
25739 7 55 180 170 m —6.3
Meam T8RS 722 16R5 236
5D 29 21.% 9.3 #3

EBMI= oy nass index, (= fasals, m = nals, 80 = sandand deviation.
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FIGURE 1. Schematic diagram demonstratng the differant regions assessed in all humer, (A) Giemsa Eosk stained section with
gecanetric cverlay showing all lines and distances used for definition of the reglons of Interest and locations of the meazurng points (8)
Sketrch drawing with the cancellous regpions of the humesal head (h), and the 2 subcapital regions (g0, 502} (C) Sketch drawing showing
the metaplyseal regaons m 1 {medial region) aid ind (ateral regicon). (D) Quber sulehondral (clark gray} and inner (light gray) cancellows
regﬁﬂﬂsurm humeral head, (E) Sketch drawing showing the locathen of the measuring points wihere the subchondral plate thickness wag
meazured. The hurmeral head joint surface forms a semiciecle and the head center is used o cover with measurng peints every 1 degrees
ol mitation. {F) The cortical thickness was assessed in B mgulu intenvals rrul:ﬁ.::ll].I and laterally {For cielails of the messurements, ses also G

thee lowg axis of the humerus (line a). was constructed in & way
that it met the cawdal end of line b at the poimt where the
cartilage ended. This line was divided into a medial aml a
Interal segment by line d. which was parallel to the long
buwrmeral &eis (ldoe &) and covered e periosteal sepmem at
the disial medial end of the proximal humenss. The medial
sepment of lise ¢ was divided into 3 segments of equal length
(51 in Figure 1A7 which were wed later to define the long
bomdardes of the 2 oeediol metaplopseal regions ml and m2 as
shown in Frgare 1C.

The regions of the homeral head were defined through a
line e, which mn throsgh the ceptral podmt of line b oAl
pempendiculor throngh . Line e ended a1l the bepinnmg of
the subchoodrol plate, which was not incloded into the bone
density assessment and was divided into 3 scpments (52 in
Figure |A) of the same length, The length of 51 was used 1o
construel the 2 snbeapdiol regions g0 and se2 (Fugene 185, Both
regions did nod include the contcal bone lanseliae &1 ctber end.
Tse rest of the concellous bone next 10 reglon b (hesd without
subchondral plate] represented the bone stock of the hamerml
head (Fignre 115 and C). In & further step it was divided o an
tmer anmd subebondral regann |:I"'i5u.m 1Dy, I.LE.i.IIE Igai.l.i the
length of 52 as an nnbiased peometric parnmeter for topopra-
phical separation of the regions.

Definition of the Regions of Interest for Cortical
Bone and Subchondral Plate Thickness
Assessment

The previcuasly defined permetric parmmeters were used as
bnmidmarks for defimition of the points whers the thickness of the
subchondral plite was measured, The katter was defined as the
distance from the end of the cartilage, stained in deep blue in the
Gizimsa Eogin stained sections, 1o the beginning of the mamrow
cavity (unstained). Measurements were ohinimed ot imervals of
L) ddegree using the cemtral pont of lne b ax the centre of the
seveirele sepresenting the homeral bead (Figune TE),

(:umﬁgh.r-:; 2005 Watery Klwwer Haalth, fne. AN mighen resered,

The cortical thickness of the medial and lateral compact
bone limells was obiained a1 % points on each side of the
humems. In order to nssess comparable skeletal repions in
different islividuals and 1o scoount for the individual gesmetry
of the bones the position of these poings was defined asing e
heighrof the humeral head as the reference distance, which was
chivided inio & segrvems of equal length. Starting at the level of
lime ¢ (Figure L AT Y medial and tateral cortical thackness valoes
were olamned (Flgure 1F and 105

Histomorphometry and Statistical Evaluation

Histomosphometric image analysis we performed with
the aid of KS400 Image analbysis software Irﬁiw. Cxtingen,
Ciermany ), Trobecular bome volume (BT a5 a sumopate
messure for cancellows bone material distrbotion  (bone
density), cortical bone, and subchondrol plate thickness™ na
& measnre for compact bope distibution were determined
mteractively on the Clemsa Fosin stadned sections using cus-
o rade KS400 macros.,

Results were statistically evoleated using SPSS version 21
(IBM SPPS, Armonk, NYb For detection of nommally distrib-
uicgl values the Shapiro- Wilk Test was weel, Regional valoes
were compmired using Uhe Genernl Linear Model Repeated
Measures or the Related-Samiples Wilcoxon Sipned Rank Test
with Bonferroni comestion,

Comparisons between the 1 proaps were performed using
test for oonnally disiilsied valoes and Helaed Samples.
‘Wilcoooon Signed Rank Test for non-normally distribted volues.
Significamce level was set ot P =10.05 for all statistical texs.

RESULTS

Groups and Samples

The average age of the 6 donors from the rormal (non-
asleapamiic] proup was 59 vears {1 29 years standlard devi-
atbn, range 19 90 and 79 years (+ 9 years stnndard devantion,

wwww, mid-jourmal. oom ] 3
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range 67 900 for the & donors of the asteaporotic gemap. In the
nomnnal group the T-score obtained from DXA messuremernts. at
the distal radive of the same amm ranged from — 0.9 | G ond inthe
asteoparotic group from ~2.7 to ~46.35 (Table 1), No nfonmation
regparding the domiresdt extremity of e donor was availahle

Histomorphometry of the Cancellous Bone of
the Humerus

Subcapital Region

The apparent density of the cancellous bone vaned
between the different subeapital regions of the humeral head
in normal and esteoporobic denors (Figares 2 and 3} The
cancellons region of the umeral head, which did not inchade
the subelsondml p!‘d[’l!: showed the hi.]gjlﬂt bane ﬂmsily walirs
The values were significantly reduced in the subeapital regions
nenr the *‘collum anatomicum ™, AT} tejgions imvestignied exhib-
iterl a1 signaficant decrease of bone density m the osteaporatic
grougp when compared to the normal group (Figures 2 and 3}
The most significant difference between the values from the
usteoporotic and the normal group was found in the frst thind of
the subcapital region (region tabeled scl in Figare 21 here te
rechaction of bone density wis most pronouneed

Metaphyseal Region

When the bone density of the humem] head was compared
o regms at the medial side of the metaphysis, the 3 regrons
showed no significant differences in the normal groop bt in the
osteoporotic proup  significant reduction of bore  density
acourred m the 2 regions of the metaphysis (Figures 3 and 43

Subchondral Region

As the regon of the nmmeral bead was relatvely lorge
commpared to the other regions, it was decided to divide the head
in 2 regions, | of them closer to the subchondral plate than the
wther The hane density vilues in thess 2 regions showed no
difference for the normal group bt a highly sigmficam ditTer-
ence Tor the asteoporotic group. Both regions showed o sig-
ntificant bone denaity reduction in the osteoporotic group wien
comgpired to the nomal groap {Fgure 5)

* Normal = Cleoponotic
.. 'y .. T
&0 p=avrg p=i13 :
T ] )
I (S, S .
E o | p=.008 :
= oe 003
= — e
p-_: s ‘lﬁ * { &.U‘l
} a3
I ] . 5 —I_ £
4 pe 22 = 'i-
Haad Subcapital  Subcapilal
{h} {51y (scE)

FIGURE 2. Comparson of Lhe histormorploanetfically dedermined
bone density (BVITV) in different reglons (h=head, scl=
subcapital region 1, sck=subcapital region 2y of the nomal
and oslropomtic growp, Inoall regions the bone density was
signilicantly lower in the osesgonete group when compansd
with the normal group. Plobs Indicate awerage values with
standard deviation. BY/TV = bone volume bo ol volume,

'1- I www.md-journalooom

FIGURE 3. Examples of the morphology of cancellows bone bn
niwrmal bone (A, C, E} and osteoporstic bone (8, 0, F} abtained
from Ciemsa Eosin stained thick mathyimethacrylate sections. The
regions in the mitddle of the head are comgrared in A and B, and the
sitrcapltal regions in © and D. In € and T the region at the medial
metaphysis i shown and the cotical bore is visibla in the lower
lelt comer of sach mage. {Scale bar 500 wm).

| S—

p=08 =08

Head Melaphyseal- Metaphyseal-
{h) madial (m1)  |ateral (m2})

FIGURE 4. Compariscn of bone density (BV/TV) between the
normal and osteoporatic groaps in the hesd and 2 egions on
the medial siche of the mnu.pl'r}ﬁis.. Supnificant diferences betwnen
the regions were lound only in the osteoporobic group. Plots
Inchicate avarage valies with standard daviathon, BTV = bane
seerhimie Ker Lotal volame.
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* Mormal = Ostecporolic
0 o=1.0
¥ 1
— 40 —_p=0
: AIV
E 30
LR
o 4 - =x=
p=22 p=022
Subchondral Innor region

FIGURE 5. Humarnl head bone density (B! 1Y) of the ncrmal and
nstl:npnrnlic group in the subchominal {dark gra:,r} and the innes
recpon {light cpray) has shaowtn sicpnific and dillerences in the oileo.
porotic bigt not in the nemmal group, The bone densiby of the
nstecpedic greup in both regions i sgnificantly lowear tian that
in the mommal group. Plobs indicate wvaracge values with standacd
deviation, BYTY = bome valume o total volums

Cortical Dimensions of the Proximal Humerus

Thickmess of the Subchondral Plate

The thickness of the sabchopdrl plate supporting the
articular carbilige was messured st defined kocations in both
growps, but revealed oo sutistically significam differences
between the osteoporotic and sormal group or the different
kecations within both groups (Figures 6 and 7)

Thickness af the Metaphyseal Cortex

The thickness of te cortical wall was measured nsedially
mnd aterally at 9 points cach. Only on the medial side the 4 most
distal mensirmg sites exhibited sigmaficund differences between
the 2 groups (Figures 7 and 8)

DISCUSSION

Csteaparosls s soen a8 4 syslemic condition, which affects
the bone metabolism of the entire body." Ag soch it & often
assumed that the bone stock andor aqpaility reduction process is
more ar less equally affecting all regons of the skeleton. Char
reaille demomicile that this 15 ool the case m e hi=oasn
provimnl umeris and thot certain topopraphical Tegions are
mve previalent fo bene redoction than others. Comparable

a Marmal

cranial
E 0.5,
E I}.?!

Mﬁ

mmmmm

£
Soif

& 0.0

i kL
cranial caudal
FIGURE 6. The Lhickness of the subchondral plate did nob sl

any significant differences batween the normal and osteopornotic
group o bebwesn the dillerent ocations,

|.":u||1_'| wight & 200 F Waltery Khewer Health, fne. AN nights peserend,

c

FMLURE 7. Examples of compact bone morpholegy In normal
bone (A, Chand ostaoporotic bone (B, 1), A and 8 show a decrease
of s hwsndral plate theckne s and C and © show the decrease of
cortical bone thickness In the lateral metaphyseal reglon. (Scale
ar 5040 jam)

findings have been reported for the bamman dista] humens '
distal mding,'” and for the proximal femor ™ ™ The fact thar
bane material reduction occirs in o nommiforn way i different
regpiend with cancellous bone bas kplications Tor the (sclure
risk potential and suhsequent treatnsent of osteoporatic humeral
head frachures and our results may also belp fo predict regions in
asteaporotic bumeri, which are likely mare suitahle for anchor-
ing of astensynthess materials in coses of fracture than others,

proximal

distal

0123 4501
Cortical Thickness [ mm ]

23 485

= Mormal = Cstenporolic

FEGURES. The iwvestigation of cortical thickness ak Lhe |atesal and
maidial sicks of the metaphyzeal region exhibited considersbis
dilfferences between the dilferent boations in both groups, Onhbe
foe the most distal locations of Lhe medial cores (highibghied Ly
dark gray bowxes) the thickmess valwes From the normal and
aalsoporotic graup showsed signilicant dilferences,
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Char resules also show that the himmen of normal mdivid-
waly exhibit significant regional cancellons bone density
variations and that these distribation pattemns are changed
under asteoporotic conditions,

The cancellous bore of the hmeral haad hac the highest
s devsiny in regions close to the subchondeal plate. Closer to
the anatomical neck the bone material density decreased and
this effect was hecommg more and maore pronounced m osten-
porasis. The regionaly distinct and mereasing degree of osten-
porotic cancellous bone reduction 15 best reflecied by the
significant hone material decrense in the 2 medial metaphyseal
regions These 3 regios exhibit more bone loss than the
comespanding osteoporotc humersl baad, which alss shows
significant bone reduction when compared fo a normal hunmeral
head. It is infercsting to note that a significast difference
hetween the bone density values of the head and these 2 regions
were only ohserved m the osteaparatic group whereas no
differences were detected in the normal graup. [ B wonh
g that o osteoporatie patients this region often fails o
withstand the compressive stresses acting on the typically |
superiorly pliced fragment of the fractered hesd and that this
cansed deterorstion of the siability of 2 surgically treated
Iemeral bead™ [t s alio worth 1o pote that this region is
already showing o tendency fowands lower hone density values
in mormal patients.

In narmal patients the humersl bead bas o relatvely
uniform cancellous bone density, which & significantly reduced
in the cenmal amd especially subcapital regions im the osteo-
poric groap. The osteoporotic hone Tedoction process
obwvimely affects certain regeons mare severe than others among
them egpecially the cancellous boiwe at the level of the anatons-
ical neek. This weakening of the huneral hiead stability is well
reflectad by the chamcterishc shape of I:'rcqmntgy DECIITING
zneral head fragments 0 ostesporatic patients,

In the sinss context 11 was of iterest to check whetber the
subchondral bone plate, which consists of the subchondral bone
and the overhang mineralized cartilage, was reduced in thick-
ness noder gsteoporotic conditions, Thas clesrhy was nat the
case I our investigation and it Jooks as if the umeral sub-
chondral plate thickiess is a parmmeter which s vot or minch less
affected by ceteoporosis. At present we can only speculats on
the rensons for this observation. [0 has however been observed at
ather locations of the skeleton that coneellous bone may be
ek sarkier affected by osteoparasis thas cortical bone™ and it
could well be that there is another difference for the subchondral
plute beneath an artkalar joint amd the shaft cortieal hane Here
it has o be noted that the sabchandral plade s conasting nat
uu'ﬂy af bone bt also of mbvera)zeed mrh']:gcw and thad the
composition may vary considerably between individun joints

Since the sability of the shaft of 2 long bone is well
detemuined by the thickness of the cortical bone, it was most
interesting 1o sse bow the tansiton zone, wlere the boad-
hearing function s shified from the cancellons bone of the
hameral head to the shafts cortical bore, would be altered in
gstenpurosls. Interestingly, the only sigmbficant difference we
could deteroine was seen inthe medial and distal cortical bonse
covering the medial metaphiyvseal regions. This was su::_Fl‘isillg
hecunse in the femaral neck region Lehaze & Seemann™” could
demansitate sypnificant changes of cortical thickness bebween
normil amd pfeoporotic indraduals. As menhoned hefore, 1n
proximal homens frachuoes the mechanical properties of the
medial metaphyseal region ure of paramomnt importance for the
stuhility of o Jocked Plate™ or 2 intramedullary nail ostensynth-
exin.’® Al pther measuring points and this means aleo the entive

ﬁ | www.md-jnurnal.oom

Interal side of the humenzs d@d not show s sggefacant difference
in cortical bone thickness when osteoporotic and narmal bumeri
were companed,

Althouph owr iovestigation s only wsang the hameri and
radia from 12 dasors, subdivided 1ot 2 equally szaesd groups of
mormal and osteoporetic individuals, we could obaere signifi-
cant differences mo bone material distwribution and cortical
thickness m various regions of the proximal hmenss Thas
however 18 only achevable becase the histomorphometric
determination of bore matenial dstributton (e bone @rea
per field of view) wae made m large resin embedded sections
of undecalcitied bone which alkews for high imagimg resclution
The ktter 15 mandstory for the relinhle determiration of thin
bone structures. These thin cancellous or cortical structures
canol be reliably detected with other methods such as p-CT o
elinical CT because the current voxel sizes coincide with partial
vohmme effects which aflect prediennantly regrons with very
Jow bane density and few fine stresetues. I bowever can be
arged thot we only mvestigated | section ard not the astire
volume of a proximal humenss. This is owed to the complexity
of the measurmg process and the geometricn] determination of
the regions and points of mterest. Since all proximad amen are
of different size and shape, our approech sims to standandize the
choice of mndomly sskected regions of interest. Using repro-
ducihly defermined regions of imferest For morphometric bone,
miaterial distribution nssessment i3 an impartnt advantsge of
our study design. Moreover, it i a necessary precondition for
the statistical analyses we performed,

Climically, oor results render the medial metaphyseal
region a8 nit very sufficient for implast (e screw) anchoring
1 gateoparole patients. In these patients it would probably be
more successful o wse Jenger screws aiming at regions where
more hooe stock 38 present

Howewver, our results are based on singde sections n the
Fromiad Tl]rmz af Tsrmill:ui humen ozmed from o losed
number of donors. Thus the surgeon has to consider other
out-pf-plane regions which may potentinlly provide sufficient
mplant ancharing copacity

Oy resulis show that the variows regions of the proxinal
haneerus exhibit different bone materin] distibutions n oemmal
and osteoporotic individuals Osteoporotic individuals  show
myore promeunced differences than nommal indrvidoaly in variooas
regians of the proximal hamerus, ihomogensously affiected by
bone loss. Especially the medial metaphyseal region expesi-
ences 3 paricularly high bone kss and this biomechanical
weakenige This iy influence the prevaaling fracthare patterns
ancd alsn mterferes with osteasynthess sability
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