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1. Einleitung

Die Implantation eines kunstlichen Huftgelenks wird als eine der erfolgreichsten
Operation des letzten Jahrhunderts bezeichnet (Learmonth, Young, and Rorabeck
2007). Sie ist zwar mit einer durchschnittlichen 10-Jahres-Revisionsrate von 5%
aullerordentlich erfolgreich fur Patienten zwischen 65 — 79 Jahren, bei jungeren
Patienten (30 — 39 Jahren) liegt die Revisionsrate jedoch bis zu dreifach héher (Lee E.
Bayliss et al. 2017a; Garellick et al. 2011; Kuijpers et al. 2020; Sean S. Rajaee et al.
2018; Swedish Hip Arthroplasty Register 2019a; United Kingdom National Joint
Registry 2019a). Als primarer Grund fur diese erhohten Versagensraten werden
insbesondere deren hoheren Aktivitatslevel diskutiert (Gandhi et al. 2010; Johnsen
2006; Koenen et al. 2014; C. A. Mancuso et al. 2009; Scott et al. 2012; Wright, Rudicel,
and Feinstein 1994). Unterschiedliche Studien zeigten bereits, dass die heutigen
Patienten deutlich aktiver sind als typische Patienten, die in den 1980er bis 1990er
Jahren mit einem Gelenkersatz versorgt wurden (Bohannon 2007; Hoorntje et al. 2018;
Naal et al. 2007; Schmidutz et al. 2012). Sie kehren postoperativ haufiger und auch
friher an den Arbeitsplatz zurick, sind im Alltag aktiver und treiben wieder bzw. auch
haufiger Sport (Abe et al. 2014; Bonnin et al. 2018; Lefevre et al. 2013). |hr Anspruch
den gewohnten Freizeitsport beizubehalten bzw. die Aufnahme neuer sportlicher
Aktivitaten, spielt fur die individuelle Lebensqualitat dieser Patienten eine immer
grélker werdende Rolle (B. W. L. Healy et al. 2008; Koenen et al. 2014; C. A. Mancuso
et al. 2009; Wright et al. 1994). Sie haben somit deutlich hdhere Erwartungen an die
Belastbarkeit und das langfristige Uberleben ihres Gelenkersatzes (Cutler, Deaton,
and Lleras-Muney 2006; Gandhi et al. 2010; Roser 2019; Scott et al. 2012).
Infolgedessen steigen auch die biomechanischen Belastungen, aber auch die damit
einhergehende in vivo wirkende Gelenkreibung. Demgegenuber sind die in vivo
wirkenden Gelenkbelastungen und die daraus resultierenden Reibbelastungen im
Gelenkersatz, insbesondere bei hdher belastenden und sportlichen Aktivitaten, vollig
unbekannt und somit ein potentieller Risikofaktor fur die Lebensdauer und
mechanische Stabilitat des Gelenkersatzes. Nach Bayliss (2017). betragt das
berechnete Revisionsrisiko fur Patienten mit einem Alter von im Mittel 60 Jahren bei
der Primaroperation bis zu 35 % (Lee E Bayliss et al. 2017), wohingegen noch jungere
Patienten ein deutlich hdheres Revisionsrisiko aufweisen (LUibbeke et al. 2007).

Patienten, welche jedoch bei der Primarimplantation 70 Jahre oder alter waren, haben
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hingegen ein deutlich geringes Risiko von nur 1-6 %, sich nochmals einer

Revisionsoperation unterziehen lassen zu mussen (Lee E Bayliss et al. 2017).

Ungeachtet dessen bleiben die Revisionszahlen trotz erheblicher Verbesserungen auf
dem Gebiet der Endoprothetik, insbesondere aufgrund von Abrieb und aseptischer
Lockerung auf bemerkenswert konstant hohem Niveau (Urjit Chatterji et al. 2004; Huch
et al. 2005) und haben wahrend der letzten zwei Dekaden zu keiner signifikanten
Verringerung der Revisionsraten gefuhrt. Die Lebensdauer und Standfestigkeiten vor
allem der acetabularen Komponenten stellen hierbei immer noch ein signifikantes
klinisches Problem dar. So zeigen Analysen des schwedischen Prothesenregisters,
dass bei bis zu 70% aller Primar-Revisionen und bei bis zu 48% aller multiplen
Revisionen nur das Inlay oder nur Inlay und Pfanne gewechselt werden mussten
(Garllik et al. 2012). Offensichtlich ist somit die in vivo auftretende Reibung nach wie
vor der Hauptrisikofaktor fur den Gelenkflachen-Abrieb und Lockerung und damit fur
das langfristige ,Uberleben‘ des Gelenkersatzes (Australian Orthopaedic Association
National Joint Replacement Registry (AOANJRR) 2019; Bergen 2019; CJRR 2008;
Grimberg et al. 2020; Leif | Havelin et al. 2009; Huch et al. 2005; NJR Editorial Board
NJRSC 2019).

Wenn Faktoren wie das individuelle Aktivitdtsniveau, die Arbeitsjahre nach der
Operation und die individuelle Lebenserwartung weiter zunehmen, ist zu erwarten,
dass das individuelle Lebenszeitrisiko fur eine notwendige Revisionsoperation bei
jungeren Patienten sogar noch weiter zunimmt und so die absolute Zahl von Gelenk-
Revisionen deutlich ansteigen wird. Speziell der in vivo auftretenden
Gleitflachenverschlei® an Inlay und/oder Pfanne, und die damit verbundene
aseptische Prothesenlockerung ist immer noch ein ungelostes Problem in der Huft-
Endoprothetik (Australian Orthopaedic Association National Joint Replacement
Registry (AOANJRR) 2019; Bergen 2010, 2019; CJRR 2008; Grimberg et al. 2020; L.
I. Havelin et al. 2009; NJR Editorial Board NJRSC 2019). Zur Minimierung dieses
Verschlei3problems bedarf es umfangreicher Materialforschung. Hierzu werden
wiederum realistische Belastungsdaten in Form der in vivo wirkenden
Gelenkbelastung und Gelenkreibung bei alltaglichen, aber insbesondere auch bei
héher belastenden Aktivitaten far analytische als auch experimentelle Studien

bendtigt. Obwohl die Gelenkreibung als ein wesentlicher Risikofaktor fur die Standzeit



einer Huftendoprothese bekannt ist, ist erstaunlich wenig Uber die tatsachlich in vivo

auftretende Reibung und deren in vivo vorherrschenden Einflussparameter bekannt.

Reibung

Die Reibung wird in der Tribologie als Teilgebiet der Mechanik beschrieben als eine
Wechselwirkung zwischen zwei sich beruhrenden Kontaktflachen. Man unterscheidet
hierbei im Wesentlichen zwischen der Haftreibung, die auftritt wenn die Kontaktflachen
keine Relativbewegung zueinander ausfihren, bzw. der Gleitreibung, wenn zwischen
den Kontaktflachen eine Relativbewegung stattfindet. In beiden Fallen wirken die
auftretenden Reibungskrafte einer potentiellen Bewegung bzw. dem Start einer
Bewegung entgegen. Der dabei auftretende Reibungswiderstand ist dabei abhangig
vom Material der in Kontakt stehenden Gleitflachen, als auch von der vorherrschenden
Gleitflachenschmierung sowie der spezifischen dynamischen Interaktion der
artikulierenden Flachen miteinander (Bart, Gucciardi, and Cavallaro 2013). Diese
Zusammenhange wurden bereits im 17. Jahrhundert von Charles Augustin Coloumb
(1736-1806) postuliert. So konnte dieser zeigen, dass die auftretende Gleitreibung im
ungeschmierten bzw. im trockenen Zustand abhangig von der wirkenden Kontaktkraft
ist, jedoch unabhangig von der Grofde der interagierenden Kontaktflachen und
Gleitgeschwindigkeit. Fur eine Charakterisierung der so wirkenden Coloumb’schen
Reibung wird in der Tribologie daher der Reibungskoeffizient y verwendet, welcher
sich aus dem Verhaltnis von Normalkraft Fn (relativ zur Kontaktflache) und der
vorherrschenden Reibkraft Fr (in Gleitrichtung) ergibt (Abbildung 1).

Abbildung 1: Coloumb 'sches Gleitreibungsmodell;, Reibungskoeffizient u, Normalkraft
Fn, Reibkraft Fr und Gleitkraft Fc

Der Reibungskoeffizient nach Coloumb (p = Fr/Fn) ist somit primar abhangig von den
Materialen der in Kontakt stehenden Gleitflachen, bzw. deren Oberflachenrauigkeiten

und ist somit fur die jeweilige Gleitpaarung zunachst als konstant anzusehen. In der
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Realitat wird dieser Zusammenhang jedoch durch Veranderungen der mechanischen,
chemischen und physikalischen Eigenschaften der Kontaktflachen beeinflusst, welche
wiederum von der Materialpaarung, dem elasto-plastischem Verhalten der
Gleitpartner, den Oberflacheneigenschaften und insbesondere auch der
vorherrschenden Schmierung zwischen den Gleitpartnern abhangen. Neben der
Trockenreibung bzw. Festkorperreibung, bei der keinerlei Schmierung der Gleitpartner
erfolgt, unterscheidet man in der Tribologie daher prinzipiell zwischen drei weiteren
Reibungs- bzw. Schmierzustanden (Wang and Wang 2013; Wasche and Woydt 2014),
welche bereits im frihen 20. Jahrhundert durch Richard Stribeck (1902) beschrieben
wurden (Abbildung 2).
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Abbildung 2: Schmierzustande nach Stribeck; (A) Grenzreibung; (B) Mischreibung; (C)
Schmierfilmreibung; a, b und ¢ — Kontaktzonen der Gleitpartner

So tritt Grenzreibung auf, wenn beide Gleitpartner bei kleinen Gleitgeschwindigkeiten
und hohen Kontaktkraften gegeneinander gleiten, ohne dass der vorhandene
Schmierstoff die beiden Kontaktflachen voneinander trennt (Abbildung 2A). Wenn sich
mit weiter zunehmender Gleitgeschwindigkeit bzw. bei abnehmender Kontaktkraft ein
dunner Schmierfilm ausbildet, welcher die Kontaktflachen wahrend der Bewegung
jedoch noch nicht vollstandig voneinander trennt, herrscht Mischreibung vor
(Abbildung 2B). Dies hat zur Folge, dass der Reibwiderstand und der wirkende
Reibkoeffizient bzw. die Reibkraft im Vergleich zum Grenzreibungszustand abnimmt.
Nach Stribeck tritt hingegen Schmierfilmreibung auf, wenn die beiden Gleitpartner bei
weiter ansteigender Gleitgeschwindigkeit durch den entstehenden hydrodynamischen

Druck des Schmiermittels vollstandig voneinander getrennt werden und somit keinerlei



Festkorperkontakt mehr auftritt (Abbildung 2C). Dabei nimmt die wirkende Reibkraft
und daraus folgend der wirkenden Reibungskoeffizient weiter ab (Jin et al. 2006). Der
auftretende Reibungswiderstand ergibt sich dann hauptsachlich aus den inneren
Spannungszustanden des Schmierstoffes, infolge der auftretenden
geschwindigkeitsabhangigen inneren Scherwiderstdnde des Fluides, welche der
Bewegungsrichtung entgegenwirken. Mit noch weiter steigender Gleitgeschwindigkeit
nimmt der Reibungskoeffizient dann jedoch wieder zu (Abbildung 3), da immer mehr
,Schichten‘ des Schmierstoffes aufeinander abgleiten, was dann zu einer Zunahme der
,inneren‘ Scherspannung im Fluid fihrt. Von ,auen‘ kann dies als eine Zunahme des
Widerstandes gegen die Bewegung detektiert werden und somit wieder zu einem
Anstieg des auftretenden Reibungskoeffizienten fuhren (Jin et al. 20006).

Reibungskoeffizient

Gleitgeschwindigkeit

Abbildung 3: Zusammenhang zwischen dem wirkenden Reibungskoeffizienten und der
vorherrschenden Gleitgeschwindigkeit; Bereiche: orange - Grenzreibung, gelb —
Mischreibung, grun — Schmierfilmreibung

Gelenkschmierung

Die gezeigten Zusammenhange zwischen der Gleitgeschwindigkeit und dem
auftretenden Reibungskoeffizienten gelten jedoch nur unter der Voraussetzung,
solang das verwendete Fluid einen linearen Zusammenhang zwischen der von aul3en
einwirkenden Schergeschwindigkeit und der daraus im Fluid resultierenden
Scherspannung aufweist (Abbildung 4), es sich also um ein Newton Fluid handelt, wie
z.B. Wasser oder Ol. Nicht-Newtonsche Fluide zeigen demgegeniber kein lineares
Verhalten relativ zur der auf sie wirkenden Schergeschwindigkeit, wie beispielsweise

Mehl-Wasser-Emulsion, Blut oder Synovia.
8



Zur Charakterisierung der sich ergebenden Fliel3¢fahigkeit des Fluides in Abhangigkeit
der auf das Fluid wirkenden Scherbelastung wird der Begriff der Viskositat (Zahigkeit)
genutzt. Je hoher die Viskositat eines Fluides, umso zahflussiger, also weniger
flieRfahig ist das beschriebene Fluid. Bei den nicht-Newtonschen Fluiden wird dartber
hinaus auch noch zwischen strukturviskosen, also scherverdinnenden und dilatanten,
also scherverdickenden Fluiden unterschieden (Abbildung 4). Strukturviskose Fluide
reagieren bei einer Zunahme der auf sie wirkenden Scherbelastung somit mit einer
Abnahme der Fluid-Viskositat und dilatante Fluide entsprechend mit einer Zunahme

der Fluid-Viskositat, also einer Abnahme der relativen Flie3fahigkeit.

Scherspannung

Schergeschwindigkeit

Abbildung 4: Schematische Darstellung des Viskositétsverhaltens unterschiedlicher
Fluidtypen in Abhéngigkeit der auf sie wirkenden Schergeschwindigkeit

Ein typisches Beispiel fur ein strukturviskoses Fluid ist die (gesunde) Synovia. Mit
zunehmender Gleitgeschwindigkeit im Gelenk nimmt ihre Viskositat ab, sie wird also
dunnflissiger und ihre FlieRfahigkeit nimmt zu (Fam, Bryant, and Kontopoulou 2007;
Mazzucco et al. 2002). Sie wird in der Membrana synovialis gebildet und ist ein
Konglomerat aus unterschiedlichen Proteinen und Hyaluronsaure. Analysen
unterschiedlicher Synovialfluide konnten bereits zeigen, dass der Hyaluronsaure
Gehalt in arthrotischen Gelenken um den Faktor 2 niedriger ist als in gesunden
Gelenken und insbesondere aber auch, das die Viskositat der Synovia maldgeblich von
degenerativ bedingten Veranderungen im Gelenk beeinflusst wird (Fam et al. 2007).
Wahrend sich die gesunde Synovia bei hohen Scherraten wie ein nicht-Newtonsches
Fluid verhalt (Abbildung 5A), kann hingegen bei einer rheumatischen Synovia von

einem Newtonschen Verhalten ausgegangen werden, dessen Viskositat nicht von der



Scherrate abhangt. Eine arthrotische Synovia weist hingegen nur eine leicht geringere
Abhangigkeit von der Scherrate im Vergleich zur gesunde Synovia (Fam et al. 2007;
Gao, Fisher, and Jin 2011) auf. Neben dem Hyaluronsaure Gehalt ist aber auch der
Proteinanteil in der Synovia fur deren spezifische Schmiereigenschaften bestimmend
und es konnte bereits gezeigt werden, dass dieser in arthrotischen Gelenken deutlich
erhoht ist (Chikama 1985). Des Weiteren ist bereits bekannt, dass die Synovia auch
altersbedingten Anderungen unterworfen ist, wobei dessen Viskositat mit steigendem
Alter abnimmt (Jebens and Monk-Jones 1959) (Abbildung 5B).
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Abbildung 5: (A) Schematischer Zusammenhang zwischen Scherrate und Viskositét
ftir gesunde (griin), arthrotische (rot) und rheumatische (blau) Synovia, nach (Fam et
al., 2007); (B) Schematische Darstellung der altersbedingte Viskositdtsénderungen

gesunder Synovia, nach (Jebens and Monk-Jones 1959)

Die sich aus diesen in-vitro-Analysen ergebenden Reib- und Schmierbedingungen
wurden in der Vergangenheit bereits genutzt, um mittels verschiedener in-vitro-
Simulationsversuchen und unterschiedlichen Computersimulationen die in vivo
wirkende Gelenkreibung systematisch zu quantifizieren. So konnte unter anderem
gezeigt werden, dass aufgrund der numerisch bestimmten Schmierfiimdicke im
Gelenkersatz, insbesondere beim Gehen wahrend der Einbein-Standphase am Rand
der lasttragenden Kontaktflache primar Festkorperreibung vorherrscht, wohingegen im
Zentrum potentiell Schmierfilmreibung auftritt (Gao et al. 2011). Darlber hinaus
zeigten diese Simulationen, dass wahrend der anschlielienden Schwungphase die
resultierende Schmierfiimdicke zwar wieder ansteigt, dieser Aufbau jedoch wesentlich

von der untersuchten Materialpaarung der Gleitpartner abhangt. So deuteten die

10



Ergebnisse darauf hin, dass bei typischen hart-hart-Paarungen (z.B.: Keramik versus
Keramik) in vivo nur bei ca. 10% des Gang-/Lastzyklus Flussigkeitsreibung
vorherrscht, wohingegen beim Fahrradfahren bei ca. 90% des Lastzyklus
Flussigkeitsreibung auftreten kann. Bei typischen hart-weich-Paarungen (z.B. Keramik
versus Polyethylen) wird jedoch bisher davon ausgegangen, dass aufgrund der
hoheren Rauigkeit des weichen Gleitpartners ausschlielllich Grenz- bzw.
Mischreibung  auftritt. =~ Aufgrund  der  unterschiedlichen  Modell-  und
Viskositatsannahmen unterscheiden sich die Ergebnisse quantitativ jedoch stark (Gao
et al. 2011; Jalali-Vahid et al. 2001; Jin et al. 2006; Meyer and Tichy 2003a; Wang et
al. 2008).

Die sich aus diesen Faktoren ergebende Gelenkreibung ist heute bereits als ein
wesentlicher Einflussfaktor fir das Uberleben der Gleitpartner anerkannt (Australian
Orthopaedic Association National Joint Replacement Registry (AOANJRR) 2019;
Bergen 2019; CJRR 2008; Hall and Unsworth 1997; L. I. Havelin et al. 2009; Kennedy
et al. 1998; Korduba et al. 2014; NJR Editorial Board NJRSC 2019; Schéfer, Soltész,
and Bernard 1998; Scholes and Unsworth 2000; Scholes, Unsworth, and Goldsmith
2000). Neben den sich daraus ergebenden mechanischen Abriebpartikeln der
Gleitpartner, die an sich bereits ein relevantes biologisches Problem sind (Abu-Amer,
Darwech, and Clohisy 2007; Kadoya, Kobayashi, and Ohashi 1998; Marshall, Ries,
and Paprosky 2008), wirkt das resultierende Reibmoment auch als Torsionsbelastung
am Pfanne/Becken-Interface und fuhrt so zu einer weiteren mechanischen Belastung
der knéchernen Verankerung (Curtis et al. 1992; Mjoberg, Hansson, and Selvik 1984).
Bisher ist diese in vivo auftretende Beanspruchung jedoch weitestgehend unbekannt,
da nicht die Moglichkeit bestand, die Reibung und das individuelle Reibverhalten direkt

in vivo zu ermitteln.

Als weitere potentielle Versagensgrinde werden auch Fehlpositionierungen der
Implantat-Komponenten diskutiert (Kennedy et al. 1998; Korduba et al. 2014; Nevelos
et al. 2001; Wan, Boutary, and Dorr 2008). Aus technischer Perspektive ist die
Reibung, wie bereits beschrieben, zwischen zwei Gleitpartnern zum einen abhangig
von den verwendeten Materialien (z. B. Metall, Keramik, Polyethylen) und den auf das
Implantat wirkenden Belastung, zum anderen aber auch von der lasttragenden
Kontaktflache, also der individuellen Gelenkuberdachung und somit von der
individuellen Implantat-Orientierung (Kennedy et al. 1998; Korduba et al. 2014). Eine
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intraoperative Positionierung der Gelenk-Komponenten innerhalb einer ,Safe Zone*
soll eine optimale Gelenkiberdachung im Alltag gewahrleisten (lasttragende
Kontaktflache) und so das Revisionsrisiko reduzieren (Kennedy et al. 1998; Korduba
et al. 2014; Lewinnek et al. 1978; Nevelos et al. 2001; Wan et al. 2008). Als ,korrekt*
wird bisher eine ,Safe Zone" angesehen, wenn eine im Hinblick auf einen optimierten
,Range of Motion® definierte Zielzone bei der Implantat-Positionierung eingehalten
wird. Am bekanntesten ist die von Lewinnek postulierte ,Safe Zone“ (Lewinnek et al.
1978): Diese geht davon aus, dass die Implantation der Pfanne immer in der gleichen
Orientierung erfolgen sollte, um eine optimale Gelenkiberdachung insbesondere
hinsichtlich Lastubertragung und Torsionsstabilitat sicherzustellen, und empfiehlt
daher eine Positionierung in 40° (£10°) Inklination und 15° (x10°) Anteversion.
Allerdings zeigten retrospektive Versagensanalysen keinen Unterschied zwischen den
Revisionsraten von Pfannen, die innerhalb bzw. auferhalb dieser ,Safe Zone*
implantiert wurden (Abdel et al. 2016; Parratte et al. 2016). Daraus lasst sich schlief3en,
dass eine individuell optimale Pfannenorientierung und die daraus resultierende
Gelenkuberdachung fur einige Patienten auRerhalb der ,Safe Zone" liegen kann. Ein
potentieller Erklarungsansatz fur die beobachteten Abweichungen koénnten die
individuellen postoperativen Beckenkippungen darstellen (Philippot et al. 2009; Zhu,
Wan, and Dorr 2010), welche direkt die funktionelle Orientierung der Huftpfanne und
so die resultierende postoperative Gelenkiberdachung beeinflussen (Babisch, Layher,
and Amiot 2008; Pierrepont et al. 2016; Zhu et al. 2010). Verschiedene Studien
konnten darlber hinaus zeigen, dass der reibungsinduzierte Abrieb im kunstlichen
Gelenkersatz wiederum direkt durch die individuelle Gelenkiberdachung beeinflusst
werden kann (Nevelos et al. 2001; Wan et al. 2008). Die Ermittlung von realistischen
Belastungsdaten, aber insbesondere auch die Ermittlung der tatsachlich in vivo
wirkenden Reibbedingungen ist somit fur die zukunftige Weiterentwicklung der
Prothesen unabdingbar. Eine weitere biomechanische und insbesondere auch
tribologische Optimierung dieser Gelenkversorgung ist aber auch durch die steigende
Anzahl junger (Nemes et al. 2020; Pabinger and Geissler 2014) und besonders
aktiverer Patienten (U. Chatterji et al. 2004; W. L. Healy et al. 2008; Huch et al. 2005;
B. C. A. Mancuso et al. 2009), die mit einem Huftgelenkersatz versorgt werden, nach

wie vor hoch relevant und notwendig.

Ziel meiner wissenschaftlichen Arbeiten war es daher, im Rahmen einer longitudinal

angelegten Studie, die im totalen Huftgelenkersatz auftretenden Kontaktkrafte und
12



Reibmomente bei besonders aktiven Patienten erstmals direkt in vivo zu messen und
systematisch zu analysieren, um so spezifische Einflussparameter der individuell

wirkenden Gelenkreibung zu identifizieren.

FUr die Durchfuhrung der geplanten Studie zur in-vivo-Messung der wirkenden
Gelenkbelastungen und insbesondere fur die Messung der in vivo wirkenden
Gelenkreibung, wurde zunachst ein spezielles instrumentiertes Huftimplantat
entwickelt. Als besondere Anforderung wurde hierfur eine 6-Komponenten-Messung
definiert, um die wirkenden Kontaktkrafte in drei Raumrichtungen, als auch die
auftretenden Reibmomente um die drei Raumachsen direkt in vivo messen zu konnen.
DarUber hinaus durfte das instrumentierte Implantat kein hoheres Risiko fur den
Patienten im Vergleich zum Standardimplantat mit sich bringen und musste fur eine

Anwendung im Rahmen einer klinischen Studie zugelassen sein.

Instrumentierte Huftendoprothese zur direkten Messung der in vivo
wirkenden Gelenkreibung

Als Basis fur die Instrumentierung wurde ein seit Jahrzehnten klinisch erfolgreicher
Implantatschaft, welcher auf dem Sportorno Design basiert (CTW Classic - Merete
Medical GmbH) und zementfrei implantiert wird, ausgewahlt. Es wurden zwei
unterschiedliche Schaftgroflen (10 und 12,5) im Halsbereich so modifiziert, dass die
fur die in-vivo-Belastungsmessungen bendtigte Messelektronik dort eingebracht
werden konnte (Abbildung 6).

Die modifizierten Implantate unterscheiden sich vom Standartimplantat somit nur in
der Halsgeometrie (alt 12/14 Konus, neu 14/16 Konus). Nach Einbringung der Mess-
Telemetrie und von sechs Dehnungsmessstreifen (DMS) in den aufgebohrten
Implantathals wurde dieser mit einem Deckel (inkl. Antennen-Durchleitung)
verschlossen und mit dem Elekronenstrahl-Schweil3verfahren unter Vakuum
verschweildt. So wird gewahrleistet, dass es zu keinem direkten Kontakt zwischen
Telemetrie und Korpergewebe kommen kann. Alle dartber hinaus mit dem
Korpergewebe in Beruhrung kommenden Materialien sind klinisch bewahrt,
korpervertraglich und es besteht kein erhohtes Risiko gegenuber klinisch Ublichen

Endoprothesen und deren medizinischen Funktionen.
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Abbildung 6: Schnittbild der instrumentierten Hiftendoprothese mit Telemetrie, 6
Dehnungsmessstreifen (DMS), Induktionsspule und interner Antenne zur drahtlosen

Dateniibertragung

Die Energieversorgung der internen Telemetrie erfolgt induktiv Uber ein elektro-
magnetisches Wechselfeld (4 kHz), welches Uber eine externe Spule induziert wird.
Auf eine Batterie im Inneren des Implantates, welche die Energieversorgung der
Telemetrie nur Uber einen eng begrenzten Zeitraum ermaoglicht, kann somit verzichtet
werden und es sind zeitlich unbegrenzte Messungen moglich. Sobald das externe
elektromagnetische Wechselfeld ausgeschaltet ist, wird die interne Telemetrie nicht

mehr mit Spannung versorgt, ist passiv und es werden keine Messdaten erhoben.

Die mechanische Stabilitat der instrumentierten Implantate (Damm et al. 2010a) wurde
durch Dauerfestigkeitsprufungen nach DIN ISO 7206 getestet. Daruber hinaus wurde
eine Prifung auf Sterilitat, sowie ein quantitativer Nachweis von Endotoxin in
Flissigkeiten und Eluaten mittels LAL-Test entsprechend EN ISO 10993-11, SOP 09-
010 durch die Abteilung Mikrobiologie und Validierung der Firma Vanguard AG
durchgefuhrt. Die Prufung der technischen Unbedenklichkeit wurde anschlieend
durch eine unabhéangige Prufstelle (BerlinCERT, Pruf- und Zertifizierstelle far
Medizinprodukte GmbH an der Technischen Universitat Berlin) nach der Richtlinie
90/385/EWG der ,Active Implantable Medical Devices Directive“ (AIMDD) sowie dem
Medizinproduktgesetz gepriuft. Es wurde bestatigt, dass die instrumentierte
Huftendoprothesen bei bestimmungsmafiger Verwendung technisch unbedenklich im

Sinne der AIMDD sowie des Medizinproduktgesetzes sind und somit im Rahmen einer
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klinischen Studie verwendet werden durfen (Berlin CERT Zertifikat-Register-Nr.: Z-08-
470-MP).

Im Anschluss an die Zertifizierung wurden insgesamt 20 instrumentierte Schafte mit
zwei unterschiedlichen Schaftgrofien hergestellt (10x Schaft 10; 10x Schaft 12,5) und
mit zwei unterschiedlichen KugelkopfgroRen (M, L) kalibriet und einem

Genauigkeitstest unterzogen (Bergmann et al. 2008).

In-vivo-Studie und Patientenrekrutierung

FuUr die Durchfuhrung der geplanten Studie wurde ein Ethikantrag gemaR §20 MPG
mit dem Titel ,HUftmessprothese: Belastungsmessung bei Patienten mittels einer
instrumentierten Endoprothese® bei der Ethikkommission der Charité -
Universitatsmedizin Berlin gestellt, beraten und genehmigt (EA2/057/09), sowie
anschlieRend beim Deutschen Register flr klinische Studien registriert
(DRKS00000563).

Die Studienteilnehmer wurden im Rahmen der klinischen Ublichen Patientenaufklarung
durch die beteiligten Studienarzte, an den teilnehmenden Studienzentren (Charité -
Centrum fur Muskuloskeletale Chirurgie und Sana Kliniken Sommerfeld), auf die
Moglichkeit der Studienteilnahme hingewiesen und uber Inhalt und Risiken der Studie
aufgeklart. Alter und Geschlecht der Studienteilnehmer richtete sich dabei nach der
typischen Population, die wunabhangig von der Messprothese flr eine
Huftendoprothesen-Implantation indiziert waren. Es wurde jedoch angestrebt, aus
dieser Patientengruppe jungere und besonders aktive Patienten zu rekrutieren.

Im Zeitraum von April 2010 bis Januar 2013 konnten so 10 jingere und besonders
aktive Patienten als Studienteilnehmer eingeschlossen werden (Tabelle 1). Im Zuge
der Implantation wurden diese dann jeweils mit einem instrumentierten Huftschaft in
Kombination mit einem Al203-Keramik-Kopf (BIOLOX forte, CeramTec GmbH,
Plochingen, Deutschland) und einem XPE-Inlay (Durasul, Zimmer GmbH, Winterthur,
Schweiz) mit zementfreier Titan-Pfanne (Allofit, Zimmer GmbH, Winterthur, Schweiz)

versorgt.
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Tabelle 1: Studienteilnenmer

Patient Alter Geschlecht  BMI [kg/m?]  Implantation
H1L 55 M 24 Apr. 2010
H2R 61 M 27 Aug. 2010
H3L 59 M 31 Nov. 2010
H4L 50 M 25 Jan. 2011
H5L 62 w 31 Apr. 2011
H6R 68 M 27 Nov. 2011
H7R 52 M 28 Nov. 2011
H8L 55 M 25 Apr. 2012
HIL 54 M 34 Sep. 2012

H10R 53 w 37 Jan. 2013

Die Studienpatienten (Abbildung 7) haben neben der schriftlichen Einwilligung zur
Studienteilnahme, auflerdem schriftlich zugestimmt, dass pseudonymisiert
aufgezeichneten Messdaten, insbesondere auch Bilder und Videos auf denen sie
personlich erkennbar sind, in wissenschaftlichen Zeitschriften, auf Tagungen und in
einer Offentlich zuganglichen Datenbank (http:/OrthoLoad.com) gezeigt werden
darfen.

H1L H2R H3L H4L H5L H6R H7R H8L HOL H10R

Abbildung 7: Patienten mit instrumentiertem Hiiftimplantat
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2. Eigene Arbeiten

2.1. Die in vivo wirkende Gelenkreibung beim Gehen

Erste in-vivo-Belastungsmessungen wurden mit allen Studienpatienten bereits in der
frihen postoperativen Phase im Rahmen der Rehabilitation in der Klinik durchgefuhrt.
Die hierbei in vivo auftretenden Gelenkbelastungen wurden im Rahmen verschiedener
wissenschaftlicher Publikationen veroffentlicht (Damm, Schwachmeyer, et al. 2013;
Schwachmeyer et al. 2013). Um die in vivo wirkende Gelenkreibung erstmals
systematisch analysieren zu konnen, wurden mit allen Patienten drei Monate
postoperativ streng kontrollierte Belastungsmessungen beim kontinuierlichen Gehen
durchgefuihrt. Die anschlieRenden Analysen zeigten grof3e interindividuelle
Unterschiede der in-vivo-Gelenkkontaktkraft und resultierenden Gelenkreibung. Es
konnte aullerdem gezeigt werden, dass die Reibbedingungen in vivo nicht konstant
sind, sondern sich im Verlauf des Gangzyklus andern. Fur eine objektive Beurteilung
der Reibbedingungen wurde daher ein dreidimensionaler Ansatz zur Bestimmung des
Reibungskoeffizienten entwickelt. So konnte u. a. gezeigt werden, dass die in der
Literatur berichteten in-vitro-Versuche die in-vivo-Situation nur ungentgend abbilden.
Beim Ubergang zur Flexionsphase kommt es z.B. in vivo zu einem bisher unbekannten
starken Anstieg des Reibungskoeffizienten (umax = 0.14 im Mittel). Ein solch hoher
Reibungskoeffizient wird in der Literatur fur den trockenen Reibungszustand
angegeben (Xiong and Ge 2001). Dies kann darauf hindeuten, dass sich die
Schmierbedingungen im Gelenkspalt im Verlauf des Gangzyklus andern und lasst
somit den Schluss zu, dass viele Simulatorstudien die in-vivo-Bedingungen
unrealistischabbilden. Der nachfolgende Text entspricht dem Abstract der Arbeit
.Friction in Total Hip Joint Prosthesis Measured In Vivo during Walking”, welche im
Journal PLoS ONE 2013 veroffentlicht wurde:

,Friction-induced moments and subsequent cup loosening can be the reason for total
hip joint replacement failure. The aim of this study was to measure the in vivo contact
forces and friction moments during walking. Instrumented hip implants with Al203
ceramic head and an XPE inlay were used. In vivo measurements were taken 3 months
post operatively in 8 subjects. The coefficient of friction was calculated in 3D
throughout the whole gait cycle, and average values of the friction-induced power

dissipation in the joint were determined.

17



On average, peak contact forces of 248% of the bodyweight and peak friction moments
of 0.26% bodyweight times meter were determined. However, contact forces and
friction moments varied greatly between individuals. The friction moment increased
during the extension phase of the joint. The average coefficient of friction also
increased during this period, from 0.04 (0.03 to 0.06) at contralateral toe off to 0.06
(0.04 to 0.08) at contralateral heel strike. During the flexion phase, the coefficient of
friction increased further to 0.14 (0.09 to 0.23) at toe off. The average friction-induced

power throughout the whole gait cycle was 2.3 W (1.4 W to 3.8 W).

Although more parameters than only the synovia determine the friction, the wide
ranges of friction coefficients and power dissipation indicate that the lubricating
properties of synovia are individually very different. However, such differences may
also exist in natural joints and may influence the progression of arthrosis. Furthermore,
subjects with very high power dissipation may be at risk of thermally induced implant
loosening. The large increase of the friction coefficient during each step could be

caused by the synovia being squeezed out under load.”

Publikation: Friction in Total Hip Joint Prosthesis Measured In Vivo during
Walking

Damm P., Dymke J., Ackermann A., Bender A., Graichen G., Bergmann G.
PLoS ONE 8(11): 2013; https://doi.org/10.1371/journal.pone.0174788
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impaired [12], especially when this temperature occurs repeatedly.
Therefore, it cannot be excluded that friction and increased
implant temperatures may be underestimated risk factors for the
long-term stability of THR.

To determine the friction in total hip joint prosthesis, @ vitro
simulator studies were performed [13,14]. To evaluate the friction
between two sliding partners, the ceefficient of friction |1 was used.
For the tribological pairing AlyO 5/ UHMWZPE  ranges depended
on the lubricant [13], ranging from 0.044 (distilled water), to 0.054
(bovine serum), and 0.089 (saline). The coeflicient increased
dramatically up to values of 0.14 when the conditions changed
from lubricated to dry [15].

However, most of the simulater tests load the joint only in the
flexion-extension plane and use load patterns which may not be
realistic [16]. Newer studies investigated friction under more
realistic conditions, simulating i viwe measured gait data [17].
Varying parameters for friction were investigated, for example,
different material combinations for implant head and cup [18],
and various lubricant regimes [17,19 22]. These simulator studies
were performed under very different test cenditions, such as

Introduction

In 20% te 40% of all cases [1], polyethylene wear and aseptic
leosening are the most frequent reasons for revisions of total hip
joint replacements (THR). Both factors are related to frictien in
the joint. Cup loosening has been reported to be the only cause in
30% to 62% of revisions [2,3]. Subjects, who obtained a THR are
becoming increasingly younger and are, therefore, more active
and athletic [4,5]. However, higher activity levels produce more
wear and more strenucus activities cause higher friction mements.
This will increase the risk of implant loosening [6,7]. These facts
indicate that reduction of friction between head and cup is critical
for further improvement of THR.

Several in o studies have been performed to investigate the
leads acting in hip implants during different activities [8,9]. These
studies have shown that the contact force during normal walking
falls in a range between 240 and 480% of the bodyweight (BW).
However, in vwo measurements of friction in hip endoprostheses
have not been reported previously.

One i vive study ndirectly assessed friction in the joint by

measuring the implant temperature during an hour of walking
[10,11]. Its increase is mainly related to the friction-induced power
generated in the implant. A peak temperature of 43.1°C was
measured in 1 subject, a level at which bone tissue may already be

PLOS ONE | www.plosone.org
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deviating patterns of joint loading and movement or by using
different lubricants. Nevertheless, it was shown that friction n
THR is mainly influenced by the material of the sliding partners
and the lubrication regime.
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Table 1. Patients investigated.

Mean

Body  Gait Gliding Speed

Extension |

Patient Age Gender Weight Velocity Flexion
[years] [N1 [m/s] [m/s]

H1 56 m 754 1.0 0.02 | 0.04
H2 62 m 755 1.0 0.03 | 0.05
H3 60 m 880 0.8 0.02 | 0.06
H4 50 m 783 10 0.03 | 0.06
H5 62 f 853 0.9 0.02 | 0.08
Hé 69 m 832 1.1 0.03 | 0.05
H7 53 m 899 1.1 0.03 | 0.06
H8 56 m 779 1.1 0.03 | 0.06
Average 59 = 821 1.0 0.03 | 0.06
doi:10.1371/journal.pone.0078373.t001

The aim of our study was to determine the @ viwo contact forces
in hip implants during walking, plus the moments caused by
friction, and derive the coefficient of friction from these data.
These data will help to understand the i ziwo lubrication
conditions and allow validating, potentially improving the
conditions applied in joint simulators.

Methods

Ethic statement

The study was approved by the Charité Ethics committee
(EA2/057/09) and registered at the ‘German Clinical Trials
Register’ (DRKS00000563). All patients gave written informed
consent prior to participating in this study.

Subjects and measurements
Eight subjects with instrumented hip joint prostheses (Table 1)
participate in this study. Measurements were taken 3 months

Friction in Total Hip Joint Prosthesis

postoperatively (pOP) during level walking at a self-selected
walking speed. Selected trials of each investigated subject are also
shown and can be downloaded at the public data base www.
OrthoLoad.com.

Measuring equipment

Joint forces and friction moments were measured i zivo with
instrumented hip implants. The prosthesis (CTW, Merete
Medical, Berlin, Germany) has a titanium stem, a 32 mm Al,Ojg
ceramic head (BIOLOX forte, CeramTec GmbH, Plochingen,
Germany) and an XPE inlay (Durasul, Zimmer GmbH,
Winterthur, Switzerland). A telemetry circuit, 6 strain gauges,
and a secondary induction coil are placed in the hollow neck,
which is closed by welding. A detailed description of the
instrumented implant was published previously [23]. A coil
around the hip joint inductively powers the inner electronics.
The strain gauge signals are transferred via an antenna in the
implant head to the external receiver. These signals and the
subject’s movements are recorded simultaneously on videotape.
The external measurement system has previously been described
in detail [24,25].

From the 6 strain gauge signals, the 3 force and 3 moment
components acting on the implant head are calculated [26] with
an accuracy of 1-2%. The femur-based coordinate system [27] is
fixed in the center of the head of a right sided implant, but is
defined relative to the bone. Data from left implants were mirrored
to the right side. The positive force components Fy, F,, and F, act
in lateral, anterior, and directions, respectively
(Figure 1A). From the 3 force components the resultant contact
force Fi, is calculated. The measured friction moments My, M,,
and M, act clockwise around the positive axes. The 3 moment
components deliver the resultant friction moment M,.. Positive/
negative moments M, are caused by extension/flexion of the joint.
Positive/negative moments My act during abduction/adduction.
Positive/negative moments M, are caused by external/internal
rotation.

superior

Data evaluation
All forces are reported as percent of bodyweight (% BW) and
the friction moments as % BWm. Average force-time patterns

-

Axis of Rotation

/ EFES

y Axis of lever H

Figure 1. Coordinate system and vectors for calculation of the coefficient of friction p. Right joint, posterior view.

doi:10.1371/journal.pone.0078373.9g001
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coefficient of friction w. Individual numerical mean values and ranges from 8 subjects. Me1[Mres2s |12 = values at the instant of the force maxima
Fres1|Fresz (see Figure 2). Mmax Lmax = absolute maxima during a whole walking cycle.
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from 32-96 steps were calculated for each subject. The employed
‘time warping’ method [28] weighted the congruency of high
forces more than that of lower ones. First the period times of all the
included steps are normalized. The single time scales were then
distorted In such a way that the squared differences between all
deformed curves, summed over the whole cycle time, were
smallest. Finally, an arithmetically averaged load-time pattern was
calculated from all the deformed curves. Using these algorithms,
an average time course was first calculated from the time patterns
of the resultant joint forces F,... The obtained time deformations of
the single trials were then transferred to the corresponding force
and moment components before averaging them, too. The
resultant friction moment M, was calculated from an average
of its components.

This procedure was first applied on all trials of the single
subjects, leading to ‘individual’ averages. These averages from all
subjects were then combined to a ‘general’ average, which
describes the loads acting in an ‘average’ subject.

In some cases, peak values were not taken from the averaged
time courses, but instead, the numerical peak values of the single
trials were averaged, first individually and then inter-individually.
Extreme values of the averaged load-time patterns can slightly
deviate from these numerically averaged numbers. These values of
the average subject were statistically analysed (p=:0.05; Wilcoxon).

Coefficient of friction

The coeflicient of friction p between the head and the cup was
calculated by a 3D approach (Figure 1B). Joint movement takes
place in a plane perpendicular to the axis of the vector M,,. This
axis is not perpendicular to the axis of vector F.... The vector of
the friction force Fgichon acts perpendicular to F,. at point P on
the head. H is the vector of the lever arm between Fryicion and the
axis of M., and is perpendicular to both. D is a vector in direction
of Myes. R=16 mm is the radius vector to point P.

Assuming a Coulomb friction between the head and the cup,
the friction force acting on the head is

Fhiiction = o Fires (1)

PLOS ONE | www.plosone.org
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The moment determined by the force Fichon and its lever arm
H has to counteract M,... Because Fgiction and H are perpendic-
ular to each other, this delivers the scalar equation

H Ffriction = Mres (2)

From the combination of (1) and (2), the following equation can
be derived:

1= Myes/(H * Fres) 3)

R is the radius of the head. R points to P and has the direction
opposite to Freg:

R=—R#F/Fres 4)

H can be substituted by

H=R-D ()

With D being the orthogonal projection of R on M,.:

D=Rxcos (R.M,) * M, /Mres (6)

The angle between R and M, can be derived from their scalar
product:

08 (R.M,) = (R # My ) /(R 5 Mieo) ™

Applying (4), (6), (7), equation (5) becomes

H=R #(Fres/Fres) * [(Mes/Mres)’ —1] ®)
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The friction coellicient W 1s determined from (3), using the
measured load vectors Fry and M., the known head radius R,
and the lever arm H, which is calculated by (8). Due to measuring
errors, i will be inaccurate if Iy, or M, is very small. Therefore,
W owas only determined for ¥y, =20% BW and M,,=0.02% BWm.

In previous simulator tests, i has mostly been determined in the
sagittal plane. To compare our 3D-derived values with this data,
we additionally caleulated p from the forces and moments
measured in the sagittal, frontal, and horizontal plancs as follows:

By = MX/(FW # R} (9a)
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i, =M, /(Fy, % R) (9b)

s =M, /(Fyy «R) (9¢)

¥y, F. and F,, are the forces in the sagitral, frontal, and

horizontal planes, respectively.

Friction-induced power

In additon to the measured joint loads and the calculated
friction coetficient p, we determined the friction-induced power ()
in the joint, which is caused by the friction force Ficron. With v
being the gliding speed between head and cup, € s given by the
simplified equation

Q:Fﬂiution # V=P = HEV (lﬂ’

Average values of QQ were calculated separately for the extension
and flexion phases of the gait cycle:

(11a)

Qoxt =Foxt # ey * Vext

Qfiex = Frrex # Mijex * ¥ilex (1 lb}

The average power Q..
determined from

over the whole gait cycle was then

Qaver = (.Qexl ¥ Te.xl + Qflex * Tﬂe.‘)./f(Text + Thexy ( 1 lC}

Calculations were based on the intra-individually averaged
load-time patterns of the single subjects. Before Fegr, Mg, Faex, and
Hiex were inserted in {11a, by, their time-dependent values were
averaged arithmetically over the corresponding time periods T
and Th... The speed v was determined from the lexion/extension
range of the shank in the sagittal plane, the times of flexion and
extension, and the radius of the prosthetic head, The data of 4-7
steps per subject were averaged, Because no gait analyses had been
performed, the shank movement had to be determined from the
patient videos. The Intra-observer variation of v and therefore Q
was on average %, the Inler-observer variability of [our
investigators was on average 2%.

Results

Unless stated otherwise, the values reported here were taken
from the time patterns of the average subject. The notation
XY indicates a value of X at the mstant of the first peak ¥, of
the resultant force and a value of Y at the sccond peak Fioga.

Joint contact forces

Figure 2A shows the time patterns of I, and its components for
the average subject during one walking cycle, F. was nearly
identical with -F,; the latter acts distally along the z-axis of the
femur and compresses the hip joint. F,., had 2 peak values
F..Fg\ |Frﬂq. Fm\ acted at about the time of contralateral toe ofl’

(CTO} and Fe close to contralateral heel strike (CHS).
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Tigure 3A contains individual numerical averages of the 8
subjects. For . | Freer peak values of 248|233% BW at 31|57%
of the gait cycle were determined. However, these peak forees
varied widely inter-individually. T, ranged from 210% BW
{subject H3) to 301% BW (H8), and F ., from 218% BW (H3) to
287% BW (H8). In 6 subjects F.; was higher than F,., but in H2
and H3 F was lower than F,.». The peak forces during the
repeated trials of the same subject had standard deviations in the
ranges of 7-14% BW (F,.) and 5-14% BW (F,.s).

Friction moments

Tigure 2B shows the time courses of M., and its components.
M, increased from heel strike (HS) to CHS and reached values of
M,eq1 | Moo =0.16]0.21% BWm. The maximum M,,,, =0.22%
BWm acted slighdy later than the force maximum Fco. My
climbed to a second, smaller peak of 0.19% BWm, which acted
15% of the cycle time after CHS, but before toe off of the
ipsilateral leg (TO). During the intermediate minimum between
CHS and TO, the joint rotation changed from extension to
flexion. From HS to CHS, M, was predominantly determined by
component M, which acts in the sagittal plane of movement.
After that and until the end of the stance phase the absolute values
of My in the frontal plane exceeded those of M,.

The patterns and magnitudes of M were relatively uniform for all
8 subjects (Figure 4A). On average the maximum of M had nearly
the same magnitude as that of M (Figure 4B). The individual
maxima of My (second peak value in subject H7) acted at very similar
times. However, the variation of the individual maxima was much
larger compared to M. Especially during the first half of the stance
phase the time courses of M individually varied greatly. On average
the peak value of the moment M, was about ¥4 of that of My or My
{Figure 4C}. The individual time courses of M, were similar, but the
magnitudes varied considerably.

Figure 3B shows the averages and ranges of the peak values of

M, at the times of Freq) |Frew. Myes) | Myeeo individually varied
extremely with inter-trial standard deviations of 0.01 to 0.03% BW
for both peak moments M, and M, .. M, ranged from 0.12%
BWm (H2) t0 0.23% BWm (HI), while M, lay between 0.15%
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BWm (H3) and 0.29% BWm (H7). In 7 subjects M,., increased
between the times of F,eq and F.0 (Figure 4D}, with peak values
of My between 0.2% BWm (H8) and 0.32% BWm (H4); it
decreased only in H3, but increased again after the time of F, 5. In
5 subjects Myax occurred with a time delay after Freqo between 6%
(H4} and 16% (H2} of the gait cycle; in 1 patient M. occurred
2% before Fo (H7), and in 2 subjects, no time delay was
observed (H5 and HB8). The individual inter-trial standard
deviations of M.y lay between 0.01 and 0.03% BWm.

Friction coefficients

At HS p was the lowest with an average value of nw=0.02
(Figure 2C) and then increased nearly linearly. The values at the
times of F ) | Freso were py | o = 0.04] 0.06. After the instant when
the joint rotation changed from extension to flexion, W rose
dramatically and reached its maximum [, =0.14, shordy
before TO.

The individual numerical values of p at the instants of
Fres1 | Free varied by a factor of 2 (Figure 3B); w, had values
between 0.03 {lowest in H2, H4, H8) and 0.06 (highest in H3); p,
varied between 0.04 (H3, H8) and 0.08 (H7). The maxima fi,,,,,
which occurred shortly before TO, varied more, with values
between 0.09 (H8) and 0.23 (H2).

The average patterns of the coeflicients py, p, W, calculated by
the two-dimensional approaches, changed throughout the whole
gait cycle (Figure 2C). p, in the main plane of movement
corresponded well to p (3D) throughout most of the loading cycle.
However, shorty before and after joint rotation changed from
extension to flexion, p, fell to zero. During the flexion phase,
especially at its end, p, also deviated from p. A temporary decline
similar to p, was also observed for p, in the plane of femur
rotation, when joint movement changed from extension to flexion.
At the same time p, in the abduction-adduction plane reached a
maximum,

Friction-induced power

With Qg =5.0 W, the highest friction-induced power was
observed in subjects H5 and H7 during the flexion phase (Figure 5},
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although F,., and M, were very small (Figure 2A} during most of
this peried. In 7 of the 8 subjects, Qg was higher than Q.
which was mainly due to the higher values of g and v during
flexion (equation 1la, b). The individual differences between Qe
and Q). varied considerably (Figure 5). The greatest difference
was calculated for H3, in which Qm.. was 2.9 times higher than
Q... The smallest difference was 4%, observed in H4. In H8, Qg
was 21% lower than Q... The inter-individual average power
throughout the whole cycle was Q... =2.3 W, with a range
between 1.4 W (H1} and 3.8 W (H7). The average sliding speed
during flexion was 2.2 times higher than during extension
(Table 1), with individual values between 1.5 (H8) and 4.5 (H5).

Discussion

This study reports for the first time on the assessment of @ sivo
friction in artificial hip joints during walking. The i o measured
friction moment, at 3 month post-cperative, increased during
every gait cycle and as a censequence the coefficient of friction.

Forces and friction moments

Different w zifro test conditions were applied by others when
investigating friction in hip joint prostheses. Several studies
investigated fricion by moving the joint in one plane like a
pendulum [18,19,29,30], simulating flexion/extension, and ne-
glected movement around the other 2 axes. Our results show that
these test conditions may be much too simplified. In reality the
abduction-adduction moment M, rises to nearly the same peak
value (0.18% BWm) as the flexion-extensicn mement M, (0.2%
BWm). Additionally, the jeint contact force is not sinuseidal It
may affect the re-formation of a lubricating film during the swing
phase when applying a sinus-load.

The resultant moment M, shows a different time-course than
the resultant force F., (Figure 2A, B). Although the second force
maximum is slightly lower than the first one, the moment is much
higher at the instant of the second force peak. This is because
friction continuously increases during the extension phase of
walking (Figure 2C). The additional peak in the moment curve,
shortly before TO, is caused by the sharp increase of the moments
M, and M, when the hip begins to flex (see below}. This finding
stands in contrast to @ vefro findings [18,30], which are based on
movements in only one plane. In these studies, the moment
showed a plateau phase.

Micre-separation during the swing phase, as reported by others
[31,32], can alter the lubrication conditions in the joint. This effect
was never observed in our subjects, investigated new and in the
past. Otherwise fast changes in the directions of Fi., or one of its
components would have been observed.

Coefficient of friction

The coefficient [ increases by 46% from HS to the instant when
the joint starts to flex (Figure 2C). Directly after the change of joint
movement from extension to flexion, W rose sharply in all subjects
and reached its maximum at about TO, when the resultant force
has markedly been fallen already. This effect has not been
described previously in such detail.

It must be assumed that the synovia is squeezed out by the high
forces during the extension. fz wvitro studies reported that
increases when the sliding properties change from lubricated to
dry [17,21,22,35]. Furthermoere numerical studies with hard/hard
pairings have shown that the thickness of the fluid film changes in
relation to the jeint loading during the gait cycle [30,34]. It was
shown that the fluid film thickness decreases at the end of the
swing phase, and therefore g and wear rise, if the swing phase load
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is increased [30]. A higher swing phase load prevents or restrains
the re-formation of the lubrication film, required for good
lubrication during the subsequent stance phase. If this explanation
also holds true for the investigated ceramic/polyethylene combi-
nation of head/cup, a higher swing phase load would let p
decrease less sharply after TO and thus raise the level at which p
starts at the next HS.

Moreover, the strong increase of i when the joint starts to flex
could possibly be caused by a breakdown of the fluid film at the
temporary stop of the relative joint movement, similar to the @ wiro
observation during the first step after a rest [33].

Another factor influencing the time pattern of W may be a
changing size of the load bearing area between head and cup,
perpendicular to the resultant force vector. This could be
especially true if | were dependent on the pressure magnitude.
Both factors could not be investigated in this study.

In contrast to previous @ wiro studies, the @ vawo coefficient of
friction was now determined for the 3D case. The obtained pattern
of U differs from the pattern of |, in the main movement plane of
the femur. Both coefficients are nearly identical from HS to CHS
and deviate by no more than 5%. However, during the flexion
phase, the difference between both coefficients increased up to 9%
at TO.

Studies with a simple pendulum test determined values of L,
between 0.04 and 0.09 for a lubricated regime [18,36,37]. This
compares well with our finding of g, =0.04 and u; = 0.06 during
the extension phase. However, Wy, = 0.14 at the instant of toe off
was much higher in our study.

The peak values of ., individually varied by 39%, but the peak
values of L differed by 246% (Figure 3C). The variance of L is most
likely due te individually different lubrication preperties of the
synovia fluid.

Friction-induced power

The friction-induced temperature rise in ceramic/PE implants
has been measured i vive previously [10]. An estimated average
friction-induced power of 0.79 W during walking was reported,
which is much less than the average of 2.3 W determined in the
current study. It may be that heat convection by the bloed flow has
been underestimated in the previous study. Other reasons for this
discrepancy may be differences between the subjects investigated,
and the small sizes of both cohorts. This agsumption is supported
by another result of the cited study, namely that the temperature
increase, measured after 1 hour of walking, individually varied by
a factor of nearly 3 after the body weight of all subjects had been
standardized. A similarly large factor of 2.7 was observed for the
friction-induced power (J,..,, which decreased to 2.3 after
normalizing the body weight.

The large individual differences of Q. are most likely caused
by varying synovia properties, as already indicated by the
variations of . Additionally, different running-in effects of the
gliding partners may affect the friction-induced power. This
running-in effect and the expected decrease of 1 and Qe with
increased postoperative time will be investigated in a future study.

In conclusion it was shown: The friction moment in the hip joint
mainly occurred in the frontal and sagittal plane during walking.
The resultant coefficient of friction increased nearly linearly
during extension and increased drastically in the beginning of
flexion with the maximum value approximately the ipsilateral toe
off. This suggests that the synovia is squeezed out of the intra-
articular joint space. Furthermore, the peak values of the
coefficient of friction were always determined during the flexion
phase. This indicates that the lubrication regime certainly changed
inte a dry phase at every step.
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Limitations of the study

There are some limitations to this study: the number of
investigated subjects was small, they were yeunger than the
majority of hip-replacement patients; and only one implant type
was investigated at only one speed of walking and one time after
implantation. However, the large individual variations of friction
coeflicient and generated pewer, as well as the changes of the
friction coefficient throughout the gait cycle will probably not be
much influenced qualitatively by age or materials. The effects of
walking speed and postoperative time is currently investigated an
additional study.
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2.2. Anderung der Gelenkreibung im postoperativen Verlauf

Die drei Monate postoperativ in vivo gemessenen Gelenkbelastungen beim Gehen
haben gezeigt, dass insbesondere die Gelenkreibung interindividuell bereits in der
frihen postoperativen Phase stark variiert. Daruber hinaus konnte gezeigt werden,
dass die Gelenkreibung beim Gehen wahrend der Extensionsphase in vivo zwar
vergleichbar ist, sich aber wahrend der Flexionsphase deutlich von in vitro ermittelten
Reibdaten unterscheidet (Affatato et al. 2008; Brockett et al. 2006; Fialho et al. 2007;
Hall and Unsworth 1997; Liao 2003; Mattei et al. 2011; Saikko 1992; Scholes,
Unsworth, Hall, et al. 2000; Scholes and Unsworth 2000, 2006; Unsworth 1978;
Williams et al. 2006). Aufgrund dessen stellten wir die Hypothese auf, dass die
Gelenkreibung in vivo zum einen durch individuelle und aktivitatsabhangige ,Einlauf-
Effekte’, aber auch durch die individuellen Schmiereigenschaften der Synovia bedingt
wird (Balazs 1974; Fam et al. 2007; Hall and Unsworth 1997; Scholes and Unsworth
2000). Im Verlauf von drei zu 12 Monaten postoperativ wurden daher weitere in-vivo-
Belastungsmessungen beim Gehen mit den Studienpatienten durchgefuhrt. Primares
Ziel dieser Messungen war es, potenzielle postoperative Anderungen der
Gelenkkontaktkrafte und resultierenden Gelenkreibung beim kontinuierlichen Gehen
systematisch zu untersuchen. Es konnte gezeigt werden, dass sich die
Gelenkkontaktkraft im weiteren postoperativen Verlauf nicht signifikant verandert. Im
Vergleich dazu wurde jedoch eine signifikante Reduktion des in vivo wirkenden
Reibmomentes beobachtet, jedoch wiederum mit groRen interindividuellen
Unterschieden. Der nachfolgende Text entspricht dem Abstract der Arbeit
,Postoperative changes in in vivo measured friction in total hip joint prosthesis during

walking”, welche im Journal PLoS ONE 2015 veroffentlicht wurde:

“‘Loosening of the artificial cup and inlay is the most common reasons for total hip
replacement failures. Polyethylene wear and aseptic loosening are frequent reasons.
Furthermore, over the past few decades, the population of patients receiving total hip
replacements has become younger and more active. Hence, a higher level of activity

may include an increased risk of implant loosening as a result of friction-induced wear.

In this study, an instrumented hip implant was used to measure the contact forces and
friction moments in vivo during walking. Subsequently, the three-dimensional

coefficient of friction in vivo was calculated over the whole gait cycle. Measurements
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were collected from ten subjects at several time points between three and twelve

months postoperative.

No significant change in the average resultant contact force was observed between
three and twelve months postoperative. In contrast, a significant decrease of up to 47%
was observed in the friction moment. The coefficient of friction also decreased over
postoperative time on average. These changes may be caused by ‘running-in’ effects
of the gliding components or by the improved lubricating properties of the synovia.
Because the walking velocity and contact forces were found to be nearly constant
during the observed period, the decrease in friction moment suggests an increase in
fluid viscosity.

The peak values of the contact force individually varied by 32%-44%. The friction
moment individually differed much more, by 110%-129% at three and up to 451% at
twelve months postoperative. The maximum coefficient of friction showed the highest
individual variability, about 100% at three and up to 914% at twelve months after
surgery. These individual variations in the friction parameters were most likely due to
different ‘running-in’ effects that were influenced by the individual activity levels and

synovia properties.”

Publikation: Postoperative changes in in vivo measured friction in total hip
joint prosthesis during walking

Damm P., Bender A. Bergmann G.

PLoS ONE. 2015; 10(3): e0120438.; https://doi.org/10.1371/journal.pone.0120438
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Abstract

Loosening of the artificial cup and inlay is the most common reasons for total hip replace-
ment failures. Polyethylene wear and aseptic loosening are frequent reasons. Furthermore,
over the past few decades, the population of patients receiving total hip replacements has
becormne younger and more active. Hence, a higher level of activity may include an in-
creased risk of implant loosening as a result of friction-induced wear. In this study, an instru-
mented hip implant was used 1o measure the contact forces and friction morments in vivo
during walking. Subsequenitly, the three-dimensional coefficient of friction in vive was calcu-
lated over the whole gait cycle. Measurements were collected from ten subjects at several
time points between three and twelve months postoperative. No significant change in the
average resultant contact force was observed between three and twelve months postopera-
tive. In contrast, a significant decrease of up to 47% was observed in the friction moment.
The coefficient of friction also decreased over postoperative time on average. These
changes may be caused by ‘unning-in’ effects of the gliding components or by the im-
proved lubricating properties of the synovia. Because the walking velocity and contact
forces were found 1o be neady constant during the observed period, the decrease in friction
moment suggests an increase in fluid viscosity. The peak values of the contact force individ-
uglly varied by 32%-44%. The friction moment individually differed much more, by 110%-
129% at three and up to 451% at twelve months postoperative. The maximum coefficient of
friction showed the highest individual variability, about 100% at three and up to 914% at
twelve months after surgery. These individual variations in the friction parameters were
most likely due to different ‘running-in’ effects that were influenced by the individual activity
levels and synovia properties.

Introduction

Loosening of the artificial cup and inlay is the most common reason for the failure of total hip
replacements [1-3]. Polyethylene {PE) wear and aseptic loosening are frequent reasons for re-
visions of total hip joint prostheses { THP), account for 26% and 48% of all revisions,

FLOS ONE | DOR10.1371joumal. pone. 0120438 March 25, 2015
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respectively [1,4]. One study has indicated that 30% to 40% of all THP revisions require a
change of cup or inlay [5], thus making friction in the joint one of the main parameters affect-
ing the life span of total hip prostheses. THP patients have become younger and more active
over the past few decades [6,7]. This higher level of activity has resulted in increased wear rates
and, consequently, requires earlier revision of THP [8,9].

To determine the parameters of friction in THP, several in vitro studies under different test
conditions have been published, using new or explanted prostheses and different head diame-
ters and lubricants [10-21]. In most studies, the coefficient of friction {p) was determined by a
simple pendulum test, which showed that the friction in the THP was primarily influenced by
the material of the sliding partners and the lubrication regime.

Previous studies with instrumented implants measured the contact forces in THP i vive
[22-26]. However, in these studies, it was not possible to determine the friction within the im-
plant, with the exception of one study that reported the friction-induced temperature increase
during welking [27]. In that publication, it was postulated that the ternperature in the THP was

mainlr congsed b the friction torameters hotwean the clidine nortnere ond the lohdcotines nron
maliny Caused oy Lne richion paraimeters betweeh 1ne suding pariners and ine uohcatlng prop

erties of the synovia. Peak temperatures up to 43°C were measured after one hour of walking. Be-
cause bone tissues may already be damaged at temperatures exceeding 43°C [28], it can be
assumed that repeated high implant temperatures are a risk factor for the long-term stability of
the THP.

Using a newly developed instrumented hip implant [29], we were able to measure the joint
friction in vivo for the first time. Initial results were reported for three months postoperatively
{pOP) [30], and it was shown that the in vivo coefficient of friction is similar to the i# vitro value
obtained during the extension phase of the hip joint. However, during the flexion phase, p
strongly differs from the i vitro data. The maximum i vivo values of p, calculated from the con-
tact forces and friction moments, suggest a ‘dry’ friction during the hip flexion phase of walking.

The aim of this study was to measure the changes of contact forces, friction moments and
coefficients of friction between three and twelve months pOP. We hypothesized that p would
decline due to ‘running-in’ effects and that both, friction moments and p, would show great in-
dividual variability, depending on the synovial properties.

Methods
Variables

Fres Resultant hip joint contact force
E Vectorof F
M, Resultant friction moment
M., Vector of M.,
Priction Friction force
Frriction Vector of Prjcpon
R Radius of implant head {16 mm})
R Vector from origin of coordinates to contact point P
D Vector from origin of coordinates to vector H
H Vector vertical to M., pointing to P
p Coefficient of friction
HS Ipsilateral heel strike
CTO Contralateral toe off
CHS Contralateral heel strike
TO Ipsilateral toe off

XPE Cross-linked polyethylene
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2/15

30



& PLOS | one

0P Changes in in Vive Measured Hip Joint Friction

Tahle 1. Patient dataand walking speeds.

Measurement equipment

Joint forces and friction moments were measured i vivo using instrumented hip implants.
The prosthesis {CTW, Merete Medical, Berlin, Germany) is based on a clinically successful im-
plant with a titanium stem, a 32 mm Al,O, ceramic head and a XPE inlay. A telemetty circuit,
six-strain gauges and an induction coil are arranged in the hollow neck. The implant is pow-
ered inductively by a coil around the hip joint. The strain gauge signals are transferred to the
external receiver at radio frequency via an antenna inside of the implant head [31]. The tele-
metric load signals and the patient movements are recorded simultaneously on video. Detailed
descriptions of the implant [29] and the external measurement system [31,32] have previously
been published.

Using the six strain gauge signals, the three force and three moment components acting on
the implant head are calculated with an accuracy of 1-2%. The femur-based coordinate system
[33] islocated in the head center of a right-sided implant; data from left-sided implants are
mirrored. Positive forces Fy, E, and F, act in the lateral, anterior, and superior directions; the
measured friction moments {M,, M, and M.} turn right around the positive coordinate axes.
The resultant contact force Fr., and the resultant friction moment M, are calculated from
their three components. Because the force component in direction of the femoral axis always
acts downwards, F_, points toward the center of the implant head.

Patients and measurements

The study was approved by the ethical committee (EA2/057/09) and registered with the ‘Ger-
man Clinical Trials Register’ {DRKS00000563). Ten patients {8m/2f) with hip osteoarthritis
gave written informed consent to participate in the study and have their images published
{Table 1).

Measurements were taken during level walking at several time points {Table 2} between
three and thirteen months pOP. Selected trials of each investigated subject are also shown and
can be downloaded at the public data base www.Orthoload.com.

Data evaluation

All forces and moments are reported as a percentage of patient bodyweight {%BW and %
BWm, respectively). Average force- and moment-time patterns were calculated separately for

Subject pOP Age [years] Sex Bodyweight [N] Gait Velocity [m/s]
12 months pOP 12 manths pOP 3 months pOP 12 months pOP
H1L 56 male 780 1.0 1.1
H2R B2 male 7E87 1.0 1.1
H3L B0 male e83 0.8 1.0
H4L 51 male 786 1.0 1.0
H5L 53 female 855 0.2 1.2
HBR B9 male 815 1.1 1.1
H7R 53 male 816 1.1 1.3
H8L 56 male 836 1.1 1.1
HaL 55 male 1187 1.1 1.2
H10R 54 female 885 0.2 1.2
Average 58 882 1.0 1.1
doiz10.1371journal pone.01204 38 1001
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Tahle 2. Number of averaged steps at postoperative months 1 to 13.

Patient Month pOP

1 2 3 4 5 [ 7 8 2] 10 1h 12 13
H1L - - B7 - - - 71 - - 56 - - 67
H2R 5 32 49 & E 55 88 = & & 85 B2 &
H3L - 32 82 72 - - - - 45 - - 105 -
H4L 30 o8 53 - 51 - 48 - - 36 - 53 -
H5L = 41 59 = 58 = = - = 59 = M =
HBR - 54 71 - B5 - 51 - - 83 - A4 -
H7R = 83 96 < B0 48 = 86 < 77 = 45 <
H8L - 31 50 - 58 - - - - 58 - 53 -
HaL 43 85 84 - 43 50 - - - - - - 83
H10R - 104 30 - H - - 39 - - - 28 -
~ Months pCOP 3" (3) 6" (510 B) "¢ {810 10) 12" (1210 13)
Average 10 Subjects 9 Subjects 8 Subjecis 10 Subjects

All available dala were used lo calculate postoperative trends in single subjects.

doix1 01371 journal pone.01204 38 £002

each subject and measurement day using a ‘time warping’ method [34]. This averaging proce-
dure was first performed on repeated trials of the single subjects. The obtained load patterns of
all subjects were then averaged again, leading to data which are typical for an ‘average’ subject.
All data were analyzed for the time points of three, six, nine and twelve months pOP {Table 2).
Unless stated otherwise, all presented data refers to the obtained ‘average’ subject. Because
errors between the single trials were minimized over all loading cycles, the peak values of the
average curves can slightly deviate from the averaged numerical values at the 1™ and and peak.
Changes of the measured peak values over the pOP time were analyzed for each subject sep-
arately and for the “average’ subject { Tables 3 and 4). The changes over titme were analyzed in-
dividually using the Mann-Whitney-U test and across all subjects using the Wilcoxon test.
Furthermore a regression analysis was performed, for each subject separately and for the aver-
ape subject, to determine the correlation between the measured peak values of Fo;, M, and
i {y) and the pOP time in months {m), using the logarithmic relationship

y=a +b=*ln{m) {1)

Table 3. Mean values at 3 and 12 months post operative of the “average’ subject.

value unit 3 manths 12 manths

Mean STD Mean STD
Fres1 %BW 255 10 252 12
Fres2 %EW 238 g 245 8
Mres1 %EWWm Q174 Q.019 Q.107 Q017
Mras2 %BWm 0.234 0.020 0.174 Q.020
pi - Q.045 0.005 0.028 0.004
p2 - 0.062 0.005 0.047 Q.005
pmax - 0175 0.020 0.178 Q036

Arthmetic means and standard deviation (STD) of the contact force (F,..), friction moment (M.} and
coefficient of friction ().

doi:10.1371jounal. pone.01204 38.003
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Tahkle 4. Load and friction changes.

Subject
HiL
HZ2R
H3L
H4L
H5L
HBR
H7R
H8L
HaL
H10R
AverageSubject H

Fresf

-1
-1

ermsf)
<0.001
0.306
<0.001
<0.001
0.467
<0.001
0.803
<0.001
<0.001
0.083
0.863

)

res2

4

ermsd Mmsf Pmesr) Mres2 PmesaJ Hy .p""f) Hz Pfﬂa’ Hrrax p(ﬂmaﬁ)

<0.001 -37 <0.001 -8 <0.001 -1 <0.001 -14 <0001 -13 <0.001
<0.001 72 <0.001 -36 <0.001 72 <0001 44 <0.001 15 0.029
<0.001  -51 <0.001 -2 <0.001 -48  <0.001 -6 <0.001 22 <0.001

<0.001 44 <0.0M -52 <0.0M 46 <0.001 53 <0.001 26 <0.001
<0.001 -45 <0.001 -34 <0.001 -44 <0001 -34 0 <0001 17 <0.001
<0.001 -35 <0.001 -34 <0.001 -38  <0.001 42  <0.001 -27 <0.001
<0.001 -38 <0.001 -28 <0.001 -6 <0001 32  <0.001 57 <0.001
0.038 -B7 <0.001 -B60 <0.001 56 <0.001 58 <0.001 12 <0.001
0.083 -33 <0.0M -49 <0.0M -37  <0.001 48 <0.001 42 <0.001
<0.001 13 <0.001 30 <0.001 18 <0001 48 <0001 101 <0.001
0.730 47 0.004 -34 0.003 -46 0.002 -37 0.004 8 0.5605

Individual and average change [%] of peak joint contact forces, friction moments and coefficients of friction from 3 to 12 months postoperative, Arithmetic
mean values were calculated without the data from subkject H10R. Tests: Mann-Whitney-U. {(individual subjects) respectively Wilcoxon test (‘average’

subject).

doiz1 0.1371journal pone. 01204 38 £004

The coefficient of correlation (R?) and the residual-standard-error (RSE) were calculated and
statistically analyzed with a t-test. For all statistical calculations a type-I-error level was defined
with e = 0.05.

Coefficient of friction

In the following equations, the underlined symbols ate vectors; all others are scalar values. In
the Coulomb approach, the friction force Fg o, between the cup and ball is determined using
the resultant contact force F..; and the coefficient of friction p {Fig. 1):

Pricion = #% Prog (z)

The ball turns around the axis of M, .. H is the lever arm between Fr; o, and the axis of M .

Becanse Fprigion counteracts the moment M., we obtain

M= H ¥ B {3)
{2) and {3} deliver
u=M, [/ (H * B, (4)
R is the radius of the ball and peints in direction of Fr:
R=R+E./F. (5)
H can be substituted by
H=R-D (6)

with D being the orthegonal projection of R on M.

D= Roxcos(RM,)*M. /M, {7}
Applying (5) and {7}, equation {6) becomes
H=R*[E /P, —cos(R M)+ (M /M) (8)
FLOS ONE | DOR10.1371joumal. pone. 0120438 March 25, 2015 5/15
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*

.

Axis of Rotation

EI'ES

Efriction
" g

Axis of lever H

Fig 1. Madel for calculating the 3D coefficient of friction p. In reality, the component F is measured negatively, and the direction of F. is thus towards

_lhe ball surface

doix1 0,137 journal pone.01204 38 g0

with
cos(R, M, ) = cos(E, M) =< F M, > /(F «M,) {9)
because equation {5} holds true.

To obtain p with an accuracy of 5%, only joint forces Fros > 25%BW and moments
M, = 0.02%BWm were included in the analysis.

Gait velocity

The gait velocity was determined individually at three months pOP using the video clips, as de-
scribed elsewhere [30]. At twelve months pOP, the velocity was determined individually using
simultaneously measured 3D gait data {Vicon Nexus, Vicon Motion Systems Ltd., UK). The
distance travelled during one walking trial was measured between the first and last HS of the
ipsilateral leg for each walking ttial separately. It was divided by the elapsed time and the ob-
tained speed was subsequently averaged over all trials.

FLOS ONE | DOR10.1371joumal. pone. 0120438 March 25, 2015 6/15
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300 - 0.30
3 Months pOP A at 1% Peak of F
12 Months pOP O at 2 Peak of F,,
20 4 —F_, 0O abs. Maximum of y - 0.25
=
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% 200 - H 020 &
g 85
8 =5
- i f -
" 150 015 2y
2 J =)
- - * | =
3 100 ; 010 £ %
E o, QO
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50 e , P '.. ..,.locco..--io .. \ \.- l. | 0‘05
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0 T + 0.00
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Gait Cycle [%]

Fig 2. Postoperative changes of loads and friction. Average time courses of Fge, Mze and | during one gait cycle at three and twelve months pCP. The
indicated values Mse1, Miess, b, Ha 8010 Hinay Were detemmined at the instants of the peak forces Freg 800 Fraes.

doix1 01371 journal pone.01204 38 g002

Results

During gait, the resultant joint force F__ had two extreme values {Fig. 2), labeled F,, and F,,.
At the instants of these peak forces the friction moments M., and M., were determined.
The coefficient of friction p was celculated throughout the whole gait cycle and the values
and p at the instants of Frog and Freg plus the absolute maximum value py,, were analyzed.

Joint contact force

The resultant joint force F__ was calculated using the measured force components in lateral,
anterior, and supetior directions. In Fig. 2, the patterns of F.., (bold lines} of the ‘average’ sub-
ject are shown for two different time points, three and twelve months pOP. Both patterns are
similar and show two typical peak values. The first maximum {F., } occurs at the time of con-
tralateral toe off (CTO), and the second maximum (F.. ;) at the contralatetal heel strike (CHS).

At three months pOP, peak values of 255%BW {F..1) and 238%BW (F...) were determined
for the ‘average’ subject {Figs. 2 and 3, Table 3). The values of F ;| individually ranged between
209%BW {H3L) and 301%BW {HS8L) {Fig. 4), which is a variation by 44% F_,, laid between
217%BW (H9L) and 287 {HBL); it had a variation of 32%.

At twelve months pOP {Figs. 2 and 3, Table 3}, peak values of 252%BW (F ) and 245%
BW {Fres2) were determined for the ‘average’ subject. Fr.; individually varied {Fig. 4) between

FLOS ONE | DOR10.1371joumal. pone. 0120438 March 25, 2015 7115
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BW {HEL) with a variation of 32%.

Over the three- to twelve-month pOP period {Figs. 2, 3 and 4), F.., declined by -1% on av-
erage {Table 4). It increased in four subjects, but decreased in five subjects and remained con-
stant in one {H7R}. The individual changes laid between +6% {(H1L) and -13% (H8L). The
change of F__; during the pOP time was +4%. F__, increased in seven and decreased in three
subjects {Table 4). The individual changes laid between -8% (H10R) and +13% (H6R). For the
‘average’ subject a logarithmic correlation was determined between the pOP month and the
peek values F . ) and F .o (Fig. 3) with R? = 0.02 and R? = 0.68 {Table 5).

Friction moment

During walking, M., increased in all patients between heel strike {HS) and CHS {Fig. 2, dashed
lines), with a fitst maxitmum around CHS. The local minimum of the M, cutve between CHS
and TO represents the instant when the rotational direction of the joint changes from

FLOS ONE | DOR10.1371joumal. pone. 0120438 March 25, 2015 8/15
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Fig 4. Individual contact farces, friction moments and coefficients of friction. Load pattern during one gail cycle at three {left} and twelve {right)

months posioperativeiy.

doix10.1371journal pene.01204 38 5004

extension to flexion. It is followed by a second, smeller maximum during the flexion phase,
shortly before TO.

At three months pOP, friction moments of 0.174%BWm (M_, } and 0.234%BWm (M}
were determined for the ‘average’ subject {Figs. 2 and 3, Table 3). After the local minimum, a
smaller second maximum of 0.186%BWm was determined during the flexion phase of the gait
cycle. M, individually ranged between 0.096%BWm (H9L) and 0.220%B3Wm {H7R), a varia-
tion by 129%. M., laid between 0.137%BWm {H9L) and 0.301%BWm (H10R) (Fig. 4) and
varied by 119%. The smaller second maximum ranged from 0.124%BWm {H5L) to 0.261%
BWm (H2R) with a variation of 110%.

At twelve months pOP {Figs. 2 and 3, Table 3), average friction moments of 0.107%BWm
{Mres1 ) and 0.174%BWm {M;es;) were found. M1 ranged between 0.027%BWm {H2R) and

FLOS ONE | DOR10.1371joumal. pone. 0120438 March 25, 2015 8/15
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Table 5. Average postoperative trends of the contact farce (F ..}, friction moment (M,..) and coefficient of friction (u).

Average R?

Fresi 0.023
Fres2 0.679
IMres1 0.994
Mres2 0.817
p1 0.992
pz 09683
pmax 0.2571

RSE a pla} b [41(}]

7857 265 0.002 -1.582 0.849
2.831 232 0.007 5.597 Q176
0.003 0.225 0.001 -0.048 Q003
0.008 0.281 0.004 -0.042 Q043
0.001 0.058 0.001 Q013 2004
0.001 Q.073 <0001 -0.011 Q004
0.008 Q0.186 0.010 Q.007 0.499

Logarithmic regression functions ¥ = a + b*In{m) with m = postoperative month, the residual-standard-emor (RSE) and the p-values for the intercept a and

the slope b (t-test)

doix1 01371 journal pone.01 204 38 £005

and 0.402%BWm (H10R}), which is an even higher variation of 451%. The second smaller max-
imum had an average of 0.130%BWm. It ranged from 0.045%BWm {H4L) to 0.247%BWm
{H10R) and varied by 449%.
From three to twelve months pOP, M, ., decreased significant on average by -47%
{Table 4). But this change was individually very ditferent, with values between +13% (FH10R)
and -72% {H2R). M., sunk on average by -34%, with individual changes between +30%
{H10R} and -60% {(HB8L). The smaller second maximum of M_, was decreased by -28%. With
exception of HI0R, M, and M., decreased in all subjects over the first twelve months pOP.
A logarithmic correlation was observed between the pOP month and the peak values M,
and M,; (Fig. 3} with R* = 0.994 and R* = 0.917 for the ‘average’ subject {Tzble 5). The slope
of M, from HS to CTO decreased by approximately -50% during the pOP time.

0.143%BWm (H1L); it highly varied by 430% (Fig. 4). M., laid between 0.069%BWm {H9L)

Coefficient of friction

The coefficient of friction {) increased throughout the whole load phase from HS to TG
{Tig. 2, dotted lines). This increase was approximately linear during the stance phase between
CT'C and CHS. Shortly after the CHS, at approximately 70% of the gait cycle, p increased
sharply and always reached its absolute maximum (py,.) shortly before TO.

At three months pOP {Fig. 2, Table 3), values of p, = 0.045, p, =0.062 and P, = 0.175
were determined for the ‘average’ subject. As with F.; and M., the coefficient of friction indi-
vidually varied much {Fig. 4). , ranged from 0.032 (H8L} to 0.063 (H1L), and varied by 97%.
I laid between 0.04 {H9L) and 0.081 {H10R}), which is a variation by 103%. p_, had values
between 0.095 {H8L) and 0.229 {H2R); it varied by 141%.

At twelve months pOP {Fig. 2, Table 3), values of p; = 0.028, p, = 0.047 and p ., = 0.179
were determined for the ‘average’ subject {Fig. 2). p varied extremely between 0.007 {H2R) to
0.071 {H10R), which is a variation of 914%. ., was individually less different; it had values be-
tween 0.02 {H9L) to 0.116 (H10R) and thus varied by 480%. jmay ranged from 0.079 (H8L) to
0.442 {H10R) with a variation of 459%.

From three to twelve months pOP {Figs. 2, 3 and 4), the coefficient of friction decreased on
average {Table 4). The reduction of p; was -34%, with individual changes between +18%
{HI10R) and -72% {H2R). p, sunk by -46% on average, with individual changes between +48%
{H10R) and -59% {H8L}. The values of p; and p, decreased in all subjects, with the exception
of H10R. p,,. decreased by -8% on average; it rose in seven subjects but sunk in three of them.
The individual changes laid between +101% (H10R) and -429% (H9L).

FLOS ONE | DOR10.1371/joumal.pone. 0120438 March 25, 2015 10/15
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A logarithmic correlation between the pOF month and p was found for the ‘average’ subject,
with R* = 0.992 {p), R* = 0.993 {|,) and R* = 0251 {p_..) (Table 5). Furthermore, the correla-
tion was also calculated for each subject separately. The coefficients of correlation for p, ranged
between 0.999 {H2R) and 0.226 (H10R) those for p, between 0.999 (H6R) and 0.745 (H3L)
and for p,,, between 0.954 {H9L) and 0.007 (FH1L}), respectively.

Discussion

In this study, it was possible for the first time to simultaneously measure joint contact forces
and friction moments in vivo during walking. High friction moments may endanger the stabili-
ty of cup fixation and cause fretting between the prosthesis head and the taper. Loosening mo-
ments of acetabular cups depend on the quality of the cup-bone interface, which is influenced,
among othets, by the fixation technique and the type of coating. For cementless press-fit cups,
cyclic loosening moments as low as 8Nm were determine 1 vitro [35]. The maximal measured
friction moment (intra-individual average!) was 0.402%BWm in H10R {Fig. 4), which corre-
sponds to 3.99Nm or 50% of the critical value. This shows that the real friction moments,
which act during higher demanding activities than walking or when extreme force occur during
stumbling [36], may reach dangerous values, especially shortly after implantation.

Joint loads and gliding parameters

Simulator tests on friction and wear in hip implants have been performed under varying condi-
tions. In some cases, the joint was moved in one plane only, using sine wave loads and move-
ments, while the movements around the other joint axes were ignored [11,18,21,37]. However,
during walking, the hip joint moves not only around the x-axis (flexion/extension) but also
around the y-axis {abduction/adduction) and the z-axis {internal/external rotation). An earlier
study [20] showed that friction also depends on the moments around the other two axes. Fur-
thermore, the joint movement is not sinusoidal, and the contact loads typically have two peaks
at CT'O and CHS. We have shown that the friction moment M, increases in vivo between HS
and CHS, when it reaches its maximum. This finding is contrary to the in vitro situation, where
the measured friction moment showed a plateau phase during the loading of the joint [11,21].
Inthe current in vivo study, p has been calculated in 3D and has been proven not to be con-
stant throughout the gait cycle (Fig. 2). During each step it increased {Table 3, 4} from 0.045 to
0.175 {three months pOP) respectively from 0.028 to 0.179 {twelve months pOP). p reaches its
absolute maximum shortly before TC, when the movement changes from extension to flexion.
At that instant, the relative velocity between ball and cup is either zero ot very low. Eatlier studies
reported that p differed when the lubrication conditions were changed [19,20,38]. The high peak
value of pLis probably best explained by the assumption that the synovia is squeezed out under
high loads and transported back into the joint when the load is low during the swing phase [21].

Postoperative changes

No significant change of the resultant contact force F_,, in the ‘average’ subject was observed
between three and twelve months pOP. However, the joint loads during the first three months
are not reported here. In an earlier study, F_ showed during that time an average increase of
18% {Fren1) and 219% (F,.,2) when walking with crutches [39]. This date was only based on sub-
jects H1L to H7R, who also participated in this study. Future simulations of bone remodeling
around hip implants by finite element modeling should simulate increasing contact forces dur-
ing the first three months while meaintaining constant contact force values afterwards.

A significant decrease of the friction moment M, in the postoperative course was observed
throughout the whole gait cycle for the ‘average” subject. At the instants of the two peaks of
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Frem Mg decreased significantly by 47% (M1 ) and 34% {M,e.). These changes may be caused
by ‘tunning-in’ effects of the gliding components or by improved lubricating properties of the
synovia [40]. A fluid with a high viscosity needs more time to flow out of the intra-articular
jeint space, provided that the contact force and sliding speed are the same. Synovia is a non-
Newton fluid [40], and its viscosity therefore depends on contact force, sliding velocity and
shear stress [13,19,40,41]. Because the walking velocity and contact forces were found to be
nearly constant during the observed period, the decrease in M., suggests an increase in fluid
viscosity by about 50%, an effect which had not be investigated in the current study. The loga-
rithmic decrease of the coefficient of friction over the postoperative time suggests a change in
synovia viscosity and, possibly, an additional smoothening of the gliding surfaces.

Typical simulator studies, which investigated the friction of soft-on-hard parings as in our
study {XPE/AL,O5), delivered p-velues between 0.04 and 0.09 [11,13,42] for a lubricated regime
and for a ‘dry’ sliding condition values between 0.13 and 0.14 were determined [43]. The sharp
increase of . between CHS and TC did not change significantly between three and twelve

manths 1O Thic findine suewects that durine eorly Hoxion hin igint friction does not dehend
mofnins pler. 1015 NnRGing suggesis tnat Quring eaiuy Lnexion, nip joint riclion aoes ol aepend

much on synovial properties. This finding, along with the high absolute peak values p,,. indi-
cates the presence of ‘dry’ friction [43] in the joint during the early flexion phase. However, sev-
eral studies have shown that the fluid film thickness in a soft-on-hard pairing is much lower
than the roughness of the polyethylene bearing surtace [44,45]. This suggests that ‘mixed’ or
‘boundary lubrication” conditions occurring for this tribological pairing [42].

A time-dependent logarithmic trend of p, . was also observed, but only with R* = 0.251
and a high inter-individual range {0.013 to 0.886). The significance of postoperative changes
of [, in only some of the subjects may be due to different activity levels and therefore differ-
ent running in effects [46].

Inter-individual differences

The observed peak values of F.., varied individuelly by 44% (three months pOP) and 34%
{twelve months pOP). In contrast to these relatively small deviations, M, individually differed
by 129% {three months pOP) and even 451% (twelve months pOP). For p, the individual varia-
tion laid between 141% (three months pOP) and 914% (twelve months pOP). These strong in-
dividual variations of M, are most likely due to different ‘running-in’ effects, which are
caused by the individual activity levels and synovial properties.

In subject H10R, the peak piy ., was extremely high and was greater than that observed in all
of other subjects. This observation may possibly be explained if one assumes that in H10R the
movement in the joint really fell to zero at the instant when the movement changed from ex-
tension to flexion. In the other subjects, however, the joint may still have been slightly rotating
in the frontal and horizontal planes. The fluid film may thus have been broken down complete-
ly in the joint of H10R only. To clarify this hypothesis, future study will focus on individually
different movements in the joint and on deviating areas of load transfer, which will be analyzed
using individual gait data and anatomical conditions.

It was shown that the peak values of the i vivo acting friction moments during walking
were smaller than critical torsion torque at the cup-bone interface [35]. However, higher fric-
tion moments can be expected during high demanding activities, which might be critical for
the cup fixation, especially shortly after implantation.

This study has reported for the first time post operative changes and the individual differ-
ences of the in vivo forces and friction moments acting in total hip joint replacements. These in
vivo loads can now be used as realistic input data for friction and wear simulator studies.
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Examples of the in vivo measurements are published at the public data base www.orthoload.

com.

Limitations of the study

There are some limitations to this study. The number of investigated subjects was small and
only one implant type was investigated only during level walking. The peak values of the fric-
tion moment and friction coefficient and their time-dependent changes individually varied ex-
tremely. Possible factors, causing these variations, were not evaluated. Such factors as implant
orientation, sliding speed and contact area in the joint, as well as friction during other activities
are currently investigated in an additional study.
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2.3. Einfluss statischer Belastung auf die Gelenkreibung

Die Lockerung von Pfanne und Inlay ist eine der haufigsten Ursachen fur das Versagen
eines Huft-Endoprothesen-Systems (Bergen 2010; David, Graves, and Tomkins 2013;
Garellick et al. 2011). In der Literatur wird von Simulator-Reibversuchen berichtet, die
zeigen, dass im Vergleich zu zyklischer Bewegung die Gelenkreibung beim
Bewegungsbeginn nach statischen Belastungen signifikant erhoht ist (Morlock et al.
2000; Nassutt, Wimmer, and Morlock 2003). Hauptziel der im Rahmen dieser
Teilstudie durchgefuhrten in-vivo-Belastungsmessungen war es zu untersuchen, ob
dieser auch aus der Technik bekannte Effekt der Anlaufreibung, in der in-vivo-Situation
ebenfalls auftritt, und zu beurteilen, ob die dabei wirkenden Reibbelastungen ein
potenzieller Risikofaktor insbesondere fur die frihe postoperative Pfannenstabilitat
sind. Es konnte gezeigt werden, dass schon kurze statische Belastungen, wie sie
schon bei kurzen Gehpausen auftreten, zu einer signifikanten Erhohung der
Gelenkreibung in vivo fuhren. Die Ergebnisse dieser Studie bestatigen somit, dass
auch die in vivo wirkenden Spitzenmomente in Huftimplantaten schon nach einer
kurzen Gangpause im Mittel mit bis zu 143% signifikant hoher sind als bei
kontinuierlichen Bewegungen. Diese deutlich erhohten Reibbelastungen, welche unter
anderem als Torsionsbelastung ins Knochen-Implantat-Interface Ubertragen werden,
sind somit potenzielle Risikofaktoren, insbesondere fur mechanisch induzierte
Pfannenlockerungen. Dieses Risiko ist bei zementfrei verankerten Pfannen, bei
unzureichender Verankerung bzw. in den ersten postoperativen Monaten am
hdchsten. Der nachfolgende Text entspricht dem Abstract der Arbeit ,,/n vivo measured
Joint friction in hip implants during walking after a short rest”, welche im Journal PLoS
ONE 2017 veroffentlicht wurde.

“It has been suspected that friction in hip implants is higher when walking is initiated
after a resting period than during continuous movement. It cannot be excluded that
such increased initial moments endanger the cup fixation in the acetabulum, overstress
the taper connections in the implant or increase wear. To assess these risks, the
contact forces, friction moments and friction coefficients in the joint were measured in
vivo in ten subjects. Instrumented hip joint implants with telemetric data transmission
were used to access the contact loads between the cup and head during the first steps

of walking after a short rest.
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The analysis demonstrated that the contact force is not increased during the first step.
The friction moment in the joint, however, is much higher during the first step than
during continuous walking. The moment increases throughout the gait cycle were 32%
to 143% on average and up to 621% individually. The high initial moments will probably
not increase wear by much in the joint. However, comparisons with literature data on
the fixation resistance of the cup against moments made clear that the stability can be
endangered. This risk is highest during the first postoperative months for cementless
cups with insufficient under-reaming. The high moments after a break can also put

taper connections between the head and neck and neck and shaft at a higher risk.

During continuous walking, the friction moments individually were extremely varied by
factors of 4 to 10. Much of this difference is presumably caused by the varying
lubrication properties of the synovia. These large moment variations can possibly lead
to friction-induced temperature increases during walking, which are higher than the

43.1°C which have previously been observed in a group of only five subjects.”

Publikation: In vivo measured joint friction in hip implants during walking after
a short rest.

Damm P., Bender A., Duda G., Bergmann G.

PLoS ONE 12(3): e0174788.; https://doi.org/10.1371/journal.pone.0174788
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Abstract

Introduction

It has been suspected that friction in hip implants is higher when walking is initiated after a
resting period than during continuous movement. It cannot be excluded that such increased
initial moments endanger the cup fixation in the acetabulum, overstress the taper connec-
tiohs in the implant or increase wear. To assess these risks, the contact forces, friction
moments and friction coefficients in the joint were measured in vivo in ten subjects. Instru-
mented hip joint implants with telemetric data transmission were used to access the contact
loads between the cup and head during the first steps of walking after a short rest.

Results

The analysis demonstrated that the contact force is not increased during the first step. The
friction moment in the joint, however, is much higher during the first step than during continu-
ous walking. The moment increases throughout the gait cycle were 32% to 143% on aver-
age and up to 621% individually. The high initial moments will probably not increase wear by
much in the joint. However, comparisons with literature data on the fixation resistance of the
cup against moments made clear that the stability can be endangered. This risk is highest
during the first postoperative months for cementless cups with insufficient under-reaming.
The high moments after a break can also put taper connections between the head and neck
and neck and shaft at a higher risk.

Discussion

During continuous walking, the friction moments individually were extremely varied by fac-
tors of 4 to 10. Much of this difference is presumably caused by the varying lubrication prop-
erties of the synovia. These large moment variations can possibly lead to friction-induced
temperature increases during walking, which are higher than the 43.1°C which have previ-
ously been observed in a group of only five subjects.

PLOS ONE | https:/doi.org/10.1371/journal.pone.0174788  March 28, 2017
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Introduction

Total hip joint replacement is performed more than 200,000 times in Germany alone [1]. Dur-
ing recent decades, the patients became younger and more active. Hence, their demands for
functionality and lifetime of the implants have increased. Loosening of the artificial cup and
inlay is one of the most common reasons for the failure of total hip replacements [2-4]. Poly-
cthylene wear and aseptic loosening of the cup account for 26% and 48%, respectively, of reop-
erations [2,5]. Another study demonstrated that 30% to 40% of all revisions require a change
of cup or inlay [6].

Wear is caused by friction, and aseptic loosening can be due to moments that stress the fixa-
tion in the acetabulum. These moments are not only determined by the patient’s activities and,
thus, the frequency and magnitude of the contact forces but also by the amount of friction in
the joint. In vitro studies using different test conditions [7-18] demonstrated that the materials
of the implant head and inlay primarily influenced the friction. In several studies, the stability
of cup-bone bonding was investigated in cadavers or using plastic bone substitutes. A loosen-
ing moment of 8.8 Nm was reported for cementless cups [19], but values as low as 2.2 Nm
were reported [20], both with an under-reaming of 1 mm. In comparison, our own in vive
load measurements with instrumented hip implants [21] have determined average friction
moments during walking between 2.25 £0.29 Nm (three months postoperatively) and 1.76
+0.83 Nim (12 months postoperatively) [22,23]. This indicates that already during typical
activities of daily living, such as walking, critical friction moments can occur in total hip joint
replacements,

Analogous to higher moments in technical joints after movement started, it was suspected
that friction in joint implants may also be higher after a short break, during which time the
lubrication film breaks down [24,25]. Based on i# vive measurements [26] of typical activity
times and resting periods in hip patients and using a pin-on-ball test, joint friction was investi-
gated in vitro after movement began [24]. Friction after 5 s resting was 30% higher in ceramic-
UHMWPE pairings than during the follewing continuous movement. The increase depended
on the tribological pairing of the implant and correlated to the rest time. The results of this
study confirmed that the peak moments in hip implants are higher after a rest than during
continuous movements and may jeopardize the cup fixation. However, the in vitro data cannot
directly be applied to i# vivo situations because the kind of movement, the force amplitudes
and the lubricant are different. The lubricating property of the synovia has an especially large
influence on friction in the joint, as a difference of up to 451% in the friction moments in a
group of ten subjects suggests [23]. Such individual differences of lubrication may also effect
the possibly increased moments after a rest.

The main goal of this study was to obtain in vivo data on the increases of friction moments
and friction coefficients after joint movement began. This enables the estimation of the poten-
tial risk of cup loosening due to high moments. For this purpose, contact forces and friction
moments in instrumented hip implants of ten subjects were measured during walking, and the
friction coefficients were calculated from these data.

Methods
Instrumented hip implant

To measure friction between the head and cup in vive, instrumented hip implants were used
[21]. The titanium implant (CTW, Merete Medical, Berlin; Germany) was combined with a 32
mm AlyQO; ceramic head and an XPE inlay. The neck of this clinically proven standard implant
was modified to house an inductive power supply, six strain gauges, signal amplifiers and
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telemetric data transmission [21]. The external measurement system [27,28] supplied the
inductive coil around the patient’s hip joint. The received signals were recorded simulta-
neously with the patient’s images on video tape.

Joint contact forces and friction moments. The femur-based coordinate system [29] was
located in the head center of a right-sided implant [30]. Data from left implants were mirrored
to the right side. The resultant joint contact force F,. was calculated from the three force
components in the lateral (Fy), anterior (F), and superior (F,) directions. The resultant fric-
tion moment M, was determined from the three components My, M, M,, rotating positively
around the corresponding axes.

Calculation of coefficient of friction

Based on all force and moment components, the magnitude of the three-dimensional coeffi-
cient of friction p was calculated [23], assuming Coulomb friction and a head radius R:

M = Ml'e&/(H * FI‘ES) (1)
The lever arm H is given by the following equation, see also [23]

H=R [F,/F, — cos(RM} + (M./M,]] (2)

The coefficient i was only determined for Fy, > 25%BW and M, > 0.02%BWm to ascer-
tain an accuracy of p better than 5%.

Patients and measurements

Ten patients with instrumented implants participated in the study (Table 1). They gave their
informed written consent to participate. The study was approved by the ethical committee of
the Charité-Universititsmedizin Berlin, Germany (EA2/057/09) and was registered in the
German Clinical Trials Register (DRKS00000563). The measurements were performed an
average of 17 months (12-31 months) postoperatively during 10m of level walking at a self-
selected walking speed. Five to eighteen trials per subject were recorded. The subjects stood
still on both legs for 12 s, on average, before they started walking with the ipsilateral leg.

Data evaluation

All forces were determined as a percent of the patient’s bodyweight (%BW); the friction
moments in %BW*m. For a subject with a body weight of 100 kg, as an example, the values
must be multiplied by a factor of 9.81 to obtain numbers in N or Nm. The continuous time
patterns and the numerical peak values of forces and moments were analyzed separately for
each of the first four steps after rest. Each complete step started and ended at the instants when
Fes became a minimum (Figs 1 and 2). The ‘Start’ phase, preceding the first step, started when
the ipsilateral leg started to move after stance and ended when F,., became a minimum before
heel strike. 1f not mentioned as being ‘individual’, all reported data refer to results from the
average subject.

Time patterns: First, the durations of the Start phases and the four steps were averaged (Fig
1) from all individual trials (1'able 1). Then, the time patterns of all six force and moment com-
ponents and the results from all trials were averaged, separately for the Start phase and the
four steps. For averaging, a dynamic time warping procedure was applied [31], which delivered
an output that retains the typical maxima and minima of the included signals. Finally, the
obtained individual averages were averaged again from all subjects to obtain the load-time
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Table 1. Investigated subjects and the measurement parameters.

Subject Bodyweight Measurement 2 Rest Trials Gender Age
[N] [months post OP] [s] [years]

HiL 760 13 5 6 male 56
H2R 767 12 7 6 male 62
H3L 1.096 12 11 | 18 male | 60
H4L 798 12 7 | 1 male | 51
H5L 863 31 14 | 10 female | 65
H6R 856 24 16 | 8 male | 70
H7R 899 24 21 | 5 male | 54
H8L 874 18 20 | 10 male | 57
HaL 1197 13 5 | 11 male | 55
H10R 995 12 10 | 9 female | 54
Average 910 17 12 | 10 - I 58

https://dol.org/10.1371/journal.pone. 01747881001

behavior of an average subject (Fig 2). The friction coefficient u throughout each trial was cal-
culated from these individual or average force and moment components.

Numerical values: For the Start phase (Fig 1), the absolute maxima Fyeart, Mtarts and gqy Of
the resultant force, the resultant moment and the friction coefficient were analyzed. During
each of the following steps, the curves of the force P, always exhibited two peak values Fero
and Feys (Figs | and 2), at approximately the instant of contralateral toe off (CTO) and con-
tralateral heel strike (CHS). One of both peak values was always the absolute maximum of F,.
For the moment M., the two values Mo and Megs were determined at the same instants as
the peak forces. The maximum resultant moment M,,,,, throughout the entire cycle duration
mostly acted very shortly after Mcys and is abont 10% to 15% higher (Table 2). Two numerical

300 - 0.30
Average Subject  Contact Force Friction Moment Coefficient of Friction
Fero |

250 - 0.25
— i (=
£ 200 i L 020 =2
o oo
8 =0
<] £%o
L 150 015 E -
L E
F | 25
c =
5 i 2%
© H © o
100 - - 0.10 = O

50 r 0.05

0 0.00

% H
Start (@1.25) c,}O Q‘z‘% (f‘oc}?‘ ('}O d{o é ° ('.}2‘6

Fig 1. Resultant force F,.5, resultant friction moment M, and friction coefficient p before “Start” and
during four steps after rest. Data from average subject.

https://doi.org/10.1371/journal.pone.0174788.9001
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Fig 2. Resultant joint contact force F o, resultant friction moment M, and coefficient of friction  for
steps 1 to 4 after rest. M. and p are higher during step 1 (red lines) than during the following steps. Fres is
higher only until CTO. HS =ipsilateral heel strike, CTO = contralateral toe off, CHS = contralateral heel strike,
TO = ipsilateral toe off. Data from average subject after average rest time of 12 s.

https://doi.org/10.1371/journal. pone.0174788.g002

values poro and pens of the friction coefficient were also identified at the instants of the two
peak forces. The absolute maximum p,,,., of the friction coefficient was denoted as P

Separately for the Start phase and the four steps, these distinct force, moment and coeffi-
clent values were first determined numerically from the time patterns of the single trials and
then averaged in the same sequence as the load-time patterns. First, the individual averages
were calculated and then, based on the obtained numbers, the values for the average subject
plus the corresponding minima, maxima and standard deviations. Information about the vari-
ations of all parameters in the individuals and their average is supplied by the reported stan-
dard deviations. The procedure used for averaging the time patterns minimized the summed
errors between all included patterns throughout the entire measurement time. Therefore, the
peak values in the curves of the average subject (I'ig 2) can slightly deviate from the corre-
sponding, numerically averaged peak values (Table 2).

To determine whether the values of the eight Fye, Mo and p measurements during the first
step were different from the corresponding values during the last step, each measurement
from step 1 of the individual and average subjects was compared to the value from step 4. The
obtained differences in percent were statistically analyzed (Wilcoxon, p < 0.05).

Rest times: To investigate whether the duration of the rest time influenced the changes of
M, and y, the individually averaged rest times per trial (Table 1) were correlated to the
changes of the corresponding six M, and p values between steps 1 and 4.

Results
Joint contact forces Fqg

Time patterns: During the early gait phase until CTO, F,., was much higher during step 1 than
during steps 2 to 4 (Fig 2). This surplus was 59% when the steps started and 35% at ipsilateral
heel strike (HS). After reaching CTO and until the end of the cycles, F.. was nearly the same
for all four steps.
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Fig 3. Contact forces F g, friction moments M, and coefficients of friction p during first four steps
after rest. Values at the instant of contralateral toe off (CTO) and contralateral heel strike (CHS) plus maxima
(max) during the entire step time. Averages from ten subjects. Small circles =illustration of large individual
variation of Meys during step 1; other variations see Table 2.

https://doi.org/10.1371/journal.pone.0174788.9003

Numerical values: The individual variations of the two force peaks Fero|Fopgs were large
(Table 2). For each of the four steps the standard deviations were approximately 23|13% of the
average values. From step to step, both average force peaks were nearly unchanged (l'able 2,
Figs 2 and 3). Fepo during step 1 exceeded the value from step 4 by only 1.3% (T'able 3); for
Feps this difference was -0.8%, that is, Fpys was slightly smaller during step 4 than step 1.

Table 3. Increases of forces, moments and coefficient of friction during the first step after walking.
Increase in percent of values during step 1 relative to values during step 4. Minima und maxima indicated in
bold, p-values: Wilcoxon test.

Subject Fcro | Fens Mcro Mcus Mpax Hcto HcHs Mmax
[%] | [%] [%] [%] [%] [%] [%] [%]
H1L 1.9 | 4.1 124 19 20 116 26 19
H2R 1.0 | -4.3 621 19 5 542 23 -3
H3L 1.8 | -2.9 98 20 29 94 28 -12
H4aL -3.4 | -3.2 76 65 74 84 73 -46
H5L 8.7 1.8 253 122 103 104 -2 35
H6R 04 2.4 65 40 26 23 21 14
H7R 22 | 00 22 52 27 160 105 36
H8L 2.9 | 121 -5 -4 57 34 11
HoL 0.8 24 31 25 42 25 52 54
H10R 0.8 -1.3 18 -5 -7 16 -5 -25
Min -3.4 -4.3 18 -5 -7 16 -5 -46
Max 8.7 2.4 621 122 103 542 105 54
Average 1.3 | -0.8 143.0 35.4 31.5 122.1 35.5 8.3
SD 3.1 26 172 36 33 147 32 29
p-value 0.201 0.285 0.005 0.013 0.22 0.005 0.014 0.721

https:#/doi.org/10.1371/journal.pone.0174788.1003
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Friction moments Mq¢

Time patterns: The friction moment M, had a different time behavior than F,, and revealed
only one maximum at or shortly after CHS (Fig 1). During step 1, M, rose sharply after heel
strike until CTO, while F,. increased, and then changed only a little until CHS (Fig 2). In con-
trast to this, M, increased neatly linearly between HS and CHS during the following steps.
After CHS, M,; always fell, approximately until the joint movement changed from extension
to flexion. This instant was controlled by the synchronous videos. Then, it rose to an interme-
diate peak value, most pronounced for step 1, and continuously fell until the step ended. Dur-
ing the entire cycle time, M, ., was higher during step 1 than later.

Numerical values: In all subjects, except H10R, all three moment values, Mo, Mcys and
M .5, were higher during step 1 than later (Table 2), The individual variations of all three
moments, were large, For step 1, for example, the standard deviations were 39%, 38% and 33%
of the average values. The small red circles shown in Fig 3 illustrate the huge range of individ-
ual values of Mg during step 1. During the next three steps the standard deviations were
even higher. In the average subject, however, uniform step to step changes were observed
(Table 2). Mcro fell from step to step (Fig 3) and was most pronounced from step 1 to 2. With
143% (p = 0.005), the surplus from step 1 relative to step 4 was very large (l'able 3). Mg was
much higher than Mc1q and decreased continuously but was less pronounced than Mg
from step 1 to 2. The value during step 1 was only 35% (p = 0.013) higher than during step 4.
The maximum moment My, only slightly exceeded My 5. The step to step changes of M,y .«
were similar to those of M.y, with a total surplus during step 1 of 32% relative to step 4. The
moment courses in Fig 3 indicate that all three friction moments will probably only slightly
decrease further after step 4.

Coefficient of friction p

Time patterns: The charts of p from the average subject (Figs 1 and 2) show that it was perma-
nently higher during step 1 than during the following steps. During step 1, pt in the average
subject already rose at HS and stayed at a high level after CTO. The rise during the following
three steps only started after CTO. When hip flexion began, p was nearly the same for all four
steps. It then uniformly and sharply increased to the absolute maxima at around ipsilateral toe
off (T0), which were more than twice as high than the values during the whole stance phases.
After TO, p continuously decreased during the remaining swing phase.

Numerical values; All three individual friction values, pero, Pens and Puyax varied a lot,
as observed from the ranges and standard deviations in Table 2. In subject HIOR, all three fric-
tion values were much higher than in all other patients. The individual values of pero|icns
exceeded the average ones by up to 176%|239%

In the average subject, e was 122% (p = 0.005) higher during the first than during
the last step (Table 3, Fig 3). For ucpys, this surplus was 36% (p = 0.014). The extreme individ-
ual surplus of peyg from step 1 to 4 was 105%, observed in subject H7R. The maximum
coefficient p,. Was on average by only 8% higher during step 1 than step 4. The declines in
all three p values with the step number (Fig 3) was less pronounced than the drops observed
for the moments. During step 2, (., was even larger than during step 1, an effect observed
for six of the ten individual subjects.

Start phase

During the Start phase, the patterns of Fyq, Myes and p were different from those during step 1
(Fig 1). The numerical value of Fy,, (Table 2) was on average 48% lower, compared to Fere

during step 1, with individual variations between -60% to -32%. The values My |Msarts
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however, were on average 3%]|7% higher, compared to Ferq, during step 1. However, these
changes again varied a lot, with ranges of -49% to +135% for M, and -51% to +50% for e

Rest times

No or very poor correlations existed between the individually averaged rest times (Table 1)
and the six values of M. and p (Table 3); R? was always below 0.23.

Discussion

High friction moments in hip implants increase wear in the joint, especially during the early
postoperative weeks, when the fixation stability of cementless implants is lower than later; high
friction moments can possibly also endanger the fixation of the cup. It was shown [30] that the
peak friction moment during some activities can already reach values that were reported in the
literature to jeopardize the cup fixation. [24,25] It has been reported that the in vitro friction
moments are higher during the first loading cycle after a rest than during continuous move-
ment. This indicated that frequently increased moments after rests might increase the risk for
cup loosening or lead to more wear. Because the test conditions in these studies were not real-
istic, we examined whether the friction moments and the coefficient of friction are higher in
vivo when walking starts after a rest.

With regard to the reported large individual variations of all load parameters, the average
values cannot be generalized. The friction coefficient pero, for example, was by 542% larger
during step 1 than step 4 in one subject, but by only 16% in another one. The low significance
of the load changes is indicated by the low p-values in Table 2. However, decreases of all
moments and friction coefficients except . were observed in at least eight of ten subjects.
Therefore, the moment and friction increases after a rest prior to walking can be expected for
the majority of subjects, but their extend cannot be predicted exactly for a specific individuum.
Other limitations to this study are the small number of ten investigated subjects and that only
one tribological paring was investigated (Al,05/XPE).

Friction moment and coefficient

During the first step after standing, the friction moment M, at the instant of the first|second
force maximum was 143%|35% higher than during step 4. At the same time, the friction coeffi-
cient y from step 1 exceeded that from step 4 by 122%|36%. This means that the decreases of
M, and u throughout the first four steps are approximately proportional.

Figs 1 and 2 show that M, and y, during the initial step, rise sharply after heel strike, when
the contact force F,., increases, and stay at increased levels until the CHS, when I, falls again.
"This behavior is in sharp contrast to the changes of M, ., and p during continuous walking
(assumed to be represented by step 4), when both measures increase continuously throughout
the whole stance phase. The force F, during step 1 is only initially higher than later.

Possible explanations for these observations are as follows: During the initial rest, all or
most of the synovia is squeezed out of the joint, leading to a nearly non-lubricated contact
between head and cup surfaces. Throughout the first step, until toe off, no synovia can be
transported back into the contact zone because this area is pressurized by the high contact
force Fr... When F, falls after toe off, the joint movement during the swing phase transports
synovia back into the joint. The second and all following steps, therefore, start with a sufficient
lubricating film. The high contact force then again reduces the lubricating film throughout the
stance phase, which leads to the continuous increase of M, and p. The high values of F,., in
the beginning of step 1 are probably required for accelerating the body to walking speed.
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If these explanations are valid, the friction moments during the one legged stance, when
small joint movements cannot be avoided, should also be high. This assumption is confirmed
by some exemplary measurements in the public data base OrthoLoad.com (parameters:
Implant = “Hip Joint IIT" and Activity = ‘One Legged Stance’). Such high moments will be the
focus of a future study.

With 0.045]0.057, the average values of peyo|pcns during step 1 were very close to the maxi-
mum of 0.055 found in simulator tests [25]. Only ppay, acting at TO when F had already
fallen to approximately one-third of the two maxima, was three times higher than this litera-
ture value. Because all three L values have fallen to nearly constant levels until step 4; the num-
bers from this step can be compared to those previously reported for continuous walking
[22,23].

All subjects received implants with the same tribological pairing (Al,Os/XPE). Nevertheless,
the friction moments and the coefficients of friction individually varied a lot. Data from step 4,
assumed to be representative for continuous walking, demonstrated variations of Mcro|Mcns|
M pax by factors of 10]5|4. For pero|icns| fmas these factors were nearly identical. Subject
HI10R especially stands out as the moment and coefficient values were always extremely higher
than those in the other subjects. The three values of M, and p for HIOR exceeded the averages
from all subjects by up to 167%|239%. Such large variations are probably caused by different
individual lubrication conditions, which can be influenced by (i) the lubricating quality of
the synovia [14], (ii) the roughness of the gliding surfaces [14,32], (iii) the joint clearance
[14,32,33] and (iv) the orientation of the acetabular cup [14,34], which influences the load
transmitting area. Data on the impact of other factors, such as the sliding speed or joint contact
area, will be investigated in a further study.

Wear

Frequent reasons for revisions of hip joint replacements are still wear and pathological reac-
tions to wear particles [2,5,35]. Simulator studies demonstrated a correlation between the fric-
tion between sliding partners and the wear rates [33]. In theory, increased friction moments
and coefficients during the first step of walking could, therefore, increase the wear. However,
during walking and other repetitive activities, a single starting cycle with high moments is typi-
cally followed by many continuous loading cycles with lower moments. Because the wear vol-
ume not only depends on the height of the friction moment but also on the number of loading
cycles, much increased wear due to increased moments after rest should not be expected.

Cup loosening

The primary and long-term stability of the cup fixation depends, except for the height of the
friction moments, on the quality of the cup-bone interface, the fixation technique, the type of
porous coating and the bone quality. Simulator studies demonstrated that insufficient under-
reaming of the acetabulum decreases the primary fixation stability (Curtis M. J. et al., 1992;
Tabata et al., 2015). With an under-reaming of only 1 mm, the loosening moments lay between
2.2 and 8.8 Nm. The average maximum moment of M, = 2.15Nm (0.236%BWm, assumed
BW = 1000 N), reported here for step 1 just meets the lowest reported value. However, the
highest individual moment from subject H10L was 4.28 Nm (0.43%BWm, BW = 995 N) and
this is much higher than the lowest stability level reported in the literature.

An additional risk factor, not considered in the current study, is the fact that joint friction
changes during the first months after replacement (Damm et al. 2015). Three months after sur-
gery, M., was on average by 47% higher than after 12 months. The extreme moment value in
H10L would then have further risen to 6.33 Nm. Possible factors for higher postoperative
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friction may be a still lacking smoothening of the gliding surfaces and initially insufficient
synovia properties. Therefore, even higher values than reported here must be expected shortly
after surgery.

The high maximum in vivo friction moments and the lowest reported in vitro loosening
moments together indicate that the higher moments at the beginning of walking can put the
cup fixation at risk in subjects with high body weight, inferior lubricating properties of the
synovia and cementless cups, which are inserted with too small under-reaming. This risk is
highest during the first postoperative months,

Joint temperature

High temperatures in artificial joints could be a potential risk factor for the longevity of the
implant system. For the combination of conventional polyethylene and ceramic cups with
ceramic and metal heads, friction-induced temperature increases up to 43.1°C after one hour
of walking were reported [36]. These increases varied dramatically and individually, depending
on the lubrication properties of the synovia [37] and the tribological materials.

By the same reasons as for the wear a distinct influence of increased moments after breaks
on the implant temperature during walking can be excluded. However, the current study again
demonstrates that friction moments and coefficients are extremely varied from person to per-
son. The three moment measures individually differed by factors of 4 to 10. A factor of four
approximately corresponds to the individual differences of temperature increases measured in
vive during walking [36]. The higher factor of ten let us assume that the implant temperature
may rise much more in some subjects than observed previously.

Head-stem connection

Friction influences the mechanical stress in the head-neck taper region and, if existent, the
neck-stem connection. Up to 143% higher friction moments after a rest, compared to continu-
ous walking, will lead to an increase of these stresses. Therefore, higher friction after a rest can
be a potential risk factor for the mechanical stability of suboptimal taper connections. If the
mechanical connection becomes loose, micromotion between the components increases and
this begins a corrosion cascade [38,39] that can eventually cause implant loosening, Further-
more, increased wear and corrosion products proveke various biological and chemical effects
in the surrounding tissues [39,40], which also lead to implant failure.

Conclusion

It was demonstrated that hip joint friction during the first step of walking after a rest is much
higher than that during continucus movement. The initial friction moments were raised on
average by 35% to 143% and individually by up to 621% compared to continuous walking.

Wear and cup lcosening

The higher moments will probably increase wear in the joint only very slightly, but they can
endanger the fixation of the cup in the acetabulum. This risk is highest for cementless cups
with insufficient under-reaming and during the first postoperative months.

Head-stem connection

The high moments when walking begins can also put taper connections between the head and
neck and between the neck and shaft at a higher risk.
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Joint temperature

In five subjects, friction-induced temperature increases up to 43.1°C were observed in hip
implants during continuous walking [36]. There was much individual variation, and this was
explained by different lubricating properties of the synovia. The measured friction moments
during continuous walking, reported here, individually varied by factors up to 10, which is
more than the differences of the reported temperature increases. Therefore, it seems worth-
while to perform another investigation with a larger group of patients to determine whether
even higher implant temperatures during walking may endanger the long-term outcome of
the replacement.

Additional data

Selected examples of the in vivo measurements, on which this study was based, are published
in the public data base www.orthoload.com.
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24. Einfluss von Kinematik und Belastung auf die Gelenkreibung

Der Anspruch an das Aufrechterhalten des Freizeitsports auch nach dem Gelenkersatz
spielt fir die Lebensqualitat jungerer Patienten eine immer gréliere Rolle. Dieser
Umstand wird aktuell auch als ein potenzieller Risikofaktor fur zukunftig hohere
Versagensraten der Gleitpartner in dieser Patientengruppe diskutiert (Johnsen 2006).
Die Ansichten dartber, welche Aktivitaten als kritisch bzw. unkritisch fur die langfristige
Funktion des kunstlichen Gelenkersatzes einzuordnen sind, sind jedoch sehr
unterschiedlich (W. L. Healy et al. 2008; Healy, lorio, and Lemos 2001; Klein et al.
2007; Laursen et al. 2014; Swanson, Schmalzried, and Dorey 2009). Daruber hinaus
ist die tatsachlich in vivo auftretende Gelenkreibung bei den so empfohlenen
Aktivitaten bisher vollig unbekannt. Im Rahmen der folgenden Studie konnten wir
zeigen, dass einbeinige und sportliche Aktivitaten mit hoher statischer Vorlast kritische
Reibmomente fur die Pfannenstabilitdt zur Folge haben konnen. Der nachfolgende
Text entspricht dem Abstract der Arbeit ,,Physical Activities that Cause High Friction
Moments at the Cups of Hip Implants”, welche im “Journal of Bone and Joint Surgery”

2018 veroffentlicht wurde:

“Background: High friction moments in hip implants contribute to the aseptic loosening
of cementless cups in about 100,000 cases per year. Own findings and literature data
suggested that sustained joint loading may cause such high moments. The most critical
physical activities were identified in this study.

Methods: Friction moments in the cup were telemetrically measured 33,014 times in
endoprostheses of nine subjects during 1,438 different activities. The highest moments

were compared to the cup’s fixation stability of approximately 4Nm.

Results: 124 different activities could cause friction moments above the critical limit,
with a highest value of 11.5Nm. Most of them involved sustained high contact forces
before or during the activity. The highest peak moments (11.5 to 6.3Nm) occurred
when moving the contralateral leg during one-legged stance; during breaststroke
swimming, muscle stretching or muscle contraction; during two-legged stance and
during static one-legged stance. The median moments were highest (3.9 to 3.4Nm) for
unstable one-legged stance, whole body vibration training, stance with an unexpected
push at the upper body, one-legged stance plus exercises with the opposite leg and

running after stance.
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Conclusions: Frequent unloading plus simultaneous movement of the joint are required
to maintain good joint lubrication and keep the friction moments low. Frequent,
sustained high loads before or during an activity may cause or contribute to aseptic
cup loosening. During the first postoperative months after hip arthroplasty, such
activities should be avoided or reduced as much as possible. This especially applies
for postoperative physiotherapy or when returning to sport after a hip replacement.
Whether these guidelines also apply for subjects with knee implants or arthrotic hip or

knee joints requires future investigation.

Clinical Relevance: Avoiding sustained loading of hip implants without joint movement
reduces the risk of aseptic cup loosening.”

Publikation: Physical Activities that Cause High Friction Moments at the Cups of
Hip Implants

Bergmann G., Bender A., Dymke J., Duda N. G., Damm P.

Journal of Bone and Joint Surgery (JBJS), 2018; 100:1637-44
http://dx.doi.org/10.2106/JBJS.17.01298
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2.5. Zusammenhang von Implantat-Orientierung und

Gelenkreibung

Als weitere potentielle Versagensgrinde werden neben der in vivo wirkenden
Gelenkreibung (Damm, Bender, et al. 2017a; Damm, Jorn Dymke, et al. 2013; Damm,
Bender, and Bergmann 2015b) und dem sich daraus ergebenden Abrieb insbesondere
auch Fehlpositionierungen der Implantat-Komponenten diskutiert (Kennedy et al.
1998; Korduba et al. 2014; Nevelos et al. 2001; Wan et al. 2008). Aus technischer
Perspektive ist die Reibung zwischen zwei Gleitpartnern zum einen abhangig von der
verwendeten Gleitpaarung, zum anderen aber auch von der lasttragenden
Kontaktflache, also der individuellen Gelenkiberdachung und somit von der
individuellen Implantat-Orientierung (Kennedy et al. 1998; Korduba et al. 2014). Die
intraoperative Positionierung innerhalb einer ,Safe Zone® soll das Risiko eine
Gelenkluxation reduzieren, aber auch eine optimale und grélltmdgliche
Gelenkuberdachung im Alltag gewahrleisten. So soll das Risiko von Randbelastungen
reduziert und das reibungs- und Dbelastungsinduzierte Revisionsrisiko des
Gelenkersatzes minimiert werden (Kennedy et al. 1998; Korduba et al. 2014; Lewinnek
et al. 1978; Nevelos et al. 2001; Wan et al. 2008). Allerdings zeigten retrospektive
Versagensanalysen keinen Unterschied zwischen den Revisionsraten von Pfannen,
die innerhalb bzw. auRerhalb einer solchen ,Safe Zone" implantiert wurden (Abdel et
al. 2016; Parratte et al. 2016). Weitere Studien zeigen daruber hinaus, dass der
reibungsinduzierte Abrieb im kinstlichen Gelenkersatzes wiederum direkt durch die
individuelle GelenklUberdachung beeinflusst wird (Nevelos et al. 2001; Wan et al.
2008). Im Rahmen eines kombinierten Ansatzes aus retrospektiver Datenanalyse und
prospektive geplanter in-vivo-Messung des reibungsinduzierten Temperaturanstieges
beim kontinuierlichen Gehen auf dem Laufband bis zu 60 min, wurde der Einfluss der
individuellen Gelenkiberdachung auf die in vivo wirkende Gelenkreibung und den

reibungsinduzierten Temperaturanstieg im Gelenk untersucht.

Es konnte gezeigt werden, dass der Summen-Anteversionswinkel (Pfanne + Schaft)
die Gelenkreibung und darlber hinaus den reibungsinduzierten Temperaturanstieg im
Gelenk signifikant beeinflusst. Mit anderen Worten, je zentraler die Lage der
individuellen Belastungszone in der Pfanne bzw. umso grof3er die lasttragende
Gelenkkontaktflache, umso hoher die in vivo gemessene Gelenkreibung und der sich

daraus ergebende reibungsinduzierte Temperaturanstieg im Huftgelenk.
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Der nachfolgende Text entspricht dem Abstract der Arbeit , Surgical cup placement
affects the heating up of total joint hip replacements”, welche 2021 bei “Scientific

Reports” veroffentlicht wurde:

“The long-term success of highly effective total hip arthroplasty (THA) is mainly
restricted by aseptic loosening, which is widely associated with friction between the
head and cup liner. However, knowledge of the in vivo joint friction and resulting
temperature increase is limited. Employing a novel combination of in vivo and in silico
technologies, we analyzed the hypothesis that the intraoperatively defined implant
orientation defines the load carrying area, friction and its associated temperature
increase. A total of 38,000 in vivo activity trials from a special group of 10 subjects with
instrumented THA implants with an identical material combination were analyzed and
showed a significant link between implant orientation, joint kinematics, load carrying
area and friction-induced temperature increase but surprisingly not with acting joint
contact force magnitude. This combined in vivo and in silico analysis revealed that cup
placement in relation to the stem is key to the in vivo joint friction and heating-up of
THA. Thus, intraoperative placement, and not only articulating materials, should be the

focus of further improvements, especially for young and more active patients.”

Publikation: Surgical cup placement affects the heating up of total joint hip
replacements

Damm P., Bender A., Waldheim V., Winkler T., Duda G. N.

Scientific Reports, 2021, https://doi.org/10.1038/s41598-021-95387-8
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3. Diskussion

Die rekonstruktive Huftgelenkchirurgie ist heute eine der erfolgreichsten
orthopadischen Verfahren (Learmonth et al. 2007), die es unzahligen Patienten
ermoglicht, nach Arthrose oder Fraktur wieder ein schmerzfreies und aktives Leben zu
fuhren. In den letzten Jahren ist jedoch das Patientenspektrum, welches mit einem
solchen Gelenkersatz versorgt wird, immer juinger und auch aktiver geworden
(Australian Orthopaedic Association National Joint Replacement Registriy
(AOANJRR) 2019; Bashinskaya et al. 2012; Canadian Institute for Health Information
2019; Culliford et al. 2015; Danish Hip Arthroplasty Register 2020; Dutch Arthroplasty
Register (LROI) 2019; Finnish Arthroplasty Register for National Institute of Health And
Welfare 2020; Hepinstall et al. 2011; Koenen et al. 2014; Nemes et al. 2014;
Norwegian National Advisory Unit Report on Arthoplasty and Hip Fractures 2019;
Oehler, Schmidt, and Niemeier 2016; Pabinger and Geissler 2014, Pilz, Hanstein, and
Skripitz 2018; Sloan, Premkumar, and Sheth 2018; Swedish Hip Arthroplasty Register
2019b; United Kingdom National Joint Registry 2019b). Der Uberwiegende Teil dieser
Patienten mochte dartber hinaus bereits kurz nach der Operation wieder korperlich
aktiv und insbesondere auch wieder sportlich aktiv sein (Abe et al. 2014; Arbuthnot et
al. 2007; Batailler et al. 2019; Dubs, Gschwend, and U 1983; Ghomrawi et al. 2011;
Hara et al. 2018; Hatterji et al. 2004; Hoorntje et al. 2018; Huch et al. 2005; Innmann
et al. 2016; Jassim et al. 2019; Karampinas et al. 2017; Koenen et al. 2014; Lefevre et
al. 2013; Mancuso et al. 2017; C. A. Mancuso et al. 2009; Meek et al. 2020; Mont et
al. 1999; Ortmaier et al. 2019; Del Piccolo et al. 2016; Raguet, Pierson, and Pierson
2015; Schmidutz et al. 2012; Scott et al. 2012; Suckel and Best 2006). Die Ansichten
daruber, welche Aktivitaten als kritisch bzw. unkritisch fur die langfristige Funktion des
kunstlichen Gelenkersatzes sind, gehen jedoch weit auseinander und so werden
Patienten oft sehr unterschiedliche Empfehlungen fur die postoperative Rehabilitation
gegeben, bzw. welche Sportarten fir Endoprothesen-Patienten geeignet sind, ohne
die individuelle Implantat-Stabilitat und -Lebensdauer zu gefahrden (Georg Bergmann
et al. 2016; Bohannon 2007; Golant et al. 2010; W. L. Healy et al. 2008; Healy et al.
2001; Hernandez-Molina et al. 2009; Hoorntje et al. 2018; Klein et al. 2007; Koenen et
al. 2014; Krismer 2017; Kuster 2002; Laursen et al. 2014; Oehler et al. 2016; Schneider
et al. 2006; Swanson et al. 2009; Tudor-Locke et al. 2008; Widhalm et al. 1990).
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In den vergangenen Dekaden war vor allen Dingen die aseptische Lockerung des
Gelenkersatzes der haufigste Grund fur die Notwendigkeit der Durchfuhrung von
Revisionsoperationen  (Australian  Orthopaedic  Association National Joint
Replacement Registriy (AOANJRR) 2019; Burke et al. 2019; United Kingdom National
Joint Registry 2019b). Trotz enormer Anstrengungen in Forschung und Entwicklung ist
jedoch die tatsachliche Ursache fur ein solches Implantat-Versagen immer noch nicht
eindeutig geklart. Angesichts der aktuell wieder zu beobachtenden Zunahme von
Revisionsfallen (Lee E. Bayliss et al. 2017b; Sean S Rajaee et al. 2018b) sind somit
neue Perspektiven notwendig, um die individuellen Ursachen flr das Versagen von
Endoprothesen-Systemen differenzierter zu betrachten und biomechanisch einordnen

zu kdnnen.

Wahrend die Reibung zwischen den Gelenkkomponenten zwar seit langem als
priméarer Risikofaktor fiir das Uberleben des Gelenkersatzes im Mittelpunkt der
orthopadisch-biomechanischen Forschung steht, ist das Wissen uber die tatsachlich
in vivo wirkende Reibung hierzu immer noch sehr begrenzt. Unterschiedliche in-vitro-
und ex-vivo-Ansatze konnten zwar wesentlich dazu beitragen, die technische
Standzeit von Huftgelenksprothesen signifikant zu verbessern, jedoch ist trotz dessen
die aseptische Lockerung weiterhin einer der Hauptgrunde fur die Durchfuhrung von
Implantat Revisionen (Australian Orthopaedic Association National Joint Replacement
Registry (AOANJRR) 2019; Bergen 2019; CJRR 2008; Grimberg et al. 2020; Leif |
Havelin et al. 2009; Huch et al. 2005; NJR Editorial Board NJRSC 2019). Ein besseres
und differenzierteres Verstandnis der in-vivo-Bedingungen, welche die Gelenkreibung
und den daraus resultierenden Gelenkabrieb verursachen, ist daher dringend

erforderlich.

Fur die systematische Erfassung der tatsachlich in vivo auftretenden Gelenkreibung,
stellen instrumentierte Implantate, welche die wirkende Gelenkbelastung direkt in vivo
messen, eine einzigartige technische Moglichkeit dar. Zu Beginn meiner
wissenschaftlichen Arbeiten konnte ich am Julius Wolff Institut, gemeinsam mit der
Arbeitsgruppe um Prof. Dr. Bergmann, ein instrumentiertes Huftimplantat entwickeln,
mit dem es weltweit erstmals moglich war, die in vivo auftretende Reibung im
Huftgelenkersatz direkt zu messen (Damm et al. 2010b). Nach umfangreichen
mechanischen, biologischen und toxikologischen Priufungen wurde dieses spezielle

Implantat fur die Anwendung am Menschen im Rahmen einer klinischen

81



Langzeitstudie zugelassen und zertifiziert. Im weiteren Verlauf des Projektes konnten
so anschlie3end zehn besonders aktive Patienten mit symptomatischer Coxarthrose,
welche fur die Implantation eine Huftendoprothese bereits indiziert waren, in die Studie
eingeschlossen und mit diesem speziellen Mess-Implantat versorgt werden (DRKS-
ID: DRKS00000563).

Mit allen Probanden wurden anschlieend im postoperativen Verlauf von mehr als 10
Jahren, systematische in-vivo-Belastungsmessungen bei unterschiedlichsten
Aktivitaten durchgefuihrt. So konnten seit Studienbeginn bereits mehr als 40.000 in-
vivo-Belastungsdatensatze, bei insgesamt mehr als 1400 unterschiedlichsten
Aktivitaten erhoben werden. Auf dieser Grundlage war es unter anderem moglich,
erstmals systematische Daten zu den in vivo wirkenden Gelenkbelastungen bei
Physiotherapie und Rehabilitation (Damm, Schwachmeyer, et al. 2013;
Schwachmeyer et al. 2013) und alltaglichen Aktivitaten (Angelini et al. 2018; G.
Bergmann et al. 2016; Damm et al. 2017, 2020), als auch bei sportlichen Aktivitaten
(Bergmann, Kutzner, et al. 2018; Damm et al. 2017; Haffer et al. 2021; Palmowski et
al. 2021) in internationalen Fachzeitschriften zu publizieren. Im Zuge weiterer
biomechanischer Grundlagenforschungen konnte daruber hinaus der Einfluss des
individuellen und intraoperativ gesetzten Muskelschadens auf die individuelle in vivo
wirkende Gelenkbelastungen untersucht und beschrieben werden (Damm et al. 2018,
2019).

Im Rahmen weiterer unmittelbarer Forschungskooperationen, unter anderem mit dem
Helmholtz-Institut fur Biomedizinische Technik der RWTH Aachen, wurden die in vivo
erhobenen Gelenkbelastungsdaten daruber hinaus fur die Entwicklung bzw.
Weiterentwicklung praoperativer Planungstools, als auch zur Evaluation von
unterschiedlichen Mehrkorper-Simulationsmodellen fur die numerischen Bestimmung
der individuellen Gelenkbelastungen genutzt (Asseln et al. 2013; Fischer et al. 2018,
2021).

Um Orthopaden, Physiotherapeuten, Patienten und interessierten Laien, aber auch
der Industrie und biomechanischen Forschung einen unmittelbaren Zugang zu den
erhobenen Belastungsdaten zu ermdéglichen, wurden und werden im Rahmen meiner
wissenschaftlichen Arbeiten kontinuierlich ausgewahlte Beispiele der in-vivo-
Huftgelenkbelastungen in der freien und Offentlich zuganglichen in-vivo-
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Belastungsdatenbank OrthoLoad.com veréffentlicht. Diese kdnnen unter Auswahl des

Implantat-Typs ,Hip Joint 11 bzw. bei Verwendung der Zugangs-URL:

https://orthoload.com/database/?implantld=2355 ausgewahlt, online dargestellt aber

auch direkt heruntergeladen werden.

Die vorliegende Habilitationsschrift ist eine Zusammenfassung meiner
wissenschaftlichen Arbeiten zum Thema der in vivo wirkenden Reibung im
endoprothetischen Huftgelenkersatz. Diese weltweit einmaligen in-vivo-Belastungs-
und Reibdaten haben gezeigt, dass die Gelenkreibung im kinstlichen Gelenkersatz
ein individueller und hochdynamischer Belastungsparameter ist (Damm, Joern Dymke,
et al. 2013). Bereits die postoperativ zeitnah durchgefihrten Messungen beim Gehen
zeigten, dass das in vivo auftretende Reibmoment im Verlauf eines Schrittes nicht
konstant ist, sondern sich stetig andert. Mit Hilfe typischer Simulator-Versuche konnte
dies hingegen bisher nur sehr eingeschrankt abgebildet werden. So wurde
beispielsweise in einigen Studien das Gelenk ausschlieflich in einer Ebene bewegt,
wobei durch eine sinusférmige Pendelbewegung die Beugung und Streckung simuliert
werden sollte (Brockett et al. 2006; Saikko 1992; Scholes, Unsworth, and Goldsmith
2000; Williams et al. 2006). Weitere Bewegungsachsen wurden hierbei jedoch

vernachlassigt.

Die im Rahmen meiner wissenschaftlichen Arbeiten in vivo erhobenen Daten zeigten
allerdings, dass die resultierende Gelenkreibung beim Gehen auch wesentlich durch
Ab/Adduktionsbewegungen beeinflusst wird. So hat das durch diese
Bewegungsrichtung wirkende Gelenkmoment (My) mit ca. 45% einen grof3en Anteil an
der gesamten in vivo auftretenden Gelenkreibung (Mres) (Damm, Joern Dymke, et al.
2013). Es konnte aulderdem gezeigt werden, dass das resultierende Moment Mres beim
Gehen im Verlauf des Lastzyklus, beginnend beim ipsilateralen bis hin zum
kontralateralen Fersenkontakt kontinuierlich ansteigt. In-vitro-Daten, erhoben im
Rahmen typischer Simulator-Versuche, zeigen hingegen wahrend der
Belastungsphase ein deutliches Reibungsplateau (Brockett et al. 2006; Williams et al.
2006), was darauf hindeutet, dass die verwendeten Parameter die in-vivo-Situation nur

eingeschrankt abbilden.

Ungeachtet dessen konnte jedoch auch gezeigt werden, dass die maximalen in vivo
auftretenden Reibmomente beim Gehen, die als Torsionsbelastung in das Pfanne-

Knochen-Interface Ubertragen werden, die in der Literatur als kritisch beschriebenen
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Grenzwerte nicht Uberschreiten (Adler, Stuchin, and Kummer 1992; Curtis M. J. et al.
1992; Fehring et al. 2014; Goriainov et al. 2014; Shim et al. 2006; Small et al. 2013;
Tabata et al. 2015). Es kann somit gefolgert werden, dass die beim Gehen in der
frihen postoperatven Phase auftretende Gelenkreibung kein mechanisch induzierter

Riskofaktor fur die frihe Pfannenstabilitat ist.

In einem weiteren Analyseschritt wurde auf Basis der erhobenen in-vivo-
Belastungsdaten auflerdem erstmals der dreidimensional im Gelenk auftretende
Reibungskoeffizient (ures) Uber den gesamten Bewegungszyklus bestimmt, um so
einen Eindruck dber die tatsachlich in vivo vorherrschenden Reib- und
Schmierbedingungen zu erhalten (Damm, Joern Dymke, et al. 2013). Es konnte
gezeigt werden, dass der Reibungskoeffizient beim Gehen im Verlauf eines
Belastungszyklus nicht konstant ist, sondern sich ebenfalls kontinuierlich andert. Er
steigt, beginnend beim ipsilateralen Fersenkontakt bis hin zum kontralateralen
Fersenkontakt, bzw. zum Beginn der ipsilateralen Huftflexion kontinuierlich an und
erreicht sein Maximum zu Beginn der Schwungphase. Diese sich wiederholenden
Anderungen im Verlauf eines jeden Lastzyklus kénnen mit einer wiederkehrenden
Anderung der in vivo vorherrschenden Schmierbedingungen im Gelenk erklart werden
(Bishop, Hothan, and Morlock 2012; Hall et al. 1997; Scholes and Unsworth 2000;
Unsworth 1978).

Numerische Studien mit hart/hart-Paarungen zeigten, dass sich die Dicke des
Schmierfilms im Verlauf eines Gangzyklus in Abhangigkeit der Lastphase und der
wirkenden Gelenkkontaktkraft signifikant andert (Meyer and Tichy 2003b; Williams et
al. 2006). Daraus ergab sich, dass eine hohe Kontaktkraft wahrend der Schwungphase
die Neubildung des Schmierfilms in dieser Phase hemmte oder sogar verhinderte,
welche jedoch die fur eine optimale Gelenkschmierung in der nachfolgenden
Lastphase erforderlich ware. Der in vivo beobachtete deutliche Anstieg des
Reibkoeffizienten zu Beginn der Huftflexionsphase kann daher mit einen
Zusammenbruch des Schmierfilms erklart werden, der bereits durch einen kurzzeitige
Unterbrechung der Gelenk-Relativbewegung verursacht wird, ahnlich wie es bereits
bei in-vitro-Versuchen beobachtet wurde (Morlock et al. 2000). Unter der
Voraussetzung, dass sich diese Beobachtungen teilweise auch auf hart/weich-
Paarung ubertragen lassen, deuten die in-vivo-Daten darauf hin, dass der Schmierfilm
beim Gehen aus dem Gelenkspalt herausgepresst, beim Ubergang von Hiiftextension
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zu -flexion zusammenbricht, und anschliefend wahrend der Schwungphase wieder

zuruck in den Gelenkspalt transportiert wird.

Auf der Basis weiterer postoperativer in-vivo-Belastungsmessungen konnte des
Weiteren erstmals gezeigt werden, dass die Gelenkreibung in den ersten 12 Monaten
in vivo kontinuierlich abnimmt, wenn auch mit hoher inter-individueller Variabilitat
(Damm, Bender, and Bergmann 2015a). Diese Anderung kann einerseits durch
individuelle mechanisch-tribologisch induzierte "Einlaufeffekte" der Gelenkpartner
erklart werden, die wiederum abhangig vom Aktivitatsprofil der Patienten sind.
Andererseits bieten aber auch die individuellen Fluideigenschaften der Synovia im
Gelenkspalt bzw. deren individuelle Anderung im postoperativen Verlauf hier einen
moglichen Erklarungsansatz (Fam et al. 2007).

Die Schmiereigenschaften eines Fluides, insbesondere bei einem nicht-Newtonschen
Fluid, hangen primar von Gleitgeschwindigkeit und Kontaktkraft und somit von der
Scherbeanspruchung des Fluides ab (Balazs 1974; Fam et al. 2007; Hall and Unsworth
1997; Scholes and Unsworth 2000). Ein potentielles strukturviskoses Verhalten des
Fluides wird wiederum durch die Menge des individuell enthaltenen Hyaluronsaure-
Anteils bestimmt (Chikama 1985; Fam et al. 2007; Gao et al. 2011; Jebens and Monk-
Jones 1959; Mazzucco et al. 2002). Da die Gang- und somit die Gleitgeschwindigkeit
im Gelenk zu den betrachteten Zeitpunkten (3 versus 12 Monate) aufgrund ahnlicher
Ganggeschwindigkeiten zu beiden Untersuchungszeitpunkten vergleichbar waren,
kann die beobachtete Abnahme der Reibbelastung jedoch ebenso auf zeitlich bzw.

biologisch induzierte Anderungen der individuellen Fluidviskositat hindeuten.

Der Effekt der Anderung der Schmierparameter und -filmdicke unter dem Einfluss
statischer Belastungen ist in der technischen Tribologie hinlanglich bekannt (Byerlee
1970; Chen 2014). Insbesondere der sich daraus ergebende Effekt der Anlaufreibung
zu Beginn einer Bewegung unter Last, wurde bereits in der Literatur auf Basis von
Simulator-Versuchen berichtet (Morlock et al. 2000; Nassutt et al. 2003). Im Rahmen
weiterer in-vivo-Belastungsmessungen wurde der bereits in vitro beobachtete Effekt
der Anlaufreibung und dessen potentielle Konsequenzen flr die Gelenkreibung
systematisch untersucht (Damm, Bender, et al. 2017b). So konnte gezeigt werden,

dass bereits eine kurze Gangpause von nur wenigen Sekunden, bei Wiederaufnahme
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der Bewegung eine im Vergleich zum kontinuierlichen Gehen um bis zu dreifach

hohere Gelenkreibung bei vergleichbarer Gelenkkontaktkraft zur Folge hat.

Die hier beobachtete Anderung der Reibung im Verlauf der ersten Schritte kann daher
nur mit einer Anderung der individuellen Schmierbedingungen im Gelenk erklart
werden (Gao et al. 2011; Meyer and Tichy 2003b; Unsworth 1991). So wird wahrend
der Ruhephase und unter statischer Belastung der Schmierfilm abhangig von Last und
Fluid-Viskositat aus dem Gelenk herausgedruckt und bricht infolgedessen zusammen.
Im Verlauf der ersten Schritte gleiten dann beide Partner ,ungeschmiert’ aufeinander,
da aufgrund der kontinuierlich wirkenden Gelenkkontaktkraft bis zu Beginn der ersten
Schwungphase kein Fluid in die Kontaktzone zurtcktransportiert werden kann. Im
Verlauf der folgenden Schritte kann dann wieder ein Schmierfiim durch die
Relativbewegung der Gleitpartner zueinander aufgebaut werden, was indirekt durch
die Abnahme bzw. ,Normalisierung’ der in vivo gemessenen Gelenkreibung

beobachtet werden kann.

Die zu Beginn der Ganges deutlich erhéhte Reibung Uberschreitet zwar nicht die in der
Literatur beschriebenen Grenzwerte der maximalen zulassigen Torsionsbelastung fur
das Pfanne-Knochen-Interface (Adler et al. 1992; Curtis M. J. et al. 1992; Fehring et
al. 2014; Goriainov et al. 2014; Shim et al. 2006; Small et al. 2013; Tabata et al. 2015),
kann jedoch die Primarstabilitit des Pfannenersatzes insbesondere bei einer
suboptimal implantierten Pfanne gefahrden (Curtis M. J. et al. 1992; Tabata et al.
2015).

Die Versorgung mit einem totalen Huftgelenkersatz betrifft heute nicht nur
ausschlieRlich altere, sondern vermehrt auch immer jungere (Nemes et al. 2020;
Pabinger and Geissler 2014) und aktivere Patienten (U. Chatterji et al. 2004; W. L.
Healy et al. 2008; Huch et al. 2005; B. C. A. Mancuso et al. 2009). Diese haben, neben
dem primaren Ziel der Schmerzfreiheit vermehrt auch den Anspruch, bereits kurz nach
der Implantation nicht nur wieder frei gehen zu konnen, sondern méchten auch wieder
sportlich aktiv sein (Lee E Bayliss et al. 2017; Flugsrud et al. 2007; Malchau et al. 2000;
Sean S Rajaee et al. 2018a).

Die Ansichten darUber, welche Aktivitaten als kritisch bzw. unkritisch fur die langfristige

Funktion des kunstlichen Gelenkersatzes einzuordnen sind, gehen jedoch weit

auseinander (Bender et al. 2022). Es werden Patienten daher oft sehr unterschiedliche
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Empfehlungen gegeben (Golant et al. 2010; W. L. Healy et al. 2008; Healy et al. 2001;
Hernandez-Molina et al. 2009; Klein et al. 2007; Krismer 2017; Kuster 2002; Laursen
et al. 2014; Swanson et al. 2009; Widhalm et al. 1990). Der Fokus weiterfUhrender
wissenschaftlicher Analysen lag daher in der Gesamtbetrachtung der in vivo
Reibbelastungen aller bis zu diesem Zeitpunkt erhobenen Aktivitaten (Physiotherapie,
Alltag, Sport) mit dem Ziel, solche Aktivitaten zu identifizieren, welche ein potentielles
reibungsinduziertes Risiko fur den kurzfristigen als auch langfristigen Implantat-Erfolg
darstellen kénnten. Im Zuge dieser Untersuchungen konnten bei allen Patienten
mehrfach Aktivitaten identifiziert werden, bei denen die aus der Literatur bekannten
mechanischen Grenzwerte fur die postoperative Pfannenstabilitat deutlich
uberschritten wurden (Adler et al. 1992; Curtis M. J. et al. 1992; Fehring et al. 2014;
Goriainov et al. 2014; Shim et al. 2006; Small et al. 2013; Tabata et al. 2015) und die
somit als potentielle Risiko-Aktivitaten fur die frihe als auch langfristige Stabilitat des
Pfanne-Knochen-Interfaces betrachtet werden mussen (Bergmann, Bender, et al.
2018).

Die Ergebnisse dieser systematischen Analysen zeigten, dass bei ca. 9% aller
betrachten Aktivitdten kritische Reibbelastungen fur die langfristige, aber
insbesondere auch fur die primare Pfannenstabilitat auftraten. Hierzu zahlten vor allem
Aktivitaten mit anhaltend hohen Gelenkkontaktkraften bzw. Aktivitaten ohne
Entlastungsphasen im Verlauf der Aktivitat (z.B. Vibrationstraining). Demgegenuber
wurde aulderdem beobachtet, dass bei Aktivitadten mit hohen Lasten und schnellen
Lastwechseln (z.B. Joggen) niedrigere Reibbelastungen auftreten, als bei Aktivitaten
mit vergleichsweise kleinen Lasten aber langsamen Lastwechseln (z.B. Gehen).
Dieser Effekt kann wiederum mit einer geschwindigkeitsabhéngigen Anderung der
individuellen Schmierbedingungen im Gelenk erklart werden (Gao et al. 2011; Meyer
and Tichy 2003b; Unsworth 1991) und deutet so auf ein vorwiegend strukturviskoses
Fluid-Verhalten der Gelenk-Synovia hin (Fam et al. 2007; Mazzucco et al. 2002). Je
hoher die Gleitgeschwindigkeit, umso groRer ist die geschwindigkeitsabhangige
Scherbelastung des Fluides und desto dinnflussiger wird es bzw. umso groer wird
dessen Fliel3fahigkeit (Abbildung 4).

Es kann somit gefolgert werden, dass im Verlauf eines Bewegungszyklus (z.B.
Joggen) der Schmierfilm zunachst, aufgrund der auf die Gleitflachen wirkenden

Kontaktkraft, aus dem Gelenkspalt herausgepresst wird. Im weiteren Verlauf, wahrend
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der Entlastungsphase, bei der im Gelenkspalt hdohere Gleitgeschwindigkeiten bei
kleineren Kontaktkraften auftreten, erfolgt dann der Rucktransport des Fluides in den
Gelenkspalt und der Aufbau eines neuen Schmierfilms. In der frihen postoperativen
Phase, wahrend der Mobilisation sollten daher eher dynamische Aktivitaten mit
niedrigen Gelenkkontaktkraften und gleichmaRigen Lastwechseln durchgeflhrt
werden (z.B.: Fahrradergometer). Aktivitdten mit hohen Gelenkkontaktkraften,
langsamen Lastwechseln und groflen Bewegungsumfangen sollten hingegen
vermieden werden, um insbesondere die Implantat-Osseointegration nicht zu
gefahrden. Hierzu gehoren vor allem einbeinig durchgeflhrte Aktivitaten, aber auch
Aktivitaten mit konstant hoher Gelenkkontaktkraft und schnellen Lastwechseln (z.B.:
Vibrationstraining).

Durch die eigenen Arbeiten konnte gezeigt werden, dass die Reibung im
Huftgelenkersatz von den verwendeten Gleitpartnern, den individuellen
Schmierbedingungen als auch den durchgefuhrten Aktivitaten beeinflusst wird.
(Bergmann, Bender, et al. 2018; Damm, Bender, et al. 2017b; Damm, Joern Dymke,
et al. 2013; Damm et al. 2015a) Dies findet sich auch in der Literatur bestatigt (Affatato
et al. 2008; Brockett et al. 2006; Fisher and Dowson 2016; Hall et al. 1997; Morlock et
al. 2000; Scholes, Unsworth, Hall, et al. 2000), (Jalali-Vahid et al. 2001; Mattei et al.
2010, 2011; Scholes, Unsworth, Hall, et al. 2000; Scholes and Unsworth 2000, 2006;
Unsworth 1978; Williams et al. 2006).

Ein weiterer potenzieller Einflussparameter ist aus mechanischer Sicht jedoch auch
die individuelle Gelenkuberdachung bzw. die lasttragende Kontaktflache im Gelenk,
die durch die intraoperativ definierte Implantat-Orientierung von Schaft und Pfanne
zueinander bestimmt wird. Klinisch wird eine solche ,optimale‘’ Gelenklberdachung
primar vor dem Hintergrund der Minimierung des Luxationsrisikos bei alltaglichen
Aktivitaten betrachtet (Kennedy et al. 1998; Korduba et al. 2014; Lewinnek et al. 1978;
Nevelos et al. 2001; Wan et al. 2008) und weniger zur Minimierung der Gelenkreibung.
Am bekanntesten ist die von Lewinnek (Lewinnek et al. 1978) postulierte ,Safe Zone*,
welche eine maximale Gelenkiberdachung im Alltag sicherstellen soll, um so ein
langfristiges Uberleben des Gelenkersatzes, insbesondere der Gelenkpfanne zu
gewahrleisten. Allerdings zeigten retrospektive Versagensanalysen Kkeinen
Unterschied zwischen den Revisionsraten von Pfannen, die innerhalb bzw. aul3erhalb
der ,Safe Zone“ implantiert wurden (Abdel et al. 2016; Parratte et al. 2016).

88



Verschiedene Studien konnten bereits zeigen, dass der reibungsinduzierte Abrieb im
Gelenk direkt durch die individuelle Gelenkuberdachung beeinflusst wird (Nevelos et
al. 2001; Wan et al. 2008).

Im Rahmen einer weiteren prospektiven Studie auf Basis der in-vivo-Belastungsdaten
beim langen Gehen wurde daher untersucht, inwiefern die Implantat-Positionierung
bzw. die individuelle GelenkUberdachung, aber auch die individuelle Gelenkkinematik
die in vivo wirkende Gelenkreibung und den daraus resultierenden reibungsinduzierten
Temperaturanstieg im Gelenkersatz beeinflusst (Damm et al. 2021). Die Ergebnisse
dieser Studie zeigten, dass die Reibung und somit die reibungsinduzierte
Temperaturerhohung im Gelenk primar von der intraoperativ definierten Implantat-
Orientierung bzw. der tragenden Gelenkkontaktflache, als auch durch die Lage des

Kontaktpfades in der acetabularen Gleitflache beeinflusst wird.

Es konnte gezeigt werden, dass je zentraler die Lage des individuellen Kontaktpfades
in der Pfanne bzw. je groRer die lasttragende Gelenkkontaktflache ist, desto hoher ist
die in vivo wirkende Gelenkreibung beim Gehen und der sich daraus ergebenen
Temperaturanstieg im Huftgelenk. Aus mechanischer Sicht bedeutet dies, je groer
der Summen-Anteversionswinkel von Implantat-Schaft und -Pfanne, umso mehr
verschiebt sich der Kontaktpfad zum Pfannenrand und umso kurzer ist der Weg fur
den Rucktransport der Synovia in die Lastzone. Dies wiederum bedeutet, je kurzer
dieser Rucktransportweg, desto schneller und besser kann der Schmierfilm im Gelenk
fur die anschlieRende Lastphase aufgebaut werden und umso niedriger ist die dann
auftretende Gelenkreibung. Insbesondere, weil durch jungere bzw. auch sportlich
aktivere Patienten, die heute einen totalen Gelenkersatz erhalten, die Anforderungen
an Belastbarkeit und Lebensdauer der Implantate signifikant steigen, sollten etablierte
~>afe Zonen“ vor dem Hintergrund der in vivo wirkenden Gelenkreibung neu bewertet
und kritisch Uberarbeitet werden. Insbesondere die gezeigten tribologischen

Einflussparameter sollten in diese Uberarbeitungen mit einbezogen werden.

Limitationen

Im Rahmen der zugrundeliegenden klinischen Studie und meinen darauf aufbauenden

wissenschaftlichen Arbeiten war es erstmals mdglich einen weltweit einzigartigen

Datensatz zu den in vivo wirkenden Gelenkbelastungen und der korrespondierenden
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Gelenkreibung, mit einem aufliergewdhnlich langem Untersuchungszeitraum von mehr

als 10 Jahren, zu erheben.

Diese in vivo Daten basieren jedoch ausschlieRlich auf einer kleinen Patientengruppe
von 10 besonders jungen und aktiven Coxarthrose-Patienten, mit einem
durchschnittlichen Implantationsalter von 52 Jahren. Da davon ausgegangen werden
muss, dass sich die spezifischen Parameter der individuellen Synovia im Huftgelenk
bzw. der Pseudo-Synovia im kinstlichen Gelenkersatz mit dem Alter andern, kénnen
nur eingeschrankte Aussagen uber die in vivo wirkenden Reibparameter in einer

jungeren bzw. alteren Patienten Kohorte getroffen werden.

Die Geschlechterverteilung innerhalb dies Probandengruppe ist mit acht Mannern und
zwei Frauen sehr ungleich verteilt. Um geschlechterspezifische Belastungs- und
Reibanalysen durchfuhren zu kdonnen ware eine entsprechende Rekrutierung von

weiteren sechs weiblichen Probanden unerlasslich.

Das instrumentierte Huftimplantat wurde im Rahmen der Studie ausschlieRBlich mit
einer Hart-Weich-Gleitpaarung, bestehend aus einer Al2O3 Keramik und einem
Kopfdurchmesser von 32mm, sowie jeweils mit einem hochvernetztem UHMWPE
Pfannen Inlay kombiniert. Es wurden Kkeine weiteren Gleitpaarungen und
Kopfdurchmesser implantiert. Entsprechende in vivo Vergleichsdaten fur andere
Gleitpaarungen wie beispielsweise weitere typische Hart/Hart Paarungen oder

Hart/Weich Paarungen stehen daher nicht zur Verfligung.

Im Rahmen meiner wissenschaftlichen Arbeiten wurden bisher ausschlie3lich in vivo
erhobenen Belastungsdaten analysiert und interpretiert. Zur Bestatigung der auf
diesen Ergebnissen beruhenden Erkenntnisse sind systematische in-vitro Versuche
notwendig. Insbesondere auch um spezifische Aussagen zu den individuellen
Fluidparametern und den sich daraus in vivo vorherrschenden Schmierbedingungen
im Gelenk machen zu konnen. Diese so gewonnenen Erkenntnisse konnen dann fur
weitere tribologische Optimierung der aktuellen Gleitpartner-Technologien,
insbesondere aber auch fur eine Evidenz basierte Auswahl der zu implantierenden
Gleitpartner, genutzt werden. Ein solch kombinierter in-vivo/in-silico Ansatz wirde
dann eine detaillierte und systematische Analyse der wirkenden Reibung unter
realistischeren Umgebungsbedingungen ermdglichen, mit dem Ziel das

reibungsinduzierte Versagensrisiko und somit das individuelle Revisionsrisiko des
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Gelenkersatzes, vor allem flr die heute jungeren und deutlich aktiven Patienten, zu

reduzieren.

Zusammenfassung

Im Rahmen der durchgefihrten Langzeituntersuchungen und den sich daraus
ergebenden wissenschaftlichen Arbeiten war es weltweit erstmals mdglich, die
wirkende Reibung im totalen Huftgelenkersatz direkt in vivo zu messen. So konnte
unter anderem gezeigt werden, dass die Gelenkreibung in vivo ein hochdynamischer
Belastungsparameter ist (Originalarbeit 2.1), welcher interindividuell stark variiert,
dessen Hohe und Verlauf von der durchgefihrten Aktivitat, dem jeweiligen
Aktivitatsablauf, als auch vom betrachteten postoperativen Zeitpunkt abhangt
(Originalarbeit 2.2).

Es konnte daruber hinaus gezeigt werden, dass die Gelenkreibung nach und wahrend
langanhaltender Gelenkbelastung, ohne zwischenzeitliche Entlastung des Gelenkes,
deutlich bis kritisch erhoht ist (Originalarbeit 2.3). Dieser Effekt wurde nach kurzen
Gangpausen, aber auch bei mehr als 100 weiteren alltaglichen und sportlichen
Aktivitaten beobachtet (Originalarbeit 2.4). Diese Beobachtungen kénnen durch eine
Anderung der individuellen Schmierbedingungen in Abhangigkeit der individuellen
Gelenkkinematik erklart werden. Diese deutlich erhohten Reibbelastungen in der
Gelenkgleitflache werden unter anderem als Torsionsbelastung direkt in das Pfanne-
Knochen-Interface Ubertragen und sind somit auch ein potentieller mechanischer

Risikofaktor fur die individuelle Implantat- und Pfannenstabilitat.

Darlber hinaus zeigten die im Rahmen der Arbeiten durchgeflhrten Datenanalysen
zur in vivo wirkenden Gelenkreibung auch, dass diese wesentlich von der intraoperativ
definierten Implantat-Orientierung und somit von der Gro3e der lasttragenden Flache,
bzw. durch die Lage des Kontaktpfades in der Pfanne, bestimmt wird. Es konnte
gezeigt werden, je kleiner der Summen-Anteversionswinkel zwischen Implantat-Schaft
und —Pfanne ist, also desto groRer die lasttragende Flache, umso weiter ist der
Kontaktpfad zur Mitte des Pfannenersatzes orientiert und desto hoher ist die in vivo
auftretende Gelenkreibung. Die in vivo wirkende Gelenkkontaktkraft spielt hierbei, im
Vergleich zum Einfluss der individuellen Implantat-Orientierung, hingegen nur eine

untergeordnete Rolle (Originalarbeit 2.5).
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