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Abstrakt

Materialové slozeni totalni endoprotézy uréuje nejen jeji mechanické vlastnosti a odolnost vici
namaze, ale podnécuje i spektrum reakci lidského téla na dany implantat. Zanétliva reakce
na produkty endoprotézy vedouci k jejimu uvolnéni z kostniho lizka je nejcastéjsi pti¢inou
pozdniho selhdni. Na reakci se podili jak slozky vrozené imunity, které dominuji ve forme
granulacniho zénétu kolem c¢astic polyetylenu, tak i1 slozky ziskané imunity, zejména
zprosttedkované T-lymfocyty kolem ¢astic kovi. Snahou ortopeda i vyrobct je poskytnout
pacientovi implantat s co nejdelsi zivotnosti, tedy takovy, ktery by co nejméné produkoval

otérové a korozivni Castice a indukoval tak minimalni zanétlivé zmény.

Tato prace je rozdélena na experimentalni Cast, ktera popisuje vyvoj bezkontaktniho méfeni
otéru polyetylenové jamky a na klinickou ¢ast obsahujici dvé na sebe navazujici studie. V prvni
jsme nejprve méfili koncentrace kovii v periprotetickych tkanich, vypotku a periferni krvi
pacientt, kterym byla provadéna revize endoprotézy. V navazujici studii byla v soub&hu
se stanovenim koncentrace kovt v periprotetickych tkanich provedena jejich histopatologicka

analyza.

V experimentalni ¢asti jsme vyvinuli a otestovali novou metodu méfeni otéru polyetylenové
jamky pomoci 3D optického skeneru na souboru 13 extrahovanych jamek Bicon. V klinické
praxi je znamy vztah rychlosti otéru polyetylenu k riziku aseptického uvolnéni a snahou je tedy
tento otér minimalizovat. Optické skenovani poskytuje rychlé méfeni a moznost nasledné prace
s digitdlnim modelem jamky v ramci postprocessingu. Diky digitalizaci je mozné béhem
jednoho skenovani zhodnotit jak vektor a miru linearni decentrace, tak i objemovy otér jamky.
Metoda byla validovana srovnanim s gravimetrii u 3 novych jamek, na kterych byl laboratorné
proveden zatézovy otér v kyvadlovém simuldtoru, opakovatelnost méteni pfitom dosahla

hodnoty 0,005 mm.

V prvni studii klinické ¢asti jsme méfili koncentrace kovll v periprotetickych tkanich, vypotku
a periferni krvi v souboru 117 pacienti odebranych pii revizi TEP kycle nebo kolene
s artikulacnimi pary kov-polyetylen a keramika-polyetylen. Periprotetické tkané byly odebirany
ve 2 vrstvach, prvni tésné naléhajici na endoprotézu a druhé vzdalenéjsi od implantatu.
Koncentrace kovli byla stanovena pomoci hmotnostni spektrometrie s indukéné vazanym
plazmatem. Nejvyssich koncentraci dosahovaly kovy v periprotetickych tkanich ve vrstvé blize
implantatu, naopak v Krvi k akumulaci nedochazelo. Koncentrace kovt vzristala s délkou

nosSeni endoprotézy v téle a nejvyssi byla u uvolnénych implantati. Tkané se tedy postupné



nasycuji kovy z endoprotézy v zavislosti na délce expozice a vzdalenosti od implantatu. Ty,
které nalé¢haji na implantat, predstavuji jakousi ochrannou bariéru, kterd chrani pacienta pred

zvysenou systémovou zatézi t¢zkymi kovy.

Ve druhé studii byla provedena histopatologickd analyza periprotetickych tkéni soubézné
s uréenim koncentraci jednotlivych kovl ve stejnych tkénich. Soubor tvofilo 24 pacientl
s revidovanou TEP ky¢le nebo kolene s artikulaénimi pary kov-polyetylen nebo keramika-
polyetylen. Soucasti hodnoceni bylo i urCeni typu periprotetické membrany dle Krenna
ve vztahu Kk typu implantatu, indikace revize a délce expozice. U Casnych revizi byla namétena
nizkd koncentrace kovil v periprotetickych tkanich a pfevazovala membrana IV. typu dle
Krenna s nizkym bunéénym zastoupenim, naopak po delSim pobytu implantatu v téle byly
naméfeny vys$i koncentrace kovi a typ membrany dle Krenna nebyl urcujici, stejné jako
rozdily v typu implantatu. Soubézné s koncentraci kovii a délkou expozice nartstal pocet
lymfocyti v periprotetické membrane, z ¢ehoz mizeme usuzovat na zvysujici se podil
specifické imunitni reakce. Tato prace upozorituje na skute¢nost, ze problém kovl se netyka
jen endoprotéz typu kov-kov, ale i1 ostatnich artikulacnich part. Z naSich vysledkt vyplyva,
ze 1 pii studiu aseptického uvolnéni bude nutné zaméfit pozornost na reakci tkani na kovy.
Porovnanim tkanové exprese mediator zanétu s tkanovymi koncentracemi kovt a polyetylenu

bude moZzné odlisit skutecny podil obou sloZek na patologii selhani.

Kli¢ova slova: totalni endoprotéza, aseptické uvolnéni, otér, polyetylen, kovy, lymfocyty,

histopatologie



Abstract

Material composition of total joint replacement determines not only its mechanical stress
resistance but the spectre of human body response as well. Inflammatory reaction to prosthetic
byproducts leading to its loosening from bone bed is the most common reason for late failure.
The reaction is mediated by innate immunity, dominated by granulation around polyethylene
particles and adaptive immunity, mediated by T-lymphocyte reaction around metal particles.
Both orthopaedic surgeon and manufacturer try to offer an implant with best longevity,
i.e. which would produce least amount of wear and corrosive particles that induce inflammatory

changes.

This thesis is divided into experimental part, which describes a development of contactless wear
measurement of polyethylene cup and a clinical part consisting of two following studies. In the
first study, we measured metal concentration in periprosthetic tissues, joint fluid and peripheral
blood of patients undergoing endoprosthesis revision. In the following study,
a histopathological examination of periprosthetic tissues was made in addition to their metal

content measurement.

In the experimental study, we developed and tested a new method of polyethylene cup wear
measurement by 3D optical scanner on a group of 13 extracted Bicon cups. Accelerated wear
of polyethylene is known to increase the risk of aseptic loosening and there is therefore
a tendency to minimize it. Optical scanning provides a fast measurement and gives us
opportunity of further postprocessing work with the digital model. Through digitisation, it is
possible to assess vector and distance of linear wear as well as volumetric wear during one
scanning session. The method was validated by comparison with gravimetric method on 3 new
cups, on which a laboratory wear has been induced by a pendulum simulator. Repeatibility

of the method was 0.005 mm.

In the first clinical study, we measured metal concentration in periprosthetic tissues, joint fluid
and peripheral blood in group of 117 patients during revision of total hip or knee replacement
with metal-on-polyethylene or ceramic-on-polyethylene bearings. Periprosthetic tissues were
divided in two layers, one in direct contact with the implant and the second further apart. Metal
content was measured by inductively coupled plasma mass spectrometry. Tissues adjacent
to endoprosthesis achieved the highest metal concentrations, whereas peripheral blood did not
accumulate metals. Concentration has been rising with time from implantation and the highest

levels were measured around loosened implants. The accumulation of tissue metals is therefore



dependent on length of exposition and distance from the implant. In our group these tissues

acted as a barrier for prevention from further systemic dissemination of metals.

In the second study, concentration of different metals has been compared to histopathological
findings in group of 24 patients during revision of total hip or knee replacement with metal-on-
polyethylene or ceramic-on-polyethylene bearings. A membrane type according to Krenn
in relation to implant type, revision indication and length of exposition has been included in the
analysis. In early revisions a low metal concentration in periprosthetic tissues and a low cellular
count was found with mostly type IV membrane according to Krenn. A higher concentration of
metals was found in late revisions, but the type of membrane was not determining. Type
of tissue reaction did not correlate with specific implant type. Along with rising metal
concentrations in longer exposition a rising tissue lymphocyte count was found, which is
indicating of specific immunity participation. This thesis draws attention to the fact, that the
issue of metals is not restricted only to metal-on-metal endoprosthesis and other bearing types
are involved. When studying the aseptic loosening, a reaction to metals and its inflammatory
mediators examination should be considered as well as its proportion against polyethylene

and other debris reaction.

Keywords: total joint replacement, aseptic loosening, wear, polyethylene, metal, lymphocytes,

histopathology
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1. UVOD

Totalni endoprotéza kyc€le a kolene

Totalni endoprotéza (TEP) kycelniho kloubu, jejiz implantaci je nahrazen poSkozeny kloub,
z velikosti a vydrze 1é¢ebného efektu a Cetnosti jeho dosahovani — spokojenost s vysledkem
operace udava kolem 90 % pacientt (Schaal 2016) a vice nez 95 % modernich endoprotéz kycle
vydrzi fungovat déle, nez 10 let (Ferguson 2018). Totalni endoprotéza kolenniho kloubu rovnéz
dosahuje vysoké tispésnosti, pro komplexnost kolenniho kloubu a technické feSeni jeho nahrady
je vSak udavana spokojenost pacienti o néco nizsi, obvykle pod 90 % (Conner-Spady 2020).
V klinické praxi mame na vybér z nékolika typt artikulacnich povrchill, mezi nimiz je nejcastéji
pouzivany polyetylen (PE) v kombinaci s kovem ¢i keramikou, nosné ¢asti implantatu jsou

vétsSinou vyrobeny z kovového materialu.

Navzdory jejich klinickému uspéchu maji endoprotézy celou fadu moznych komplikaci a jako
nejcastéjsi pticina pozdniho selhani se obvykle uvadi aseptické uvolnéni. Jedna se o zanétlivou
reakci periprotetickych tkani indukujici osteolyzu, kterd nakonec vede k uvolnéni endoprotézy
z kostniho lizka. Tato zanétliva reakce byva také oznacovana jako ,,Casticova nemoc™ (Harris
1994). Jejim iniciatorem je imunitni reakce na ¢astice uvolnéné z endoprotézy, nejcastéji prave
¢astice polyetylenu, ktery je bézné€ pouzivan v ramci artikulaéniho paru, nicméné tento problém
se nevyhyba ani jinym materialim. Z tohoto divodu je jednou z hlavnich motivaci vyrobct
zkvalitnit tribologické vlastnosti artikulacnich povrchil. V rdmci experimentalni ¢4sti této prace
byla proto testovana nova metoda hodnoceni opotiebeni povrchu polyetylenové jamky, ktera
by umoznila ortopedim 1 vyrobcim jednodus$si a presnéjsi meétfeni. Dalsi etiopatogeneze

Casticové nemoci je popsana podrobné jinde (Gallo 2013).

Ne zcela vyjasnénou patogenetickou roli vSak maji dosud kovy. Pies veskery pokrok
v metalurgii je zfejmé, ze neexistuje implantat, ktery by neuvolioval do svého okoli alespon
minimalni mnoZstvi kovi, z nichZ je vyroben. Rada studii prokazuje p¥itomnost kovi
uvolnénych z kloubnich nahrad v periprotetickych tkanich a vypotku (Dobbs 1980, Kuba 2019)
a v nekterych ptipadech i ve vzdalenych lokalitach (Jacobs 1998). Soucasné je znamo, Ze trvala
pritomnost zejména tézkych kovil v té€le mize vyvolavat nezddouci uinky. Pocet endoprotéz
implantovanych na celém svété se pohybuje v fadech nékolika miliont a stale stoupa (grafy 1
a 2). Proto je nutné potencialné skodlivé ucinky kovii uvoliujicich se z povrchu endoprotéz ve

forme ionta ¢i ¢astic studovat a nasledné referovat.
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Klinické ¢ast této prace se zabyva studiem uvoliiovani kovl endoprotézy do lidského tcla

a naslednou tkanovou odpovédi na jejich pfitomnost.

Vyvoj poctu operaci za rok v UK
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Graf 1: Vyvoj poctu primoimplantaci TEP kycle a kolene za rok dle Britského narodniho
registru kloubnich nahrad (National Joint Registry for England, Wales, Northern Ireland and
the Isle of Man, 15th Annual Report, 2018, staZeno z internetu,).

Vyvoj poctu operaci za rok v CR
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Graf 2: Vyvoj poctu primoimplantaci TEP kycle a kolene za rok dle Narodniho registru
kloubnich nahrad Ceské republiky v letech 2003 az 2018. TEP kolen zacaly byt registroviny
od roku 2015.
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Typy endoprotéz, biomaterialy a artikula¢ni povrchy

Implantaty vahonosnych kloubi jsou fixovany bud kostnim cementem, tedy
polymetylmetakrylatem, nebo jsou tzv. necementované, tedy fixovany mechanicky, kdy
do povrchu implantatu postupné vroste kost (osteointegrace). Kombinaci dvou komponent

S riznou fixaci oznacujeme jako hybridni fixaci.

Totalni endoprotéza kycle se sklada z acetabularni komponenty, femoralniho diiku a hlavicky.
Cementovand TEP kyc¢le méa polyetylenovou acetabuldrni komponentu piimo fixovanou
do kostniho lizka a obvykle lestény chromkobaltovy diik. Necementovand TEP ky¢le miva
acetabularni komponentu vyrobenou z ¢istého titanu nebo jeho slitiny, do niz je upevnéna
artikulacni vlozka, femoralni komponenta je rovnéz z titanové slitiny. Kotvici povrchy
necementované¢ho implantatu maji zdrsnénou mikrostrukturu obvykle opracovanou tryskanim,

n¢kdy jesté obohacenou o vrstvu hydroxyapatitu za uc¢elem podpory osteointegrace.

Stykové plochy endoprotézy, které po sob& vziajemné klouZou a umoznuji tak pohyb, se
nazyvaji artikulaénimi povrchy. Interakcemi vzajemné proti sobé se pohybujicich povrchu (tj.
treni) 1 zpusoby, jak tfeni omezit mazanim studuje biotribologie. Zakladni informace
o biotribologii TEP ky¢le jsou uvedeny v ¢lanku (Gallo 2013). V praxi se nejvice prosadily
kombinace kovové hlavicky a polyetylenové jamky (MoP, metal-on-polyethylene), dale
keramické hlavicky v kombinaci s polyetylenovou nebo keramickou vlozkou (CoP, ceramic-
on-polyethylene nebo CoC, ceramic-on-ceramic). V minulosti se na nékterych pracovistich,
resp. v nékterych zemich Casto pouZzivaly tvrdé pary (kov-kov), které se vSak — praveé
v souvislosti s nepiedvidatelnym zatizenim pacientil tézkymi kovy — musely stdhnout z klinické

praxe.

Endoprotéza kolenniho kloubu se skladd z femorélni a tibidlni komponenty, mezi nimiz je
polyetylenova vlozka. Jiné materialy pro artikula¢ni vlozku nejsou bézné€ pouzivané. Naprosta
vétSina endoprotéz kolene je fixovana cementem a jedna se o chromkobaltové slitiny. Existuji
vSak 1 keramické nahrady kolena. Stejné jako u kyc€le se v praxi pouzivd znaéné mnozstvi typa
(designtl) kolennich nédhrad, které se navic tfidi podle fady klinickych ¢i biomechanickych
kritérii (zachovani nebo ob&tovani zadniho zkiiZzeného vazu, podle kinematiky, stability apod.).
Tibialni komponenta je tvaru ovalné plochy, ze které vychazi kratky fixacni diik smétujici
k tibialni dfefiové dutiné. Endoprotézu je mozno doplnit o ndhradu povrchu ¢ésky. TEP kycle

a kolene maji kromé primarniho implantatu jesté¢ celou fadu modifikaci pro zvlastni ucely

vvvvvv
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Casto robustnéjsi konstrukce, to vSak s sebou muze nést vétsi biologickou zatéz vyplyvajici

z rozsiteni plochy ¢i ptidani spoju.

Stru¢ny prehled historie endoprotetiky

Kycelni kloub. Prvni zaznamenany pokus nahradit kycelni kloub je z Némecka z roku 1891,
kdy prof. Themistocles Gliick prezentoval pouziti slonoviny jako nahradu u pacientd, kteti m¢li
destruovanou femoralni hlavici pfi onemocnéni tuberkul6zou (Brand 2011). Na pielomu 19.
a 20. stoleti bylo zkouseno nékolik forem interpozi¢ni artroplastiky mezi poskozené kloubni
povrchy s vyuzitim riznych tkani — fascia lata, kize atd. V roce 1925 Americky chirurg Marius
Smith-Petersen vytvofil prvni ,,mold arthroplasty” vyrobenou ze skla. Jednalo se o dutou
polokouli, kterd byla nasazena na hlavici femuru a fungovala jako interpozitum, které
umoziovalo hladké klouzani artikula¢nich povrchti. Ackoli byl sklenény material
biokompatibilni, nevydrzel velkou zatéz v oblasti kyCelniho kloubu a casto mechanicky
selhaval. Nasledné vyzkousel celou fadu materialli véetné bakelitu a kone¢nou variantou bylo
Vitallium, tedy kovova slitina kobaltu, chromu a molybdenu. Dle svého tvaru a funkce je tato
nahrada v Ceské literatufe znama pod pojmem Smith-Petersenova ¢epicka. V roce 1946 bratfi
Judetové uvedli endoprotézu nahrazujici femoralni hlavici kotvenou transfemoralné hifebem
do intertrochanterické oblasti, vyrobenou z akrylatu, pozdéji v modifikaci z chromkobaltu. Tato
protéza neméla adekvatné vyfeSené rozlozeni sil v oblasti kostniho liZka a Casto selhavala

(Coventry 1987).

Reseni tohoto problému uved! v roce 1950 Moore, kdy implantoval prvni nitrodfefiové kotveny
diik. Moorova endoprotéza méla limec a zahnuty tvar, aby kopirovala anatomii proximalniho
femuru a méla fenestrace pro odlehCeni, ale stale nemeéla vyfeSenou kostni fixaci

a uvolnovala se.
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Obrazek 1. Mooruv drik (zdroj: stazeno z internetu).

Podobny dfik vyvinul Frederick Thompson, byl vSak bez fenestraci, coZ umoziiuje jeho
cementovani a podobny design je vyuzivan dodnes jako hemiartroplastika pro cervikokapitalni

nahradu (Danielsson 1965).

Obrazek 2: Thompsoniiv drik (zdroj: stazeno z internetu,).
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Prvni bézné pouzivanou endoprotézou typu kov-kov (MoM, metal-on-metal) implantoval
George McKee, ktery v roce 1956 pouzil Thompsontiv diik v kombinaci s kobalt-chromovou
jamkou, nejprve Sroubovanou do acetabula, pozdé¢ji posetou ostny. Tato endoprotéza uz méla
velmi dobr¢ klinické vysledky, kdy podle nékterych studii méla 28leté preziti u 74 % pacientli
(Brown 2002). Od tohoto designu bylo vSak ustoupeno pro ¢etné lokalni reakce na Castice
uvolnéné z implantatu. Endoprotézy typu kov-kov poté v devadesatych létech 20. stoleti zazily

navrat do klinické praxe, coz je dale popsano v samostatné kapitole této prace.

Obrazek 3: McKee-Farrarova endoprotéza typu kov-kov (Dowson 2008).

Dalsim vyznamnym krokem v historii endoprotetiky bylo pouziti polymetylmetakrylatu, tedy
kostniho cementu, k fixaci nahrady. Prvni pokusy byly zaznamenany od Kaiera a Jansena
v Copenhagenu a Haboushe v New Yorku v roce 1951 a prvni cilenou fixaci totalni endoprotézy

cementem pak popisuje sir John Charnley ve své publikaci z roku 1960 (Charnley 1960).

Charnleyho druhym velkym piispévkem k vyvoji moderni endoprotézy byl vyvoj artikula¢niho
paru s nizkym tfenim. Prvné pouzil teflon, ktery ale katastroficky selhal z divodu masivni
tkanové reakce na otérové Castice. V roce 1961 uvedl polyetylen jako idedlni materidl pro jamku
v kombinaci s kovovym diikem opatienym 22mm hlavi¢kou, obé komponenty byly fixovany
kostnim cementem a cely koncept nazval jako ,,Low friction arthroplasty*, tedy kloubni
nahrada s nizkym tfenim (Charnley 1961). Tento koncept TEP kyc¢le je s upravami dodnes
platny.
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Obrdazek 4: Charnleyho endoprotéza s polyetylenovou jamkou (Campbell 1971).

Kolenni kloub. Na po¢atku vyvoje ndhrady kolenniho kloubu stal rovnéz Themistocles Gliick,
ktery v 90. letech 19. stoleti implantoval kladkovy kloub vyrobeny ze slonoviny (Brand 2011).
V dobg, kdy jesté nebyly vyfeSeny adekvatni podminky aseptické operativy, neni divu, ze jeho
implantat asto selhdval z diivodu infekce. Problém mél ale i s nedostate¢nou fixaci implantatu
a prenosem sil. Waldius poté zavésny implantat vyrobil v roce 1951 z akrylatu a nasledné v roce

1958 z kobalt-chromové slitiny.

Obrazek 5: Implantat prof. Gliicka vyrobeny ze slonoviny (Brand 2011).

Intenzivni vyvoj moderni endoprotézy kolenniho kloubu pak probéhl v 70. letech 20. stoleti,
kdy nékolik skupin soubézné vyvijelo tzv. kondylarni design, ktery zndme v soucasné dobé.

Kanadsky ortoped Frank Gunston v roce 1968 uvedl polycentricky implantat, ktery sestaval
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ze dvou unikondylarnich nahrad v kombinaci s PE tibidlnimi komponentami a soucasné

zachovanim obou zktizenych vazt (Gunston 1971).

Obrazek 6: Gunstonuv polycentricky implantat (Gunston 1971).

Michael Freeman a Sav Swanson uvedli v Imperial College of Science and Technology
v Londynské nemocnici (ICLH) sviij bikondylarni implantat, ktery byl nazyvan Freemandv-
Swansonuv implantat, nebo také ,,ICLH knee* dle mista pivodu. Freeman se spolu s J. Insallem
také zacali zabyvat balancovanim flek¢nich a exten¢nich gapt a uvoliovanim mékkych tkani
k vybalancovani kolene. V. Americké Hospital for Special Surgery vyvinuli spole¢né v tymu
Chitranjan S. Ranawat, Allan Inglis, John Insall, and Peter Walker v roce 1971 tzv.
duokondylarni protézu. Tato endoprotéza jeSté neteSila femoropatelarni kloub a ani plné
nenahrazovala kondyly na ventralni plose. Tyto problémy feSila modifikace v roce 1974,
nazvana jako Duopatella, kterd méla femoralni komponentu prakticky odpovidajici dneSnimu

implantatu (Robinson 2005).

V témze roce také Walker a Ranawat uvedli tzv. ,,Total condylar knee* majici kratky tibialni
diik a povrchovou nahradu patelly a jednalo se o prvni celosvétove tspéSny implantat. V roce
1978 John Insall a Al Burstein vyrobili implantat, ktery zlepsil rozlozeni sil tibialni komponenty
tim, ze pouZili kovovou tibidlni komponentu s PE vloZzkou a sou€asné nahradili zadni zktizeny
vaz zvysenou stisnénosti komponent. Tim byly poloZzeny zdklady moderniho primérniho

implantatu TEP kolene (Ranawat 2002).
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Obrdazek T: Endoprotéza s ndzvem Duopatella (Robinson 2005).

Cesky rozvoj endoprotetiky

Kycelni kloub. O rozvoj Ceské endoprotetiky kycelniho kloubu se zasadnim zptisobem zaslouzil
prof. Oldiich Cech. Pusobil jako asistent na I. ortopedické klinice pod vedenim prof.
Zahradnicka, kde jiz v padesatych letech minulého stoleti byly pouzivany Thompsonovy
a Moorovy cervikokapitalni ndhrady k 1écbé zlomeniny kréku femuru, stejné jako Judetovy
osakrylové nahrady. Prof. Cech absolvoval v roce 1966 tiimési¢ni staZ u prof. M. E. Miillera,
zucastnil se kongresu SICOT, kde J. Charnley, G. K. McKee a M. E. Miiller prezentovali TEP
ky¢le jako standardni metodu, a nasledné absolvoval dvoumésicni stdz v Patizi u prof. Judeta.
Po navratu domt zacali spolu s prof. Stryhalem intenzivné pracovat na vytvoreni podminek
pro endoprotetiku na domaci klinice. Od Unora 1969 zacaly byt na |. ortopedické klinice
implantovany prvni endoprotézy sestavajici z ,,bananového* diitku a PE jamky fixované
cementem Palacos. VVzhledem k nedostatku zahrani¢nich implantatii se tym kolem prof. Cecha
zacal intenzivné vénovat vyvoji vlastni endoprotézy ve spolupraci s ocelarnou Poldi Kladno.
Prvni prototypy vychézejici z Thompsonova a Moorova diiku se objevily uz v roce 1970
a Vv roce 1974 byla zahajena sériova vyroba diiku typu Poldi-Cech jak pro TEP, tak i jako
cervikovapitalni nahrada (Cech 1974). Od roku 1983 pak zacala ¢eska vyroba keramické
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hlavice pro tento diik. Polyetylen byl tehdy sterilizovan parami formaldehydu, coz poskytlo
vétsi trvanlivost, nez po ozafeni. Tato endoprotéza je s nékterymi upravami dodnes pouzivana
na mnoha &eskych klinikach. Postupné vznikal tym vénujici se endoprotetice ve slozeni Cech,
Stryhal, Sosna, Landor a Vavriik. V tradici vyroby Poldi pokracuje firma Beznoska, s. r. o.,

dalsim aktualnim ¢eskym vyrobcem TEP kycle je spolecnost Medin a Prospon.

Kolenni kloub. Na rozvoji endoprotetiky kolenniho kloubu v CSSR se podileli prof. Rybka,
prof. Sosna, prof. Vaviik a prof. Landor, pfi¢emz zpocatku byla klinicka praxe zavisla
na dovozu zahrani¢nich implantati. Casto byl implantovan typ Townley (Dungl 1982, Rybka
1983). Vzhledem k nedostatku a cené zahrani¢nich implantata byl stimulovan vyvoj domacich
implantatt. Jako prvni se vyvoje TEP kolene ujali prof. Vavtik a prof. Rybka na I. ortopedické
klinice Univerzity Karlovy ve spolupraci s firmou Motorlet narodni podnik a novy implantat
zavedeny do praxe v roce 1984 byl pojmenovan Walter-Motorlet (Denk 1988, Rybka 1988).
Konstrukéné tento implantat co nejblize kopiruje anatomii femoralnich kondylti a materidlové
je shodny se zahrani¢nimi implantaty, tedy kovové casti z Co-Cr-Mo slitiny a vlozka
z vysokomolekuldrniho polyetylenu. Ve vyvoji nasledoval model Walter-Univerzal a poté jesté
Walter-Modular, po zméné vlastnika jako Medin-Modular. Tato endoprotéza byla poprvé
implantovana v Praze v roce 1999 (Vavtik 2009).

Soubézné dalsi ceskéa endoprotéza kolenniho kloubu s ndzvem SVL byla vyvinuta ve spolupraci
tii autorf, jejichz inicidly udavaji ndzev systému: Sosna-Vaviik-Landor, ktera vznikla
Tato endoprotéza byla poprvé implantovana v ¢ervnu roku 1997 (Jahoda 2005). Dale byla
vyvijena necementovana varianta tohoto implantatu. Totalni nahrady kolena se v Cesku nadale

vyrabi, kromé jiz zminované firmy Beznoska ma své portfolio i uskupeni Medin-Prospon.
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Materialovy vyvoj polyetylenu

Vysokomolekularni polyetylen (UHMWPE; dale pouze jako PE) do praxe poprvé uvedl
Charnley v roce 1962 jako nahradu za selhavajici teflon. Jedna se o polymer etylenu majici
molekulovou hmotnost alespoii 10° g/mol. Charnley nisledn& odoperoval velky pocet TEP
ky¢li, vysledky si sledoval a popsal prvni periprotetické osteolyzy, resp. uvédomil si problém
infekce (Charnley 1969). K hodnoceni otéru navrhl prvni radiologickou metodu (Charnley
1975).

V navaznosti na Charnleyho prace postupovali Willert se Semlitschem, ktefi poprvé
koncipovali patogeneticky vztah mezi otérem PE a aseptickym uvolnénim (Willert 1977).
Béhem 80. a zejména 90. let se obava z PE tak rozsifila, Zze mu dokonce Amis v roce 1996
(Amis 1996) piedpovidal mozny zanik v pouzivani u TEP ky¢li (ptedevsim pod tlakem studii
prezentujicich vysoké Cetnosti aseptickych uvolnéni a perioprotetickych osteolyz). To nastésti
vyprovokovalo rozsahly klinicky i materidlovy vyzkum (Pokorny 2012, Fulin 2014, Fulin
2014). Cilem bylo piedevsim zlepsit odolnost viuéi otéru a zredukovat dopad oxidace
na vlastnosti PE. Velci vyrobci implantatd si postupné vypracovali ,vlastni kuchatky*
S odliSnymi davkami gama zafeni (50-105 kGy) a rozdilnymi tepelnymi procedurami
(annealing a remelting — ovliviuji odlisné krystalinitu a materialové vlastnosti PE). Prvni
generace vysoce sitovanych a termalné upravovanych PE (HXLPE) se zacaly Sifeji dostdvat
do klinické praxe uz po roce 1998. Dlouhodobé vysledky a spektrum komplikaci spojenych
S pouzitim prvni generace HXLPE publikovali Kurtz et al (Kurtz 2011).

S motivaci udrzet vysokou odolnost vii¢i otéru a odstranit ,,nevyhody* prvni generace pfisli
vyrobci s druhou generaci HXLPE, kterou opét tvoti heterogenni skupina materidlii. Podstatny
rozdil oproti prvni generaci tvoii propracovanéjsi technologické postupy, jak ve smyslu
ozatovani (primarné neslouzi k zvyseni odolnosti vii¢i otéru), tak ve smyslu termdlnich uprav
(Singh 2018, Fulin 2019). Nasledné se objevily dalsi typy HXLPE s obsahem anti-oxida¢nich
latek, pticemz v praxi se prosadily pouze PE s ptimési vitaminu E. Vyzkumné se testovaly
rovnéz dal$i materialové a povrchové upravy PE (kompozity, povrchy s fosfolipidy apod.)
(Moro 2019).
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Pric¢iny selhani endoprotézy vahonosnych kloubu

Aseptické uvolnéni a periprotetickd infekce tvofi vétSinu pfic¢in selhani endoprotézy kycle
a kolena. Infekce kloubnich nahrad je jednim z nosnych témat ortopedie, neni v§ak zajmovou
oblasti této prace a v literatufe existuje cela fada praci, které se ji zabyvaji (Jahoda 2000, Gallo
2006, Jahoda 2006, Gallo 2011, Kapadia 2016, Musil 2017, Parvizi 2018). Mezi dalsi
komplikace vyzadujici revizi patii nestabilita, periprotetickd zlomenina, mechanické selhani
komponent ¢i potize vyplyvajici z jejich Spatné orientace. Podil danych komplikaci ve vztahu
k indikaci revize v CR a v zahraniéi je uveden v grafech 3 a 4. Pomé&mé zastoupeni jednotlivych
komplikaci je odlisné nejen pro skupiny TEP kolene a kycle, ale také v zavislosti na jejich typu

fixace, materialovém slozeni a zvoleném artikulaénim paru (Makela 2014).

Indikace k revizi TEP v zahranici

Aseptické uvolnéni
Infekce

Opotrebeni PE
Periproteticka zlomenina
Nestabilita

Bolest

Ostatni

oX

B TEP ky¢le m®TEP kolene
Graf 3: Procentualni zastoupeni nejcastejsich indikact k revizi TEP kycle a kolene dle dat ze

svétovych ortopedickych registrii (Svédsky, Norsky, Finsky, Dansky, Australsky a
Novozélandsky) (Sadoghi 2013).
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Indikace k revizi TEP v CR

Aseptické uvolnéni
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Graf 4: Pomerné zastoupeni nejcastéjsich indikaci k revizi TEP kycle a kolene dle dat
z Narodniho registru kloubnich nihrad Ceské republiky za rok 2019. PPF — periproteticka

fraktura.

Periproteticka osteolyza a aseptické uvolnéni

Po implantaci endoprotézy probihaji v operaci poranénych tkanich zanétlivé reparativni zmény
a dochazi k postupné novotvorbé¢ kloubniho pouzdra s pseudosynovidlni membranou a v miste
kontaktu implantatu s kosti se tvoii tenka vrstva membrany, tzv. SLIM (synovial-like interface
membrane). B&hem pobytu a zatéZe endoprotézy dochazi k uvoltovani otérovych,
a korozivnich ¢astic, které pak stimuluji reakci okolnich tkani, pticemz hlavni roli v indukci
osteolyzy hraji otérové Castice polyetylenu. Tyto Castice velikosti kolem 1 um jsou uvolnény
do efektivniho kloubniho prostoru a dostdvaji se do kontaktu s okolnimi tkdnémi, jejich
akumulace je popisovana ve SLIM (Perino 2018). Reakce na deponované Castice je zpocatku
dominovana charakterem vrozené imunitni reakce S naslednym variabilnim rozvojem adaptivni
imunitni reakce. Na castice polyetylenu ve tkanich reaguji buiiky monocyto-makrofagového
systému, které je svymi receptory rozeznavaji jako cizi Castice, a vznikd typicky
granulomatdzni zanétliva reakce. Mensi Castice jsou fagocytovany makrofagy, kolem vétSich
Castic se tvoii obrovskobunécny infiltrat. Makrofagy dale secernuji chemokiny (napi. MCP-1)
atrahujici dalsi imunitni bunky, a prozanétlivé cytokiny jako IL-1, IL-6 a TNF-a, které aktivuji

fibroblasty, lymfocyty a osteoklasty. Rovnéz makrofagy, které fagocytovaly PE c¢astice, jsou
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schopny piemény v osteoklasty (Xing 2002). Cytokinova kaskada tedy zpusobuje inhibici
a apoptozu osteoblastii a dochazi k pievaze aktivity osteoklastii. Osteoklasticka aktivita je
rovnéz stimulovana piimo cestou RANK ligandu (Athanasou, 2016). Disledkem pievahy
osteoklastické aktivity nad kostni novotvorbou dochézi k rozvoji periprotetické osteolyzy
(PPOL). Ta ma za nasledek ubytek kostni tkdné kolem implantatu a odpovidajici symptomy,
avSak muze byt dlouho i asymptomaticka. Pokud dojde k vyznamnému porusSeni kostni fixace
implantatu, projevi se jako aseptické uvolnéni. Na symptomatologii zpisobené otérovymi
Casticemi se nepodili jen osteolyza, ale 1 procesy v mékkych tkanich. Pfi analyze
periprotetickych tkani byla nalezena vyssi koncentrace PE ¢astic v oblastech s nekr6zou (Krenn
2014). Skutecna patofyziologie periprotetické osteolyzy je vSak mnohem komplexné&jsi
a nepochybné v ni hraji urCitou roli i kovy uvoliujici se z implantatu, coz je diskutovano

V samostatné stati této prace.

26



KOVY

BéZné pouzivané kovy v endoprotetice

Nejcastéji se setkame se tiemi skupinami materiald: chirurgicka ocel (obvykle 316L, vyrobeno

dle standardu ASTM F138/F139), chromkobaltova slitina (CoCr) v¢. modifikaci, nebo ¢isty

titan (CP Ti, commercially pure titanium) ¢i jeho slitiny s hlinikem, vanadem, niobem

a ostatnimi kovy. Novéji se prosazuji zejména v revizni endoprotetice jako vyplnové i fixacni

implantaty z tantalu. Cementované implantaty jsou obvykle CoCr, pfipadné z oceli,

necementované byvaji spie z titanu ¢i titanové slitiny. CoCer slitina poskytuje dobrou abrazivni

odolnost, proto z ni byva vyrobena 1 artikulaéni hlavicka pro TEP kycle nebo femoralni

komponenta TEP kolene (Sonntag 2012). Naopak titan a jeho slitiny vykazuji Spatnou

tribologickou odolnost (Witt 1991), avsak poskytuji dobré podminky pro osteointegraci a maji

elasticitu podobnou spongiosni kosti (Zhang 2013).

Slitina* Ni
Nerez ocel
(ASTM 19'0
F138) 155

CoCrMo slitiny

(ASTM

F75) <20
(ASTM 9,0-
F90) 11,0
Ti slitiny

CPTi

(ASTM f
F67)

Ti-6Al-4V

(ASTM ¥
F136)

<0,5

Co

61,0

66,0
46,0

51,0

Cr

17,0
19,0
27,0

30,0
19,0

20,0

Ti

99,0
89,0

91,0

2,0-
4,0

45-
7,0

Al

Fe

61,0-

68,0

<1,5

<3,0

0,2-
0,5

<1,0

<2,5

—r

Cu

<0,5

<2,0

14,0

16,0

<0,06

<0,35

<0,15

<0,1

<0,08

Si

<1,0

<1,0

<1,0

3,5-
4,5

Tabulka 1: Nejcasteji pouzivané slitiny v ortopedii a vahové zastoupeni jejich sloZek dle

standardii American Society for Testing and Materials (ASTM vol. 13.01.) (Keegan 2007). * Ni

— nikl, N — dusik, Co — kobalt, Cr — chrom, Ti — titan, Mo — molybden, Al — aluminium, Fe —

Zelezo, Mn — mangan, Cu —med, W—wolfram, C — uhlik, Si — kremik, V — vanad; 1 predstavuje

< 0,05%.
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Mechanismy degradace kovovych povrchi in vivo

Dosud bylo popsano nékolik mechanisma uvolnovani kovli z endoprotézy, dominujici jsou
koroze a otér (Gibon 2017). In vivo je implantat obklopen tkanémi, které spolu s tkanovym
mokem mohou pusobit jako elektrolyt, a ddle na néj plsobi buniky imunitniho systému, které
jesté¢ mohou alterovat pH a tvofit volné radikdly. Tim jsou podporovany korozivni procesy,
kterymi jsou do okoli uvoliiovany kovové ionty (Hallab 2009). Kromé uslechtilych kovu je
kazda slitina na povrchu pokryta vrstvickou svych oxida (tzv. pasivace), ktera ji chrani pred
dalsi korozi. Pasivaéni vrstva mize byt mechanicky poskozena, coz vede k obnazeni povrchu
a progresi koroze. Pravé rychlost repasivace urcéuje odolnost daného materialu vici korozi —
titanov¢ slitiny maji mnohem rychlejsi repasivaci, nez nerezavéjici ocel, a jsou tedy mnohem
odolngjsi vuci korozi (Karov 2002). Dle elektrochemickych testu je nejodolnéjsi vici korozi
titan, niob a tantal, nasleduji Ti-Al-V slitiny, Co-Cr slitiny, nerezavéjici ocel a zlato. Toto
poradi je v korelaci s jejich in vivo biokompatibilitou (Zitter 1987). Ve vztahu k implantovanym
koviim rozliSujeme nékolik riznych typt koroze. Obecnd koroze popisuje samovolné
uvoliovani iontl daného kovu do svého okoli vlivem oxidace jeho povrchu, bodova koroze
(pitting corrosion) je tvorba diilkii a prasklinek, ve kterych je akcentovana koroze. Stérbinova
koroze (crevice corrosion) piedstavuje korozi v oblasti malych dutin, kde dochazi ke stagnaci
tekutiny a alteraci jejiho chemického sloZeni, obvykle pokles pH a sniZeni zastoupeni kysliku.
Otérova koroze (fretting corrosion) probihd v misté pohybu sty¢nych ploch, kde dochézi
opakovang k rozruSovani pasivacni vrstvy mechanickou abrazi, a tedy k akcelerované korozi.
Galvanické koroze je popisovana v misté styku dvou riznych kovili, z nichz mén¢ uslechtily
kov piisobi jako anoda a uSlechtilejsi kov ptisobi jako katoda. Anoda koroduje rychleji, zatimco
katoda (uSlechtilej$i kov) koroduje pomaleji nez obvykle. Mira galvanické koroze je zavisla
na vzniklém rozdilu napéti. Dale dochazi k tvorbé mikroc¢astic cestou tribologického otéru
Vv oblasti artikulacnich povrch. Tento jev je znam zejména u endoprotéz typu kov-kov, avSak
je prokazan i u kombinace kov-polyetylen (De Villiers 2015). Tyto ¢astice dosahuji vétSinou
velikosti do 0,05 pum, detaily jsou popsany jinde (Amanatullah 2016). Zvlastnim piipadem je
trunionoza, coz je kombinace mechanického otéru a nékolika mechanismi koroze v oblasti
modularnich spoji, nejéastéji rozhrani diik-hlavicka u TEP ky¢le (Mistry 2016). Jednak zde
dochazi k mikropohyblim v oblasti spoje, coz abraduje povrch a rozruSuje pasivacni Vrstvu,
déle je zde hypoxické prostredi, alterované pH a lokalni elektrochemické rozdily podporuji

galvanickou korozi (Fehring 2015, Gibon 2017).
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Endoprotézy typu kov-kov

Metal-on-metal endoprotézu ky¢le s kovovymi artikula¢nimi povrchy poprvé pouzil v roce
1953 anglicky chirurg George McKee. Byla vyrobena z chrom-kobaltové slitiny a Vv literatuie
je znama jako McKee-Farrar total hip replacement. Tento typ endoprotézy ¢asto selhaval, i kdyz
nékteré slouzily i pies 20 let (Brown 2002). Pod vlivem Charnleyho MoP endoprotézy bylo
v sedmdesatych létech ustoupeno od pouziti MoM pro vyssi incidenci selhani. K jejich navratu
prispél v roce 1988 Bernard G. Weber (Svycarsko) s pouzitim otéruvzdorného Metasulu, coz
je slitina Co-Cr-Mo s vysokym obsahem uhliku. Druha generace MoM endoprotézy pak byla
zpropagovana Heinzem Wagnerem (Némecko) a Derekem McMinnem (Anglie) v roce 1991.

V roce 2006 bylo v USA 35 % ze v§ech primarnich TEP ky¢le pouZito pravé MoM a dle odhadu
bylo celosvétové implantovano pies 1 milion téchto endoprotéz (Bozic 2009). V Ceské

republice byl nastésti tento trend zastizen jen okrajové.

cw w7

nez konvenéni MoP protéza (Cuckler 2005), je zatizen specifickymi problémy, a nakonec i
vysSi incidenci komplikaci — dle Voletiho metaanalyzy s primérnou dobou sledovani 5,7 let
méli pacienti 3,37x vy$si incidenci komplikaci nez u MoP (Voleti 2012). Jina publikace rovnéz
prokédzala v souboru 288 tis. pacientll vyssi Cetnost revize u MoM implantati (5,28 %)
Vv porovnani s MoP (4,28 %) a CoP (3,52 %) (Kleeman 2018). Problém spo¢iva v tom, ze i pfi
mensim linearnim otéru dochazi k tvorbé vétsiho mnozstvi ¢astic o mensich rozmeérech, tedy
vysledna kontaktni plocha uvolnénych kovii je mnohem vétsi a dochéazi k uvolnéni solubilnich

iontd, které mohou difundovat do okoli implantatu i systémové (Hasegawa 2012).

Mira deliberace kovli z MoM endoprotézy je ovlivnéna mnoha faktory. Mimo jiné ziejmé
souvisi 1 s pohlavim. Protoze se ukazuje, Ze zeny maji vétSinou vyssi sérové koncentrace,
nez muzi (Moroni 2011). Dalsim faktorem je inklinace implantované jamky — pacienti
s abduk¢nim thlem nad 55° maji vyznamné vyssi sérové hladiny chromu a kobaltu (De Haan
2008) z toho tedy vyplyva, ze jamku je 1épe orientovat mirn€ horizontaln¢, protoze vertikalni

vvvvv

veétsi otér (Angadji 2009, Meng 2013, Tauriainen 2017).
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Biologické ptisobeni kovii na bunécné trovni

Kovové cCastice a ionty mohou pulisobit cytotoxicky, indukovat oxidativni stres, poSkozovat
DNA a vyvolavat imunologickou odpovéd (Hallab 2009). Uvolnéné ionty jsou vazany
na proteiny, s nimiz tvofi antigenni komplex, ktery vyvolava imunitni odpovéd’ na lokalni
nebo i systémové trovni (Hallab 2016). Tato imunitni reakce je jak specificka, zaméfena ptimo
na antigen organometalického komplexu daného kovu, tak i nespecificka, reagujici na kovové
Castice jako na cizi téleso. Oba typy reakce na kovy se do jisté miry podili na indukci
periprotetické osteolyzy (Magone 2015). V in vitro studiich je prokazana zvySena sekrece I1L-6
a IL-8 osteoblastii po expozici kovovymi casticemi (Lochner 2011). Ostatni jevy jako
cytotoxicita, systémova toxicita ¢i genotoxicita jsou piimym dusledkem fyzikdlné-chemického
pasobeni uvolnénych kovi, detaily téchto reakci jsou popsany jinde (Gibon 2017). Jednim
z primych nasledkti lokalni cytotoxicity kolem implantatu s pravdépodobnym podilem
hypersensitivity je nekroza (Mahendra 2009). Piehled biologickych u¢inkt kovli na bunécné
urovni a jejich relevantnich klinickych projevil je popsan v recentni review (Hobza 2020)

a shrnut ve schématu 1.

V souvislosti s reakci na kovy se objevilo nékolik terminii: ARMD (Adverse Reaction to Metal
Debris), ktera vSeobecné popisuje celé spektrum vyse popsanych déji a jeho podskupinou jsou
ALTR (Adverse Local Tissue Reaction), popisujici pouze lokélni reakci na kovy pfitomné
ve tkanich. V této skupiné je tradi¢né veden pseudotumor, osteolyza s aseptickym uvolnénim

a ALVAL (Aseptic Lymphocyte-dominated Vasculitis-Associated Lesion).
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BUNECNA UROVEN TKANOVA A ORGANOVA UROVEN

HYPOTROFIE & NEKROZA

CYTOTOXICITA SYSTEMOVA TOXICITA

GRANULACE
KOVOVE CASTICE ZANETLIVA OSTEOLYZA
A IONTY REAKCE
ALVAL & PSEUDOTUMOR

METALOZA

GENOTOXICITA

KARCINOGENEZE

HYPERSENZITIVITA ALERGICKA REAKCE

l

Schéma 1: Biologické efekty kovit na bunécné urovni a indukované klinické projevy (Hobza
2020).

Alergie na kovy

Okolnosti a vyznam alergické reakce na endoprotézu jsou pomérné recentnim tématem a jedna
se o stale neuzavienou oblast. Jako prvni vsak jiZ v roce 1974 upozornil na mozZnost alergické
reakce na kovy implantatu E. Evans, ktery si vS§iml ptipadii selhani endoprotézy bez jiné

vysvétlitelné pticiny (Evans 1974).

Alergie ma fadu svych zastanci, avSak aktudlné je spiSe zpochybiniovana pro nedostatek dikazi

a jasného patofyziologického mechanismu (Middleton 2016).

Patofyziologie. Existuje totiz rozdil v patofyziologii kozni alergické reakce, jak ji zname, ktera
je zprostiedkovana Langerhansovymi bunkami jakozto koznimi antigen-prezentujicimi
bunkami (APC, Antigen-presenting cell), a tkanové reakci na antigenni komplex kov-protein,
kterou zprostiedkovavaji lokalni APC (makrofagy, dendritické a epiteloidni bunky) (Thomas
2015). Jednotlivé APC nasledné prezentuji antigen CD4+ T-lymfocytim, které spousteji dalsi
prubéh reakce (Akil 2018). V tomto ptipad¢ se jedna o tzv. hypersensitivitu IV. typu.

Incidence. Ackoli je v bézné populaci pomérné vysoka prevalence kontaktni alergie na kovy

a dle epikutannich a sérologickych testii se vyskytuje reakce na Ni v 13 %, Co ve 2 % a Cr
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v 1 % populace (Schafer 2001), prokazané selhani endoprotézy z dtivodu alergické reakce je
pomérné vzacna komplikace a pti¢innou souvislost je té¢zké dokazat (Thomas 2017). Kromé
niklu, kobaltu a chromu je v posledni dobé¢ diskutovan jesté vyznam zlata, palladia a aluminia
(Thyssen 2010). Po implantaci endoprotézy ¢i osteosyntetického materidlu muze dojit
k senzitizaci, coz doklada i fakt, ze v bézné populaci se vyskytuje alergie na kovy v cca
10-15 %, u pacientll s kovovym implantitem az 25 % a u pacientl se selhavajici protézou
az 60 % (Hallab 2001). Symptomaticka hypersenzitivita na kovy predisponuje svého nositele
az k ¢tyinasobné vys$imu riziku aseptického selhani endoprotézy po jeji implantaci (Granchi
2008). Naopak u nékterych pacienti byla pozorovana desenzitizace a nasledna negativita
epikutannich test s odstupem po implantaci endoprotézy, zde je vSak diskutabilni spolehlivost
daného testovani (Rooker 1980). Je pozorovana vyssi prevalence hypersenzitivity na kovy
pti selhavajici endoprotéze, av§ak neni zcela jasna pii¢inna souvislost, zda se hypersenzitivita
podili na selhdni nebo zda vznika jako nasledek zvySené expozice organismu uvolnénymi
kovovymi Casticemi a ionty ze selhdvajici endoprotézy. Nicméné je popsano krat$i preziti
endoprotézy u pacientll s pozitivnimi epikutannimi testy na kovy (Granchi 2006). Uvedena
diskrepance logicky snizuje relevanci alergickych koznich testd v endoprotetice, a to z divodu

rozdilného mechanismu spusténi reakce (Thomas 2015).

Symptomatologie. Klinicky se alergie mize projevit jako lokalizovana, vzacnéji celotélova
vyrazka, porucha hojeni rany, setrvalé bolesti, otok, synovialitida s recidivujicimi vypotky,
ztuhlost operovaného kloubu, jeho nestabilita nebo uvolnéni TEP. Tyto symptomy se vétSinou
vyvinou béhem prvniho roku po implantaci. Radiologicky nélez je nespecificky a miize se
projevovat jako radiolucentni linie ¢i progresivni osteolyza (Lohmann 2017). Lokalizovana
vyrazka je Castéji popisovana u TEP kolene, zatimco u TEP ky¢le nebyva obvykla (Akil 2018),

coz muze byt vysvétleno hlubsim tkdnovym ulozenim.

Diagnostika. Protoze stale nemame k dispozici diagnosticky test, ktery by umél jednozna¢né
urcit, zda se jedna o alergickou reakci, zistava tato diagnoza postavena jako per exclusionem,
tzn. po vylouceni infekce, aseptického uvolnéni a dalSich komplikaci TEP (Lachiewicz 2016).
Casto je k diagnostice doporutovan epikutanni test, ackoli presné nereflektuje hlubokou
tkanovou situaci kolem implantatu. Tento test vychézi z kozni reakce na testovany kov,
prokazuje senzitivitu 77 % a specificitu 71 % (Dickel 2011). Byva soucasti klinickych
doporuceni, viz schéma 2 (Christensen 2017), ale pro zminénou diskrepanci a nizkou senzitivitu
i specificitu by nem¢l byt pouzivan pro rutinni pfedoperac¢ni screening (Lohmann 2017).

Existuji jesté dal$i imunologické testy jako je lymfocytdrni transformacni test (LTT),
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modifikovany lymfocytarni stimulacni test (mLST) nebo test na leukocytarni inhibi¢ni faktor

(LIF) (Granchi 2012). LTT testuje in vitro reakci pacientovy krve na dany alergen dle miry

proliferace lymfocyti a ackoli nabizi vysSi sensitivitu nez epikutanni testy, nevykazuje

dostatecnou specificitu a zadny z téchto testli neni spolehlivy v predikci vzniku alergické reakce

po implantaci TEP. Jedinym jasnym dikazem zustava uleva pacientovych potizi

po reimplantaci hypoalergenniho implantatu, tedy ex post.

Predoperaéné

l

Pozitivni anamnéza alergie
na kovy

A

Epikutanni testy \

Standardni implantat
(riziko alergie <0,1%)

Implantat
neobsahujici dany
alergen

F——— Pooperacné

b

v

Symptomy podezielé z
alergie

'

Ostatni ptiCiny

komplikace vylouceny

Ano Ne
Uleva po Reseni ostatnich
konzervativni terapii pricin potizi

Ang/ Ne

e Revize za hypoalergenni TEP

Dalsi Epikutanni testy
sledovani
+ -
Zlomenina: Pouceni pacienta a
e  Zhojena: extrakce kovu rozhodnuti o revizi
e  Nezhojena: ponechat nebo provést dle domluvy s
reosteosyntézu s nealergizujicim pacientem
implantatem
Endoprotéza:

Schéma 2: Algoritmus reSeni alergie na kovy v ortopedii dle Christensena (Christensen 2017).
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Terapie. Ztejma alergicka reakce po implantaci TEP je po pe€livém zvazeni a vylouceni
ostatnich pficin selhani indikovéna k reimplantaci hypoalergenniho implantatu. Revize by vSak
méla byt pokladana za posledni moznost a pacient by mél byt informovan, ze stale nemame
k dispozici klinické doporuceni feSeni této komplikace, které by vychazelo z evidence-based
medicine. U TEP ky¢le volime jamku a diik z titanové slitiny, hlaviéku keramickou nebo
oxiniovou, u TEP kolene rovnéz Ti slitinu ¢i oxiniovou povrchovou upravu (Lachiewicz 2016,
Akil 2018). K dispozici jsou i nahrady kolene keramickym implantatem. V ptipad¢ diagnostické
nejistoty, nebo pokud nemtiZeme provést reimplantaci, mizeme kozni vyrazku 1é¢it topickymi
kortikosteroidy, které jsou v nékterych ptipadech efektivni (Gao 2011). Jeden z doporuc¢enych
postupt je ilustrovan ve schématu 2. Pfi konzervativné nelécitelné alergické reakci na
osteosynteticky materidl bychom méli v pfipadé zhojené zlomeniny material extrahovat,
V piipadé nezhojené zlomeniny provést reosteosyntézu s pouzitim titanové slitiny (Christensen
2017). Mahmood doporucil postup, kdy pti hypersenzitivité na nikl volime CoCr slitinu nebo
titanovou slitinu, pfi hypersenzitivité na kobalt volime nerezovou ocel ¢i titanovou slitinu, pii
hypersenzitivit¢ na chrom je nejlepsi volbou titanovad slitina a pii alergii na titan

pak nerezovou ocel ¢i CoCr slitinu, viz tabulka 2 (Mahmood 2015).

Alergie Nikl Kobalt Chrom Titan
Doporuceny Ti slitiny Ti slitiny o Co-Cr slitiny
. Ti slitiny
material Co-Cr slitiny Nerez ocel Nerez ocel

Tabulka 2: Doporucené pouziti materidalii dle jednotlivych pricin alergie dle Mahmooda
(Mahmood 2015).

Podil na osteolyze

Periproteticka osteolyza je chapana jako disledek zanétlivé reakce na Castice kostniho cementu,
otérovych Castic povrchu implantitu a v neposledni fad¢ také na Castice a ionty kovi
endoprotézy, které nejsou efektivné odstranény imunitnim systémem (Gustafson 2014). Protoze
za tuto reakci jsou nejvice zodpovédné otérové Castice (Gallo 2013), byla vyvinuta cela fada
opatteni zlepsujicich tribologické vlastnosti endoprotézy. Jen pfipomindm, ze znovuzavedeni
MoM endoprotéz kyc€le (viz vyse) bylo motivovano pravé nizkym otérem a predpokladalo se,

7ze MoM bude ,,1¢ékem* na aseptické uvolnéni a osteolyzu. Pro nas byla tato zkuSenost stejné
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jako nékteré dalsi preventivni intervence velkym zdrojem pouceni, ovSem pro pacienty
predstavovaly vzdy komplikaci a nadbyteéné utrpeni. Podobné¢ se i na selhani TEP

s keramickym parem mohou podilet kovy, zde jsou zdrojem kovi neartikulacni ¢asti protézy
(Magone 2015).

Na rozdil od makrofagy dominované reakce na PE castice, v reakci na kovy kromé
makrofagové reakce pievazuje lymfocytdarni infiltrdt, pii¢emz klicovou roli hraji T-lymfocyty
(Natu 2012). Reakce zprostiedkovana T-lymfocyty je projev specifické imunity a v tomto
ptipadé oznacovéna jako imunopatologicka reakce IV. typu. Kovy obvykle pouzivanych slitin,
tedy Ti, Co, Cr, Mo, Mn, Ni, Cu a Fe stimuluji aktivitu RANK-ligandu bud’ piimo
nebo vyvolanim sekrece prozanétlivych cytokini jako je TNF-a, IL-6 a PGE2. Takto jsou
aktivovany osteoklasty a je iniciovana osteolyza. U iontli Co, Cr a Mo je popsana 1 aktivace
inflamasomt (Magone 2015). Kovy také zhorSuji kostni metabolismus — nejvice toxicky
na osteoblasty ptisobi V, Mn, Fe a Ni, naopak nejméné toxické jsou pro n¢ Co a Cr (Hallab
2002). Cytotoxicky potencial jednotlivych kovi je uveden v tabulce 3. V ramci snahy
(anti- TNF- o) (Vasudevan 2012) ¢i RANKL inhibitor (Skoldenberg 2016), avsak zatim jedinou

efektivni metodou zlistava revize a reimplantace uvolnéné endoprotézy.

Koncentrace chloridu daného kovu potiebna k vyvolani toxicity (mM)

Test Al Cr Co Fe Mo Ni Vv
Osteoblast
Viabilita 5 >10 1 0,3 7 0,5 0,05
Proliferace 10 10 1 5 10 1,0 01
Morfologie 10 10 0,5 10 10 0,5 0,1

Primér + SD 83+29 10+0  0,8+03 51+49 9,0+1,7 0,7+03 0,1+0,1
Fibroblast

Viabilita 2 10 2 1 10 2 1
Proliferace 50 10 0,01 10 10 2 0,05
Morfologie 5 5 0,5 5 1 0,5 0,05

Primér+SD  19+26 83+29 08+1,0 53+45 7+52 15409 03+05

Tabulka 3: Stanoveni koncentrace chloridu daného kovu potiebné k vyvolani toxicity s kritériem

50% poklesu viability nebo proliferace danych bunéek dle Hallaba, zkraceno (Hallab 2005).
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Metaloza

Metaldza popisuje tkan masivné infiltrovanou kovovymi ¢asticemi, které spolu s nekrézami
zaptiCinuji jeji tmavé zbarveni. Zdrojem metalézy mize byt koroze, otér a trunionoza,
nejvyraznéji a nejcastéji vSak pii masivnim otéru polyetylenové vlozky TEP, kdy dojde
ke kontaktu kovové hlavicky a jamky u kyc¢le, resp. obou komponent u kolene, jak je uvedeno
v obrazku 8, 9 a 10. Castice indukuji reakci IV. typu a makrofagy se pfeméfiuji v mnohojaderné
Langhansovy buiiky a tvoii granulace. Metaloza se mtiZze projevit jako bolestiva oblast, nékdy
dokonce i s tmavou pigmentaci kiize kolem postizeného kloubu (Pritchett 2012), v pokrocilych

piipadech i s tvorbou pseudotumoru. V takovych piipadech bychom méli monitorovat sérové

hladiny relevantnich kovli z diivodu jejich rizika intoxikace a pfipadné protézu vcas revidovat

(Gogna 2016).

Obrazek 8: Pokrocily otér PE viozky TEP obou kycli, vpravo jiz dochazi ke kontaktu kov-kov
S produkci otérovych kovovych castic. RTG snimek z archivu Ortopedické kliniky FNOL.
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Obrazek 9: Opotiebend a praskla PE viozka TEP kolene umoZiiuje vzajemny otér kovovych
komponent s ndslednou tvorbou metalozy. RTG snimky z archivu Ortopedické kliniky FNOL.

Obrazek 10: Peroperacni vzorky z revize TEP kycle pro aseptické uvolnéni jamky. Masivni oter
polyetylenové viozky, kdy doslo ke kontaktu hlavicky s kovovou jamkou. Granulace odebrané

Z okoli jamky s masivni metalozou.
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ALVAL a pseudotumory

Tyto jednotky jsou klasicky popisovany u MoM endoprotéz, avSak mohou se vyskytnout
i u ostatnich artikula¢nich part. Typicky jsou spojeny s bolestivymi projevy kolem TEP (Pivec
2014).

ALVAL popisuje periprotetickou zanétlivou reakci podobnou hypersenzitivni reakci IV. typu
probihajici kolem MoM implantatu (Kolatat 2015). Histologicky je charakterizovana difuzni
perivaskularni lymfocytarni infiltraci, doprovazenou plasmatickymi buiikami, eosinofilnimi
granulomy, venulami s vysokym endotelem, krvacenim, fibrinovou exsudaci, nekr6zou

a makrofagy s kapkovitymi inkluzemi (Willert 2005).

Pseudotumor je rozsahla cystickd formace, majici podobny imunologicky podklad jako
ALVAL, avsak s vyrazn&jsi lymfocytarni infiltraci a nekrézou. Kromé bolesti se mize projevit

palpovatelnou rezistenci, parézou nervu ¢i spontanni luxaci (Gibon 2017).

Incidence. Incidence pseudotumorti u MoM implantatd je udavana 0,3 %, ALVAL 0,6 %
a ALVAL a/nebo pseudotumori 0,6 % (Wiley 2013).

Diagnostika. Pti stanoveni ALTR bychom vzdy méli projit standardnim diagnostickym
protokolem v endoprotetice, tedy vyloucit pfedevsim infekci kloubni nahrady. Kromé
klinického vySetieni a zobrazovacich metod jsou zasadni krevni testy (krevni obraz, CRP, IL-
6) a kloubni punkce s analyzou aspiratu. Na rozdil od MoP implantati jsou hladiny CRP
a sedimentace erytrocyti méné specifické, protoze mohou byt elevované jak u infekce, tak
i u ALTR. Rovnéz automaticka cytologie z punktatu mize mit zkreslené hodnoty leukocytt
a podil polymorfonuklearii vlivem zapocitani kovového detritu, proto je vhodnéj$i manualni
odpocet (Fehring 2015). Ze zobrazovacich metod pro ALTR je za zlaty standard povazovana
magneticka resonance s tzv. MARS sekvenci (Metal Artifact Reduction Sequence), ktera
zvladne zobrazit i periprotetické tkané jinak znehodnocené artefakty implantatu (Fritz 2016,
Lindgren 2016). Toto vySetifeni je vSak vzhledem ke své nakladnosti a hor$i dostupnosti
nepouzitelné pro rutinni screening, proto bylo navrZeno ultrazvukové vySetieni, jako levné&jsi

screeningova metoda se 100% sensitivitou zachytu pseudotumort (Garbuz 2014).

Terapie. Symptomaticky pseudotumor ¢i ALVAL jsou indikaci k revizi, v ptipadé MoM
S vymeénou za jiny artikula¢ni par (Harrington 2016).
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Systémova toxicita

U pacientti se selhdvajici, ale 1 dobfe fungujici endoprotézou miizeme najit zvysené sérové
hladiny kovii. Tyto se pak akumuluji zejména v myokardu, ledvinach, jatrech, sleziné
a v lymfatickych uzlinach (Hallab 2002). Vysoké sérové hladiny kovl najdeme typicky
u selhavajici MoM endoprotézy, avSak paradoxné jesté vyssi hladiny byly popsany po revizi
selhané keramické endoprotézy s pouzitim kovové hlavicky (Bradberry 2014), kde je jeji otér

akcelerovan zbylymi keramickymi ¢asticemi (Peters 2017).

Za systémovou toxicitu je nejvice zodpovédny kobalt, konkrétné jeho dvojmocny iont (Co?*)
(Leyssens 2017). Naopak titanové slitiny jsou velmi malo toxické a indukuji pouze mirnou
zanétlivou reakci (Gibon 2017). Mechanismus toxicity kobaltu vysvétlujeme cestou tvorby
volnych radikalt, peroxidaci lipidli, poruchou mitochondrialni funkce, poruchou homeostazy
vapniku a Zzeleza, interakci S erytropoézou, poruchou transportu jodu do §titné zlazy
a genotoxicitou (Paustenbach 2013). Klinicky se tedy intoxikace projevuje kardiomyopatii,
hypotyredzni strumou, neurotoxicitou s poruchou sluchu, zraku a poruchami centralni
a periferni nervové soustavy (Catalani 2012). Jsou popsany piipady kobaltem indukované
polycytémie a vzacné hepatotoxicita (Cheung 2016). Sérové koncentrace kobaltu jsou v bézné
populaci do 0,6 pg/l, u vétsiny pacienti s dobfe fungujici MoM endoprotézou v rozsahu
0,2-10 pg/l. Prahem pro lokalni komplikace (viz ARMD) je dle ruznych zdroju 4-7 pg/l
a rizikové hladiny pro intoxikaci zacinaji nad 20 pg/l, avSak tato hodnota neni uZite¢na
pro klinickou praxi a klinické relevance toxicity dosahuji az mnohem vyss$i hladiny (Leyssens
2017). Proto je doporuceno klinicky sledovat pacienty s hladinami nad 100 pg/1 (Paustenbach
2013) a pii projevech intoxikace v¢as protézu revidovat. Je nutno podotknout, ze systémova
intoxikace kovy z totalni endoprotézy je vzacnym jevem. Do roku 2014 bylo v Systematickém

piehledu studii popsano pouze 8 ptipadt (Bradberry 2014).

Toxicky muze byt ve vysokych koncentracich také chrom. Ten se v téle mlze vyskytovat pouze

jako trojmocny, protoze Sestimocnd verze je velmi reaktivni, a proto je okamzité pirevadéna

wevr

vést k systémovym Skoddm (Grammatopoulos 2017, Pechancova 2018).
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Riziko karcinogeneze

Castice a ionty Cr, Co, Ti, Al a V indukuji in vitro tvorbu volnych radikald, které poskozuji
vlakna DNA a zptlisobuji mutace, aneuploidii a chromozomalni aberace v zavislosti na jejich
koncentraci (Daley 2004). Povaha iont chromu zavisi na jejich valenci: korozivnimi procesy
se z implantatu uvoliiuje Sestimocny chrom, ktery je klasifikovan jako karcinogen skupiny 1
dle IARC (International Agency for Research on Cancer) a zpiisobuje karcinom plic, avsak je
rychle v erytrocytech redukovan na tfimocny chrom, ktery je méné Skodlivy (Scharf 2014),
(Gibon 2017). Systematické prehledy klinickych studii (Visuri 2010), ani data z ortopedickych
registri (Onega 2006, Christian 2014) neprokazuji celkové zvySené riziko karcinogeneze
u konvencnich endoprotéz z CoCr ¢i Ti slitin. U MoM endoprotéz nejsou data jednohlasna,
a ackoli Britsky a Finsky registr kloubnich nadhrad neprokazuji jejich celkové zvySené riziko
karcinogeneze (Ekman 2018, Hunt 2018), nékteré studie u nich vétsi riziko nachazeji
Vv porovnani s konvenénimi endoprotézami (Levasic 2018). Pfti identifikaci jednotlivych
diagn6z bylo nalezeno vyssi riziko karcinomu prostaty a maligniho melanomu u non-MoM
endoprotéz (Standardized incidence ratio (SIR) 1,12 resp. 1,43 s 95%CI; 1,08-1,16 resp. 1,13-
1,79), (Onega 2006) a karcinom prostaty byl ve vy$$i mife nalezen u pacienti s MoM
endoprotézou (SIR=1,35), necementovanou protézou (SIR=1,40) a Ti slitinou (SIR=1,41),
(Levasic 2018). Z uvedeného tedy vyplyva, ze endoprotézy nejsou spjaty
se zvySenym celkovym rizikem karcinogeneze, ale existuje mirn€¢ vyssi riziko karcinomu
prostaty, ktery je nejcastéji zminiovan u MoM endoprotéz, kterym je vhodné se vyhnout nejen

Z tohoto duvodu.
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II. VLASTNI PRACE

A. EXPERIMENTALNI CAST: VYVOJ METODIKY K PRESNEMU
STANOVENI OPOTREBENI PE VLOZKY U TEP KYCLE A JEJI
POUZITI U EXTRAHOVANYCH PE VLOZEK
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Cile
Cilem experimentalni casti bylo vyvinuti nové metodiky laboratorniho méfeni otéru PE vlozky

TEP kycle, jeji validace a nésledné zhodnoceni volumetrického otéru souboru extrahovanych

TEP.

Vysledky této ¢asti prace byly uverejnény ve dvou publikacich, viz priloha ¢. 1: Ranusa, M.,
Gallo, J., Hobza, M., Vrbka, M., Necas, D., Hartl, M.: Opotrebeni a drsnost artikulacniho
povrhu u extrahovanych polyetylenii jamky Bicon. Acta Chir orthop Traum cech, 84(3): 159-
167, 2017 a priloha €. 2: Ranusa, M., Gallo, J., Vrbka, M., Hobza, M., Palousek, D., Krupka,
I., Hartl, M.: Wear analysis of extracted polyethylene acetabular cups using a 3D optical
scanner. Tribology Transactions, 60(3): 437-447, 2017.

Autor diserta¢ni prace zpracoval literarni reSersi, dale se podilel na sestaveni klinického
souboru, vybéru a makroskopickém popisu extrahovanych implantti, zméfil radiologicky

otér jamek zatazenych do studie a piispél také k sepsani publikaci.

Uvod

Hodnoceni opotiebeni komponent endoprotézy je nedilnou soucasti nejen klinické praxe, ale
pfedev§im 1 vyrobniho procesu a vyvoje implantatl. Je totiz prokdzano, Zze pravé otcr
polyetylenové vlozky TEP kyc¢le je pfimo kauzalné spjat s pred€asnym selhanim endoprotézy,
zejména pokud otér probiha rychleji. Linearni otér dle RTG hodnoceni rychlejsi nez 1 mm/rok
je povazovan za rizikovéjsi pro aseptické uvolnéni (Dumbleton 2002). Otér polyetylenu
muizeme hodnotit z kvalitativniho a kvantitativniho hlediska. Z hlediska kvality otéru
rozliSujeme Ctyfi typy ptivodu otéru, a to 1) kontakt artikulacnich ploch, 2) kontakt artikula¢ni
a neartikula¢ni plochy, 3) ptitomnost ciziho télesa a 4) kontakt dvou neartikula¢nich ploch.
Mechanismus otéru muze byt adhezivni, abrazivni a unavovy (McKellop 2007).
Pfi kvantitativnim hodnoceni otéru je nutné zohlednit tzv. tok za studena (angl. cold flow),
coz je plasticka deformace PE vlozky v prvnich mésicich po implantaci, kterd je spojena

S minimalnim ¢asticovym otérem v poméru ke zméné svého objemu (Zeman 2018).

Moznosti klinického hodnoceni otéru jsou samoziejmé omezeny povahou uloZeni implantatu
Vv téle a vSechny metody in vivo vyuzivaji rentgenového zobrazeni. Nejjednodussi a historicky
nejstarsi metoda je dle Charnleyho (pozdéji modifikace dle Dorra) (McCalden 2005), ktera

popisuje posun hlavicky vic¢i okrajim jamky na prostém predozadnim rentgenovém snimku
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panve, hodnoti tedy pouze linedrni otér v jednom sméru. Pro potfeby orientacniho zhodnoceni
béhem ambulantniho vySetieni je vSak obvykle dostacujici. S rozvojem pocitatové techniky
zacaly byt k dispozici dvourozmérné a pozdéji i trojrozmérmné pocitacem asistované metody,
které jsou ve druhém ptipad¢ schopny zhodnotit i objemovy otér. Laboratorni méfeni ma méné
omezené moznosti a byly vyvinuty metody hodnotici objemovy otér pomoci rozdilu hmotnosti
oproti neopotiebené jamce (gravimetrie), metody vypliové ¢i métici mikroskop (Gallo 2006).
Za standard laboratorniho hodnoceni otéru pii testovani implantati je stale povazovana analyza
povrchového tvaru jamky pomoci CMM pfistroje (coordinate measuring machine), ktery
skenuje povrch mechanickou ¢i bezkontaktni sondou (Bills 2007). Novéj$im trendem je optické
bezkontaktni méfeni, jako je Fourierova (Rossler 2009) ¢i skenovaci profilometrie (Pochmon
2007), nebo vyuziti 3D skeneru. Optické skenovaci metody poskytuji vétsi mnozstvi dat, ktera

je navic mozno nasledné upravovat v ramci postprocessingu.

Metodika a soubor pacientii

VyuZziti nové metody k méieni otéru

K méfeni linearniho a objemového otéru polyetylenu a jeho charakteru byl vyuzit 3D opticky
skener ATOS Triple Scan (GOM, Némecko), jehoz metoda funguje na principu aktivni
triangulace. Analyzovany objekt je nasvicen tizkopasmovym modrym svétlem s prouzkovou
projekei, tzv. ,,blue light technology*, ktera neni zavisla na okolnich svételnych podminkach.
Takto nasviceny objekt je pak sniméan parovymi kamerami pfistroje a triangulaénim propoctem
jsou pfi znalosti thlu mezi snimacimi kamerami ziskany prostorové soutadnice. Takto je
ziskano u jamky s primérem 28 mm piiblizné€ 200 000 bodt, coz umoziuje piesnéjsi zobrazeni
skenovaného povrchu. Kvili ptilisné transparenci PE vlozky byl na jeji povrch proveden nastiik
mikrofilmu TiO2 o tloust’ce cca 3 um (Palousek 2015), ktery je pro skener 1épe Citelny. Na okraj
jamky mimo skenovanou oblast byly poloZeny referen¢ni body velikosti 0,8 mm. Skenovana
jamka byla poloZena doprostfed oto¢ného stolku a skener byl zaostfen na stied jamky
ve vzdalenosti 490 mm. K ziskani konecného obrazu bylo provedeno Sest méteni u kazdé

jamky.
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Obrazek 11: 3D opticky skener ATOS Triple Scan a princip jeho méreni (zdroj: prezentace

4
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vyrobce, stazeno z internetu).
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Takto ziskand data byla digitalné zpracovana polygonizaci pomoci programu GOM Inspect,
ktery vytvotil geometrii povrchu jamky. Ziskany model byl softwarové ocistén o poskozeni
vzniklé béhem extrakce jamky a byla odstranéna nadbyte¢na data z okoli jamky. Nésledn¢ byla
do objemového modelu jamky promitnuta idedlni koule o nominalnim priiméru neopotiebované
jamky, kterd ukazala defektni oblasti. Pomoci tohoto postupu bylo mozZzno ziskat smér,
ve kterém dochazelo k otéru jamky, a naopak i1 zrekonstruovat geometrii plivodni jamky.
Porovnanim geometrie namétené jamky s geometrii plivodni tak bylo mozZno ziskat objemovy

otér, smérovy vektor opotfebeni a linedrni decentraci hlavicky. K vytvofeni objemového

modelu a nasledného méfeni objemového otéru byl vyuzit program Geomagic Design X (3D

Systems GmbH).

Obrazek 12: Digitalni rekonstrukce povrchu poskozeného pri extrakci PE vioZky (obrazek
poskytl ing. Matiis Ranusa, VUT Brno).
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Obrazek 13: Urceni sméru opotiebeni jamky (obrazek poskytl ing. Matus Ranusa, VUT Brno).
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Obrazek 14: Urceni linearniho otéru v jednotlivych osach (obrazek poskytl ing. Matus Ranusa,

VUT Brno).
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Obrazek 15: Vytvoreni prostorového modelu k hodnoceni objemového otéru (obrazek poskytl

ing. Matus Ranusa, VUT Brno).

Validace metody

Validace optického méteni byla provedena pomoci gravimetrického srovnani dle standardu ISO
14242-2. K tomuto ucelu byly vyuzity tii nové PE vlozky z vysokomolekularniho polyetylenu,
na kterych bylo laboratorné vytvofeno opotiebeni pomoci kyvadlového simulatoru, ve kterém
se proti jamce pohybovala CoCrMo hlavicka zatizena na 2080 N kmitajici s frekvenci 0,48 Hz
V Sesti patnactiminutovych cyklech, celkem po dobu 1,5 hodiny. Na podrobnosti simuldtoru
odkazuje piedchozi lieratura (Vrbka 2015). Valida¢ni vzorky byly vazeny pied
a po simulovaném otéru na analyzacni vaze Kern ABS 320-4 N. Vzorky byly vaZeny po kazdém
cyklu pétkrat za ucelem omezeni chybovosti, jako vyslednd hodnota byl vyuzit priimér vSech
péeti méfeni. Takto ziskané hodnoty byly porovnany s métenim pomoci optického 3D skeneru.
Primérny ubytek hmotnosti vznikly celkovym otérem byl 0,075 g, coz pfi piepoctu pomoci

hustoty daného polyetylenu 0.940 g/cm? odpovidalo 80 mm?,
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Obrazek 16: Kyvadlovy simulator otéru PE jamky (Ranusa 2016).

Klinické méreni linearniho otéru podle Dorra

K porovnani klinické a laboratorni metody méteni linearniho otéru byla pouZita metoda dle
Dorra (Dorr 1995). M¢feni bylo provedeno vzdy na RTG snimku z posledniho vySetfeni
pred revizi dané endoprotézy a spocivalo v méfeni posunu hlavi¢ky v kovové jamce. Detaily

postupu méfeni jsou popsany na obrazku 17.

Soubor pacienti

Nové¢ vyvinutou metodu jsme testovali na souboru 13 extrahovanych implantati od pacientt,
kterym byla v letech 2010 - 2015 pfi opera¢ni revizi extrahovana TEP ky¢le, jejiz soucasti byla
jamka Bicon-plus a ziskana tak PE vlozka k analyze jejiho opotiebeni. Z indikaci k revizi
pievazovalo aseptické uvolnéni endoprotézy (10 pacientlt), klinicky se projevujici jako bolesti
daného kloubu, dal§imi indikacemi byla periprotetickd zlomenina, bolesti neznamého ptivodu
a zlomena acetabularni komponenta. Klinické informace o pacientech v souboru jsou uvedeny

v tabulce 4.
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Vypodet koeficientu zvétseni (k) pro

RTG snimek s vyuzitim znamé

velikosti hlavicky TEP:

k=—
do

d — naméfeny pramér hlavicky na RTG

do — skute¢na velikost hlavicky (28mm)

Vypocet linearniho otéru (O) v mm
pomoci rozdilu vzdalenosti od okraje
jamky, korigovano koeficientem

zvétseni RTG:

Obrazek 17: Vypocet linearniho otéru na RTG snimku. RTG snimek z archivu Ortopedické
kliniky FNOL.
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1 M 66 24,24 67 Prava 145 B Periproteticks
zlomenina

2 F 48 19,23 48 Prava 126 B Aseptické uvolnéni
3 F 75 27,55 55 Leva 120 B Aseptické uvolnéni
4 F 63 24,01 61,5 Prava 131,5 B Aseptické uvolnéni
5 M 103 32,51 52 Prava 75 A Bolestiva kycel

6 F 88 34,38 77 Prava 48,5 B Aseptické uvolnéni
7 M 100 30,86 73 Leva 89,5 A Aseptické uvolnéni
8 F 58 21,05 43 Leva 92,2 B Fraktura jamky

9 F 56 23,31 63 Prava 164 B Aseptické uvolnéni
10 F 72 26,77 53 Prava 53,6 A Aseptické uvolnéni
11 F 77 26,96 69 Leva 61,9 A Aseptické uvolnéni
12 F 60 22,04 77 Prava 43 B Aseptické uvolnéni
13 F 68 29,05 59 Leva 114,6 B Aseptické uvolnéni

Tabulka 4: Charakteristika souboru pacientii. 2 Doba pobytu implantdtu v téle pacienta. ° Typ
pacienta dle Charnleyho klasifikace: Typ A — jednostrannd TEP kycle, druhostrannad kycel bez
postizeni, Typ B - jednostranna TEP kycle, druhostranna kycel postizena osteoartrozou, Typ C

— postizeno vice kloubui.
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Jamka Bicon

U vsech pacientl v souboru byla pro TEP ky¢le pouzita jamka Bicon-plus (Smith and Nephew),
titanova jamka bikonického tvaru, implantovand jako zavitofeznd necementovana acetabularni
komponenta. Jeji soucasti je studovand polyetylenova vlozka z vysokomolekularniho
polyetylenu GUR 1020 (Ticona), vyrobena technologii ,,compression molded* podle normy
ISO 5834-2. Sterilizace probihala gama zafenim (2,5 Mrad; 1 rad = 0,01 Gy) v inertnim

prostfedi dusiku. Béhem revize byla PE vlozka po extrakci mechanicky ocisténa, sterilizovana,

zabalena a odeslana k laboratorni analyze.

Obrazek 18: RTG snimek asepticky uvolnéné jamky Bicon s jeji proximalni migraci v panvi.

RTG snimek z archivu Ortopedické kliniky FNOL.
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Obrazek 19: Fotografie extrahované jamky, na niz je videt nasledky adhezivniho a abrazivniho

otéru s posunem centra rotace.

Vysledky

Validace 3D skenovani pomoci gravimetrie

Po porovnani vysledki méfeni skenerem a vazenim byly stfedni hodnoty rozdilu metod
-0,0040 g (0,0352 — 0,0089 g) u prvni jamky, -0,0021 g (0,0159 — 0,0051 g) u druhé jamky
a -0,0029 g (0,0286 — 0,0067 Q) u tfeti jamky. Signifikantni rozdil v méfeni byl nalezen
po prvnim otérovém cyklu v simulatoru. Tato diskrepance je pravdépodobné dana plastickou
deformaci polyetylenu, tzv. ,cold flow*, ktera je popisovana b&hem prvnich mésict
po implantaci a zatizeni endoprotézy. Opakovatelnost méfeni ptitom doséhla hodnoty 0,005

mm.
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Analyza extrahovanych jamek

V souboru bylo analyzovéano 13 jamek pomoci 3D optického skeneru s aktivni triangulaci
ATOS Il Triple scan s vytvoienim digitalniho modelu jejich artikula¢niho povrchu. Kazdé
meéieni bylo provedeno dvakrat, aby byla eliminovana chybovost méfeni. Mensi rozdily mezi
meéfenimi nemély vyznamny vliv na stanoveni objemového otéru. U jamek byl vyhodnocovan
pouze artikulacéni povrch, okraj jamky a jeji zevni obvod nebyl zapoéten do volumetrické
analyzy. Vysledky méfeni jsou uvedeny v tabulce 5. Stfedni hodnota objemového otéru jamek
byla 395,53 mm? (51,80-1119,70 mm?). Rychlost otéru odpovidala 44,37 mm?/rok (9.98 —
125.85 mm?; SD 32,45 mmd). Celkova doba méfeni jedné jamky trvala obvykle 90 minut.

Pacient In situ Velikost Typ implantatu Celkovy Ro¢éni

(mésice) implantatu objemovy objemovy

otér (mm?3) otér (mm?®)
1 145 4/28 Standardni PE 1119,7 92,66
2 126 5/28 Standardni PE 528,97 50,38

3 120 4/28 Antiluxa¢ni PE 99,81 9,98

4 131,5 4/28 Standardni PE 752,01 68,62
5 75 6/28 Standardni PE 170,98 27,36
6 48,5 4/28 Standardni PE 162,63 40,24
7 89,5 5/28 Standardni PE 299,66 40,18
8 92,2 4/28 Antiluxa¢ni PE 966,92 125,85
9 164 3/28 Standardni PE 584,86 42,79
10 53,6 5/28 Antiluxa¢ni PE 69,46 15,55
11 61,9 4/28 Antiluxaéni PE 152,98 29,66
12 43 7128 Standardni PE 51,8 14,46
13 114,6 4/28 Standardni PE 182,05 19,06

Tabulka 5: Vysledky méreni objemového otéru pomoci optického skeneru.
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Porovnani metod méreni linearniho otéru

Po vytvoreni digitadlniho modelu opotfebené jamky bylo provedeno porovnani s vlozenym
modelem neopotiebené jamky, ¢imz byl ziskan vektor opotiebeni a nasledné vypocitan linearni
otér (Digitalni modely jamek jsou uvedeny v sekci VII. Dopliujici obrdzky). Primérna hodnota
takto ziskaného linearniho otéru byla 1,06 mm (0,15-2,29 mm). Linearni otér ziskany z RTG
méfteni byl 0,63 mm (0,06- 2,33 mm), Dorrova metoda v tomto piipadé tedy podhodnocovala

0 40,17 %. Hodnoty jednotlivych méfeni jsou uvedeny v tabulce 6.

Pacient ATOS Dorr Dorr (%)
(mm) (mm)
1 2,27 1,60 70,43
2 1,39 0,85 61,02
3 0,43 0,21 48,14
4 1,60 0,51 31,69
5 0,15 0,06 37,45
6 0,48 0,07 15,13
7 0,90 0,80 88,65
8 2,24 0,73 32,71
9 2,29 2,33 101,42
10 0,26 0,29 111,49
11 0,47 0,05 9,96
12 0,31 0,29 93,82
13 0,92 0,43 46,61

Tabulka 6: Porovnani hodnot naméreného linedrniho otéru pomoci optického skeneru ATOS

s mérenim na RTG snimku dle Dorra.
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Diskuze

Pti snaze vyrobct endoprotéz neustale zlepSovat tribologické vlastnosti implantatii je nutné mit
k dispozici piesné, ale i jednoduSe pouzitelné metody k hodnoceni miry jejich opoticbeni.
V soucasné dobé predstavuje pravé otér PE vlozky jeden z kliCovych faktora ,preziti
implantatu v t€le a jeho akcelerovany pribéh je spjat se zanétlivou reakcei indukujici osteolyzu
Vv oblasti kostniho liizka, resp. aseptické uvolnéni endoprotézy. Vysledky validacnich testi
ukazuji, ze 3D opticky skener piedstavuje solidni alternativu kK CMM metodé pro méfeni otéru
PE vlozky TEP kycle. Oproti CMM nabizi skener rychlejsi méfeni a soucasné je schopen
registrovat vétsi pocet bodi povrchu a 1épe tak reflektovat skutecné opotfebeni. Diky
digitalizaci obrazu je mozné se vzorkem déle pracovat (odfiltrovani poSkozeni pii extrakci
z téla) a vizualné urcit oblast a smér otéru. Nevyhodou optického méfeni je mensi presnost
v porovnani s CMM (ktera prokazuje piesnost +1 um), jak dokladaji valida¢ni testy, proto neni
nami zkoumana metoda vhodna pro analyzu ,,tvrdych komponent®, napt. part typu kov-kov ¢i
keramika-keramika. AvSak pro analyzu polyetylenu, kde je otér vyraznéjsi, je tato metoda plné
dostacujici. Je vSak stile nutné mit na paméti fenomén plastické deformace polyetylenu
Vv prvnich mésicich po implantaci, kterd toto méfeni mliZze zkreslovat jako diskrepance mezi
objemovou a hmotnostni ztrdtou. Naopak klinické hodnoceni otéru vykazuje niz$i presnost
meéfeni a poskytuje pouze orienta¢ni hodnoty pro klinické sledovani. Pfi naSem srovnéani pak
hodnoceni linearniho otéru na RTG snimku dle Dorra podhodnocovalo realny otér, coz je

v souladu s jinou praci porovnavajici rizné metody (Kang 2003).

Zavér

V této studii byla pouZita nova metoda stanoveni objemového otéru PE jamky pomoci 3D
optického skeneru. Hlavni vyhodou této metody je jeji rychlost v porovnani se standardem
ve formé CMM, dale ziskani velkého poctu bodi skenovaného povrchu a moznost softwarové
Upravy ziskaného digitdlniho modelu. Samotny vypocet objemového otéru byl proveden
porovnanim s virtudlné¢ rekonstruovanym modelem neopotiebené jamky. Metoda byla
validovana pomoci gravimetrie, stfedni hodnoty rozdilu mezi metodami byly -0,0040 g,
-0,0021 g a -0,0029 g. Opakovatelnost skenovani byla 0,005 mm. Validace i pouziti metody
na souboru extrahovanych jamek prokazuji, ze vyuziti 3D optického skeneru je vyhovujici k in

vitro méteni povrchového opotiebeni a objemového otéru u polyetylenovych jamek TEP ky¢le.
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B. KLINICKA CAST
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STUDIE 1.. HODNOCENI KONCENTRACE A DISTRIBUCE KOVU
V PERIPROTETICKYCH TKANICH, VYPOTKU A KRVI U PACIENTU
SE SELHAVAJICI ENDOPROTEZOU KYCLE NEBO KOLENE

Cile
1. Stanovit hladiny tézkych kova v periprotetickych tkanich, vypotku a periferni krvi
pacientii s non-MoM endoprotézou kycle nebo kolena.

2. Korelace hladin kovt k typu implantatu, jeho lokalité a casu uplynulého od implantace.

V ramci danych cilii byly vysloveny nasledujici hypotézy:

1. Implantaty s delsi dobou in situ budou mit kolem sebe tkan¢ s vyssi koncentraci danych
kovli v porovnani s implantaty s krat§im pobytem v téle.

2. Koncentrace kovli budou vyssi v periprotetickych tkanich, nez ve vypotku z divodu
jejich dlouhodobé akumulace ve tkani.

3. Nejvyssi koncentrace kovili bude v povrchovych tkanich tésné€ naléhajicich na implantat.

4. Obsah kovi bude odlisSny pii porovnani endoprotézy kycle a kolena.

5. Implantat uvolnény z kostniho ltizka bude do svého okoli uvoliovat vyssi koncentrace

kovill ve srovnani se stabilnim implantatem.

Vysledky této studie byly uvetejnény v publikaci: Kuba, M., Gallo, J., Pluhacek, T., Hobza,
M., Milde, D.: Content of distinct metals in periprosthetic tissues and pseudosynovial fluid in
patients with total joint arthroplasty. J Biomed Mater Res Part B — Applied Biomaterials,
107B:454-462, 2019, viz priloha ¢&. 5.

Autor disertaéni prace zpracoval klinicka data souboru pacient, sumarizoval informace

ohledné materidlového slozeni zkoumanych implantatt a pfispél k sepsani publikace.
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Uvod

Fakt, ze se z endoprotézy do jejiho okoli uvoliiuji kovy, je ve vSeobecném povédomi odborné
vefejnosti. VéEétSina studii se vSak zabyva MoM endoprotézami a nejveétsi mnozstvi praci pfitom
hodnoti koncentrace kovll v krevnim séru. Pfi metaanalyze epidemiologickych studii byly
sérové koncentrace kobaltu po 24 mésicich u MoM endoprotéz s malou hlavickou (do 32 mm)
v rozsahu 0,26 - 1,55 ug/l, u MoM endoprotéz s velkou hlavi¢kou (nad 36 mm) v rozsahu 0,7
— 4,5 ng/l a u resurfacingu kycelniho kloubu 0,83 — 2,82 pg/l (Hartmann 2013). Fyziologické
hladiny kobaltu se pfitom pohybuji v rozmezi do 0,6 pg/l (Leyssens 2017).

ZvySené sérové hladiny kovi jsou vSak popisovany i u endoprotéz s ostatnimi typy
artikulaénich part mimo MoM (Levine 2013). Endoprotézy typu kov-polyetylen vSak vykazuji
2,5x niz8i hladiny Co a 2x niz$i hladiny Cr oproti jejich MoM protéjsku (Li 2018). Porovnani
sérovych koncentraci Co a Cr u TEP kolene v zavésném provedeni (median 0,03 pg/dl [0-0,07]
a 0,033 pug/dl [0,006-0,095]) a megaprotézy (0,75 pg/dl [0-4,7] a 0,298 pg/dl [0,012-2,490])
poukazuje na vliv velikosti protézy na vyslednou koncentraci kovii, a tedy moznost deliberace

kovu ptimo z povrchu endoprotézy (Friesenbichler 2012).

Vyvijené snahy predikovat selhani MoM endoprotézy na zdklad¢ sérovych hladin kovi nebyly
uspésné, realngjsi obraz poskytuje analyza koncentrace kovi v periprotetickych tkanich

(Lohmann 2013). Jejich odbér je ale pro rutinni diagnostiku pomérné neprakticky.

Tkanové hladiny kovi u MoM endoprotéz revidovanych z divodu ARMD v heterogenni
skupiné implantati byly dominovany koncentraci chromu — median 39,2 pg/g (0,4-1955,0),
nasledované kobaltem, 6,4 ug/g (0,2-262,0) a titanem - 5,8 ug/g (3,0-118,9), molybden
dosahoval nizsich hodnot — 1,8 pg/g (0,2-174,6) (Lehtovirta 2018).

V této praci jsme méli za cil analyzovat koncentrace kovil v jednotlivych kompartmentech
(tkang, vypotek a sérum) a zhodnotit jejich vzajemnou souvislost a vyuzitelnost pro klinickou

diagnostiku a dalsi vyzkum.

58



Metodika a soubor pacientii

Pacienti
Stanoveni hladin kovil v této fazi prace bylo provedeno v souboru 117 pacientli pii reoperaci
TEP kyc¢le nebo kolena a soucasné u 43 pacientl bez TEP jako kontrol, u kterych byl proveden

odbér pii primoimplantaci endoprotézy. Klinicka charakteristika souboru a kontrol je popsana

v tabulce 7.
Pacienti (n=117) Kontroly (n=43)
Vék 67,4 (39-92) 67,1 (53-82)
Muz 45 21
Pohlavi .
Zena 72 22
Ky¢le 73 11
Lokalita TEP
Kolena 44 32
Doba in situ (mésice) 130,7 (1-274)
Vyska (cm) 167,2 (143-189) 169,4 (158-182)
Vaha (kg) 80,6 (50-120) 88,7 (60-118)
Primarni OA 73 38
Primarni diagno6za
Sekundarni OA 44 5
Aseptické uvolnéni 42 -
Infekce 13 -
Nestabilita 9 -
Divod revize Osteolyza 31 -
Bolestivy kloub 15 -
Periproteticka 7 -

zlomenina

Tabulka 7: Klinicka charakteristika sledovaného souboru a kontrol.
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Odbér vzorki

Vzorky periferni zilni krve byly odebrany do 10ml zkumavek. Kloubni vypotek byl odebran
punkci pted incizi kloubniho pouzdra. Po chirurgickém ptistupu do kloubu byla odebrana tenka
povrchova vrstva vnitini strany pseudokapsuly. Tato tkan (vrstva 1), na rozdil od hloubé&;ji
ulozené tkané (vrstva 2), byla povazovana za pseudosynovidlni membranu, protoze je podobna
synovidlni membrané nativniho kloubu a pfimo naléha na implantat, tedy je exponovéana
materialu uvolnénému z endoprotézy (otérové Castice, ionty atd.), ktery je obsazen ve vypotku.
Tloustka vrstvy 1 byla preparovana konstantné do 5 mm, zatimco vrstva 2 ptedstavovala zbylou
excidovanou tkan a jeji tloustka byla déna celkovym rozmérem pseudokapsuly a okolnich
granulaci v rdmci intence neposkodit odbérem zdravé tkané. Tloustka vrstvy 2 se tedy
pohybovala v rozsahu 2-10 mm v zavislosti na lokalité a dal$ich faktorech (u mensiho poctu
pacientii nebylo mozno vrstvu 2 odebrat). Takto odebrané tkané byly vlozeny do sterilni

nadobky a ihned hluboce zmrazeny na -80 °C.

Piiprava vzorki

Hluboce zmrazené vzorky byly nejprve lyofilizovany (lyofilizator ALPHA 1-2/ LD plus,
CHRIST, Némecko) s nasledujicim programem: hlavni suseni 3.5 h/ -25 °C/0,63 mbar, kone¢né
suseni 0,5 h/ -76 °C/0,001 mbar a nasledné byly rozdéleny na tfi dily. Kazdy vzorek pak byl
zahtaty na laboratorni teplotu. K mikrovinné digesci a nasledné analyze obsaZenych kovl byl
pouzit 1 ml periferni krve, 1 ml kloubniho vypotku nebo 200 mg periprotetické tkang.
Mikrovlnna digesce vsech vzorkt byla provedena v pfistroji MLS 1200 Mega (Milestone,
Italie) s pridanim koncentrované kyseliny dusi¢né (2-4 ml) a peroxidu vodiku (1-2 ml)
Vv zavislosti na hmotnosti vzorku a studovaného materialu. Poté byl pouzit nasledny program
mikrovlnné digesce: 2 min/250 W, 5 min/400 W, 2 min/500 W a 6 min/600 W, mezi kazdym
krokem byla dvouminutova pauza a po konci programu nasledoval tficetiminutovy interval
chlazeni. VSechny zkumavky a nddobky pouzité béhem ptipravy vzorku byly piedtim ponotfeny

na 24 hodin do 5% kyseliny dusi¢né a nasledné omyty deionizovanou ultra¢istou vodou.

Stanoveni hladiny kovii

VSechna méfeni koncentrace kovii v biologickych materidlech byla provedena pomoci
hmotnostni spektrometrie s induk¢éné vazanym plazmatem na piistroji Agilent 7700x ICP-MS
(inductively coupled plasma mass spectrometer; Agilent Technologies, Japonsko) vybavenym
osmipélovym reakénim systémem (He méd, priitok 4,3 mL min). Obvyklé nastaveni bylo: RF

vykon 1550 W, pritok plasmatického plynu 15 L min™, pratok p¥idavného plynu 0.9 L min™
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a pritok nebulizéru 1.07 L min™®. Pro stanoveni byly vybrany nasledujici isotopy: *'Ti, 5!V,
52CI’, 59CO, 3Nb a ®*Mo.

Reagencia, standardy a certifikované referen¢ni materialy

Pro vSechny métené prvky byly vyuzity jednoprvkové certifikované referencni materialy
(CRM) s 1.00060.002 g L* (Analytika spol. s. r. o., Ceska republika) po zfedéni
na pozadovanou koncentraci. Jako vnitini standard poslouzily viceprvkové kalibracni roztoky
obsahujici Bi, In, Sc, Tb, a Y. K validaci metody a posouzeni kvality méfeni ICP-MS byly
pouzity tfi CRM: TM-15,2 (EC, Kanada), TORT-2 (NRC-CNRC, Kanada) a Seronorm trace
elements whole blood level 3 (Sero AS, Billingstadt, Norsko).

K dekompozici vzorkil a pfipravé kalibracnich standardi byla pouzita kyselina dusicna
(Analpure, Analytika spol. s. r. 0., Ceska republika) a peroxid vodiku (analyticky stupefi 1,
Analytika spol. s. r. 0., Ceska republika). K fedéni a omyvani byla pouZita neionizovana

ultracista voda s odporem 18,2 MQ.cm ziskana z Milli-Q systému (Millipore, Francie).

Statisticka analyza

Ke statistickému zhodnoceni dat byl vyuzit software NCSS 2007 (NCSS, LLC, USA) a
program Statistica 12.0 (StatSoft). K ovéfovani hypotéz byl pouzit neparametricky Mann-
Whitney test (s hodnotou statistické vyznamnosti p= 0,01). K vypoctu detekéniho limitu byl
vyuzit program EffiValidation 3,0 (Effichem, Ceska republika).

Vysledky

Zjisténé koncentrace kovii ve vzorcich

Vysledky analyzy jednotlivych kovii obsazenych ve vzorcich periprotetické tkang, vypotku
a periferni krvi 117 pacientd a 43 kontrol jsou uvedeny v tabulce 8. Koncentrace kovi
v mg/kg? byla pocitand na zakladé surové hmotnosti vzorkdi pred jejich zpracovanim.
Z vysledkt byl patrny velky rozptyl hodnot, zejména mezi tkanovymi vzorky studované
skupiny. To je alesponn Castecné vysvétlitelné pfirozenou heterogenitou souboru, riiznou
kloubni lokalitou, dobou pobytu implantatu v téle, divodem revize a riiznymi typy implantatu.
Po zaméfeni se na jednotlivé kovy u studované skupiny a kontrol jsme byli schopni
identifikovat signifikantni rozdily pro Ti, V, Cr a Co v periprotetickych tkanich a vypotku,

avSak rozdily v periferni krvi nedosahly signifikantniho vysledku.
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Prvek
Vypotek
Ti
Vv
Cr
Co
Nb
Mo
Periferni krev
Ti
\%

Cr
Co
Nb
Mo

36
36
36
36
36
25

15
16
13
14
18
18

n

Kontroly Pacienti

71
40
79
77
26
49

70
42
77
75
30
62

Stiedni hodnoty £SD (pg/kg)

Periprotetické tkdné (vrstva 1)

Ti 22 76
\ 22 42
Cr 22 68
Co 22 77
Nb 22 22
Mo 21 56

Periprotetické tkané (vrstva 2)

Ti n/a 49
\Y n/a 26
Cr n/a 47
Co n/a 43
Nb n/a 18
Mo n/a 38

Tabulka 8: Koncentrace kovii ve vypotku, periferni krvi a periprotetickych tkanich u pacienti

a kontrol.

Kontroly Pacienti
1145 963+5045
10,2 10+30
10+£28 59+167
3+6 22448
1£0,2 7+16
6+13 343

29+13 26+14
1+0 3+10
8+22 242
1+0 1+1
1+0 1+0
242 4+12
367+957 27330+100900
15+41 2344430
381+575 8876+26880
45+109 6522+16380
7+11 2281614
27+27 682+1637
22050+140600
34+43
3527+8969
1841+8636
39+103
2154941

Porovnani sledované skupiny a kontrol

Zjisténé koncentrace kovli ve vSech vzorcich byly zhodnoceny pomoci Mann-Whitney testu
S porovnanim sledovanych pacientli a kontrol. Rozdily koncentrace kovli v periferni krvi

se neukazaly jako statisticky signifikantni. Naopak statisticky signifikantni rozdily byly
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Median +SD (pg/kg)
Kontroly Pacienti
11 22
1 1
1 11
1 6
1 1
2 2
27 24
1 1
1 1
1 1
1 1
1 2
124 2349
5 47
170 1079
11 709
4 4
16 44
n/a 851
n/a 15
n/a 825
n/a 90
n/a 4
n/a 21



nalezeny v koncentracich Ti, V, Cr a Co v periprotetickych tkanich a ve vypotku, zatimco
Vv koncentraci Mo a Nb nebyly rozdily nalezeny. Porovnani hodnot koncentraci kovi ve tkanich,

krvi a vypotku je ilustrovano v grafu 5.

Porovnani koncentrace kovii kolem TEP kycle a TEP kolena

Pomoci Mann-Whitney testu byly porovnany celkové koncentrace kovi Vv periprotetickych
tkanich kolem TEP kyc¢li a kolen. Statisticky signifikantni rozdily byly nalezeny pouze u Ti
a 'V, které byly vyssi u TEP kycle, naopak rozdily mezi koncentracemi Cr, Co a Mo statisticky
signifikantni nebyly. Zadna z TEP kolen neobsahovala niob, ktery z toho diéivodu porovnan

nebyl.

Porovnani vrstev periprotetické tkané

K porovnani koncentraci kovli v obou vrstvach periprotetické tkané reprezentujici jejich
vzdalenost od implantatu byl vyuzit parovy Wilcoxontiv test. S vyjimkou niobu byl prokazan
signifikantni rozdil koncentrace kovli v jednotlivych vrstvach. Vrstvu 1 tedy miiZeme

povazovat za reprezentativni vzorek expozice tkani uvolnénymi kovy z endoprotézy.

Korelacni analyza

komponent (PCA, principle component analysis) se v obou skupinach ukazala doba in situ jako
hlavni urcujici faktor pro vyslednou koncentraci uvolnénych kovii do periprotetickych tkani jak
Ti implantatt, kde dokazala vysvétlit 95,94 % variability, tak i u Co-Cr implantatd, kde byla
zodpovédna za 99,46 % variability koncentrace kovli. Doba ubéhla od implantace endoprotézy
je tedy nejvyznamnéjSim faktorem pro koncentraci kovil v periprotetickych tkanich obou typt

implantat?.
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Graf 5: Porovnani koncentraci kovii v jednotlivych skupindch vzorkii, hodnoty uvedeny

v ug/kg.

Doba od implantace

Po stanoveni hlavniho faktoru pro koncentrace kovli, doby od implantace endoprotézy, byly
utvoreny dvé skupiny k ilustraci vlivu tohoto faktoru na vysledné hladiny kovi. Skupina 1
sdruZovala pacienty do 75 mésicli (véetn€) od implantace, skupina 2 pak vice nez 75 mésict.

Rozdily v koncentracich jednotlivych kovi popisuje tabulka 9.

Indikace K revizi

Pro porovnani jednotlivych indikaci k revizi a jejich vlivu na vysledné koncentrace kovii kolem
TEP byly utvofeny nasledujici skupiny: 1) kontrolni skupina; 2) stabilni implantat — napf.
infekce, bolesti, malpozice komponent ¢i jiné indikace a 3) asepticky uvolnény implantat. Tyto
skupiny byly utvoteny s pifedpokladem, ze nestabilni implantat bude uvolfiovat vétsi mnozstvi
kovli do svého okoli z ditvodu poskozeni svého povrchu, abraze, a tim i1 akcentované koroze.
Tato hypotéza se potvrdila pro Ti, V, Cr, Co a Mo, s vyjimkou niobu, jak doklada ptilozeny
graf 6.
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Prvek n Median (pg/kg) n Median (pg/kg) n Median (pg/kg)
TEP kycle
Ti 22 124 8 1127 47 4313
\Y 22 5 4 13 26 125
Cr 22 17 9 1047 37 1155
Co 22 11 9 985 34 1197
Nb 22 4 6 4 19 4
Mo 22 16 8 101 34 171
TEP kolena
Ti 22 124 13 129 8 2304
V 22 5 10 5 4 10
Cr 22 17 18 723 15 2895
Co 22 11 18 338 15 3511
Mo 22 16 7 16 10 78

Tabulka 9: Koncentrace kovii v periprotetickych tkanich v zavislosti na dobé pobytu

implantatu v téle.
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Graf 6: Porovndni koncentraci jednotlivych kovii v kontrolni skupiné (G1), u stabilnich (G2)
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a uvolnenych implantatii (G3) v ug/kg.

Diskuze
V této praci byla métena hladina kovti v krvi, kloubnim vypotku a periprotetickych tkanich

kolem reoperovanych TEP kyc¢li a kolen a v kontrolnim souboru pacientti bez TEP. Sérové
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hladiny kovii namétené v kontrolni skupiné jsou srovnatelné s hodnotami mezinarodnich studii
(Liu 1998, Sarmiento-Gonzalez 2008) s jedinou vyjimkou titanu, u kterého jsme namétili mirné
vys$si koncentrace. Hodnoty v krvi a vypotku sledovaného souboru jsou rovnéz srovnatelné
S hladinami hlasenymi v jinych studiich zabyvajicich se koncentracemi iontli po implantaci

endoprotézy (Sargeant 2006, Matusiewicz 2014).

Provedena analyza prokazala signifikantné zvySené koncentrace kovovych iontl
v periprotetickych tkanich a vypotku v porovnani s kontrolami, a to pro ionty Ti, V, Cr a Co,
naopak v krvi statisticky vyznamny rozdil koncentraci nalezen nebyl. Sérové hladiny kovovych
iontli nereflektuji lokalni situaci kolem endoprotézy, a nejsou tedy vhodné pro provedeni
korelace s ALTR. Sérové hladiny Co a Cr nebo jejich pomé&r nejsou uzitecné ani v diagnostice
ALTR u MoM implantatd (Fehring 2015). Nedochazi ani k elevaci sérovych hladin
S postupujici dobou od implantace, coz znamend, ze pravdépodobné nebyl ptekrocen prah pro
efektivni clearance danych iontli. Nejvice vypovidajici hodnotu tedy poskytuji periprotetické
tkan¢, ve kterych bylo provedeno dalsi hodnoceni. Rozdil v koncentraci Tia V kolem TEP ky¢li
vuci TEP kolen je jednoduse vysvétlitelny jejich materialovym sloZzenim, naopak v koncentraci
iontt Co a Cr, ze kterych jsou vyrobeny TEP ky¢le i kolena, signifikantni rozdily nevykazovaly.
Z tabulky 9 je patrny rozdil v koncentracich Cr a Co, ktery je v nepoméru vuci slozeni danych
implantati. Tento jev patrny pi1 CasngjSi revizi endoprotézy je vysvétlitelny piitomnosti
pasivaéni vrstvy Cr203 na povrchu CoCr slitiny (Liao 2013), naopak pfi revizi po delsi dobé

od implantace uz jsou koncentrace uvolnénych kovi v souladu s pomérovym slozenim slitiny.

Vrstva tkané blizsi endoprotéze obsahovala signifikantné vyssi koncentrace jednotlivych kovi
nez vrstva 2, ve tkanich kolem implantétu je tedy pozorovan koncentra¢ni gradient pro uvolnéné
kovy. Ukazuje se, ze periprotetické tkané maji schopnost akumulace kov, jejichz koncentrace
piimo umérné souvisi s ¢asovou délkou pobytu implantatu v téle. Koncentracni gradient tkani
kolem endoprotézy poukazuje na nizkou ,,propustnost* periprotetickych tkéni pro kovy,
respektive to, ze tyto tkané pisobi jako ochrannd bariéra pfed diseminaci kovii do ob¢hu.
Na rozdil od krve, kde je po delSi expozici pozorovana stagnace hladin (Hartmann 2013),
pravdépodobné z diivodu homeostatickych mechanismt, ve tkanich je pozorovana akumulace

bez plateau v nartistu koncentrace.

Tkang kolem uvolnénych implantatii jsou vice nasyceny kovy, coz mize byt pric¢inou osteolyzy
a nasledného uvolnéni implantatu. Muaze to vSak byt také dokladem tzv. mechanicky asistované
koroze, ke které dochazi pti mikropohybech v kostnim ltizku, které poSkozuji pasivacni vrstvu
implantatu a akceleruji tak korozivni procesy. Vyznamnym zdrojem uvolnénych kovl jsou
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modularni spoje endoprotéz (Sultan 2018), kde dochazi ke $térbinové a galvanické korozi,
jejich vyznam a pomér vici korozi povrchu implantatu a tribokorozi na artikulaénim povrchu

ale nelze v této praci zhodnotit.

Zavér

Tato prace popisuje variabilitu v pritomnosti kovl ve tkdnich a vypotku kolem endoprotéz
bez pouziti artikulaéniho paru kov-kov, tedy u endoprotéz, kde hladiny kovi nebyvaji hlavnim
z4jmovym tématem. Periprotetické tkdn€ jsou schopny akumulovat kovové ¢éstice a ionty se
vzriistajici koncentraci v zavislosti na délce expozice, pri¢emz nejvyssich koncentraci dosahuje
vrstva tésné naléhajici na endoprotézu a u implantatii, které maji porusenou kostni fixaci.
Naopak sérové hladiny kovil nejsou vyuzitelné pro klinickou diagnostiku selhani endoprotézy,

pii kterém nedoslo k signifikantnimu zvySeni jejich hladin.
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STUDIE 2.: STANOVENI VZTAHU MEZI KONCENTRACEMI KOVU V
PERIPROTETICKYCH TKANICH A HISTOLOGICKYM NALEZEM
V TECHTO TKANICH

Cil prace
Zhodnotit tkanovou odpoveéd’ ve vztahu ke koncentracim kovu v periprotetickych tkanich u

vybraného souboru pacientli S endoprotézami kyc¢li a kolen s vyjimkou paru MoM.

Hypotéza

Histologicka charakteristika periprotetické membrany klasifikovana dle Krenna a Morawietze

se bude ménit v zavislosti na koncentraci kovi a S riznym odstupem od operace.

Tato prace byla pfijata k tisku v casopise Biomedical papers. Viz piiloha ¢&. 7: Hobza, M.,
Milde, D., Slobodova, Z., Gallo, J.: The number of lymphocytes increases in the periprosthetic
tissues with increasing time of implant service in non-metal-on-metal total joint arthroplasties:

a role of metallic byproducts? Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub.

Autor disertacni prace zpracoval soubor pacientli, podilel se na odbéru tkani k chemické

a histologické analyze, na zpracovani vysledkd, sepsani publikace, kde je prvnim autorem.

Uvod

Predchozi ¢ast prace hodnotila koncentrace kovil v periprotetickych tkanich, vypotku a krvi,
dal$im krokem je zhodnoceni vyznamu pfitomnosti kovll v periprotetickych tkanich pomoci
histopatologického vySetfeni a korelace nalezu s naméfenymi koncentracemi jednotlivych
prvkl. Histopatologické vySetieni periprotetickych tkani nam poskytuje informace nejen
o zméné kvality tkani, ale pfi imunohistochemickém vySetfeni i znalost pfitomnosti
jednotlivych bunéénych subtypi, které se podileji na imunitni reakci kolem implantatu. Takto
pak ziskavame znalosti o zplisobech selhdni endoprotézy a typech imunologické odpovédi

na castice uvolnéné z endoprotézy.
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Soubézné s hodnocenim pieziti ¢i revizni Cetnosti se intenzivné studuje charakter tkanové
odpovédi na pritomnost kovi (Campbell 2014, Salib 2019). Jako prvni se histologickym
popisem periprotetickych tkani systematicky zabyval H. G. Willert, ktery popsal ptfitomnost
castic cementu a kovi s reakci monocyto-makrofagového systému vcetné piitomnosti
mnohojadernych bun¢k (Willert 1974). Tento pfistup poté umoznil rozvoj teorie ,,Casticové
nemoci“ a studium periprotetické osteolyzy. Za uclelem poskytnuti standardu
pro histopatologické vySetieni tkani odebranych pfi revizi endoprotézy navrhli v roce 2006
Morawietz a spol. klasifikaci periprotetické membrany, kterd rozliSuje Ctyfi typy membran,

které jsou popisovany nasledujicim zptisobem (Morawietz 2006):

Typ | — membrana indukovand otérovymi casticemi je charakterizovana dominanci
makrofagli a obrovskobuné¢nou infiltraci se sporadickou piimési lymfocytl. Z castic je
nejcastejs$i PE, déle jsou popisovany castice kostniho cementu (polymetylmetakrylat), kovii
a vzacné nalezené keramické Castice. Nejveétsi koncentrace castic byvaji nalezeny

Vv nekrotickych oblastech vzorku.

Typ Il — membrana infekéniho typu, popisovana infekce mize byt nizkého (low-grade)
nebo vysokého stupné (high-grade). ,,Low grade® infekce je charakterizovdna chronickou
granulaci, tedy aktivovanymi fibroblasty, proliferaci malych cév, edémem a zanétlivou
infiltraci granulocytd. Jsou zde ¢etné plasmatické burniky, naopak makrofagy a obrovské bunky
jsou ve vzorku vzacng. ,High-grade” infekce je poznatelnd podle zédplavy neutrofilnich

granulocytli v edematozni tkéani.

Typ Il — membrana kombinovaného typu je kombinaci typt I a III, obsahuje tedy

oblasti dominujici reakce na cizi télesa, které stiidaji oblasti zanétlivé granulocytarni infiltrace.

Typ IV — membrana piechodného typu je formovéana pojivovou tkani bohatou

na kolagenni fibrily s fidkou buné€nou populaci.

Tuto klasifikaci nasledné v roce 2014 Krenn s Morawietzem revidovali, s detailnéj$im popisem
jednotlivych typli a zaméfenim na popis a rozliSeni otérovych castic ve tkanich, vcetné
charakteristiky bunécnych populaci (Krenn 2014). Klasifikaci a histologickym popisem

uvolnénych castic se také zabyvali Perino a spol. (Perino 2018) a dalsi autofi.

Pti reakci na piitomnost otérovych ¢astic polyetylenu a kovil v periprotetickych tkanich je
pozorovatelny rozdil v imunitni odpovédi. Zatimco ¢astice PE indukuji pfevazné nespecificky

typ odpovédi s dominujici monocyto-makrofadgovou odpovédi s obrovskobunécnou piestavbou
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kolem vétsich ¢astic (Gibon 2017), v okoli kovovych ¢Castic je pozorovana T-lymfocytarni
infiltrace, ktera indukuje specifickou zanétlivou odpovéd’ ve form¢ imunopatologické reakce
IV. typu (Goodman 2007). Z tohoto diivodu je dosazeno vyssi vytéznosti histopatologického

vysetieni, pokud jsou popsany pocty zastoupenych imunitnich bun¢k.

Metodika a soubor pacientii

Soubor pacientii

Pro tcely histologické analyzy periprotetické tkan¢ v korelaci s koncentraci obsazenych kovi
byl k dispozici soubor 24 pacientd, kteti byli rozdéleni na podskupinu nesouci implantat z
chromkobaltové slitiny (n = 11) a podskupinu s implantatem obsahujicim titan ¢i jeho slitinu (n
= 13). Béhem reoperaci TEP kyc¢le (n = 16; 6 muzt a 10 Zen) a kolena (n = 8; 4 muzi a 4 Zen)
byly pacientim odebrany periprotetické tkané¢ z piedem urceného odbérového mista.

Charakteristika sledovaného souboru je uvedena v tabulce 10.

Odbér vzorki

Za ucelem soubéZzného histologického vySetteni a stanoveni koncentrace kovill byl peroperacné
odebran vzorek pseudosynovialni tkdné, tedy vnitini vrstvy kloubniho pouzdra, velikosti cca
2x1 cm a z n¢j vypreparovana tenkd povrchova vrstva do 5 mm, ktera se nachazela v t€sném
kontaktu s endoprotézou. Takto pfipraveny vzorek byl rozdélen na poloviny, pficemz jedna
polovina byla ihned hluboce zmrazena na -80 °C a dale pfedana ke zpracovani pro analyzu
kovli, druhd polovina byla obarvena na strané odlehlé implantatu, fixovana v 10%

formaldehydu a zaslana k histopatologickému vySetteni.

Histopatologické vySetieni

Na pracovisti Ustavu klinické a molekuldri patologie byly vzorky po makroskopickém
posouzeni zorientovany, piikrojeny a zpracovany standardni histologickou technikou se zalitim
do parafinovych blokii. Po zakladnim barveni hematoxylin — eozin byly z kazdého vzorku
vybrany 2 aZ 3 reprezentativni bloky a na pfipravené fezy o sile 3 aZ 4 um byly aplikovany

imunohistochemické metody.
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Tabulka 10. Charakteristika sledovanych pacientii a jejich implantatu; HHS — Harris hip score, KSS — Knee society score, KSS-f — Knee society score, funkcni slozka, C — cementovany
implantat, NC — necementovany implantat, H — hybridni fixace, TEP — totdlni endoprotéza, BMI — body mass index, MoP — kov-polyetylen, CoP — keramika-polyetylen.
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Muz
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Zena
Zena
Muz
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38,3
29,7
29,8
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Pro ucely imunohistochemického vysetieni byla pouzita polyklondlni protilatka Polyclonal
Rabbit Anti-Human CD117 (DAKO, polyklon, synonymum c-kit, tyrozin kinazovy receptor)
a Monoclonal Mouse Anti-Human Mast Cell Tryptase (DAKO, klon AAl), ktera je

enzymatickou vybavou vsech lidskych mastocyti.

K detekci dendritickych bunék byly pouzity protilatky Monoclonal Mouse Anti-Human CD1a
(DAKO, Kklon 010) a Polyclonal Rabbit Anti-S100 (DAKO, polyklon). CDla patii
do povrchovych glykoproteinii ptibuznych MHC tiidy I a s riznou intenzitou znaci nezralé
dendritické a Langerhansovy buiiky a kortikalni lymfocyty. S100 protein zna¢i Langerhansovy
a dendritické bunky, ale také adipocyty, chondrocyty, melanocyty a gliové bunky nervové
tkan¢. Imunohistochemie byla provadéna optimalizovanym protokolem v automatu Ventana
Benchmark XT za vysledného hnédého zbarveni jader/cytoplazmy a/nebo membrany

pozitivnich bunék.

Histopatologické hodnoceni

VSechny preparaty byly hodnoceny v optickém mikroskopu Olympus BX45 pii zvétSeni 20x —
400x (Objektiv UPLFFLN40X — UIS2, UPlanFLN, 40x/0,75, 00/0,17/FN26,5). Kvantifikace
jednotlivych bunéénych typti exprimovanych specifickym antigenem byla vyjadiena
absolutnim poctem ve 20 polich pii zvétSeni 400x (HPF). Byly zaznamenavany pocty
nasledujicich bunék: histiocyty, T-lymfocyty, B-lymfocyty, neutrofily, mastocyty, dendritické
buriky a eozinofily. Ur¢eni typu membrany probihalo podle klasifikace Krenna a spol. (Krenn
2014).

Stanoveni koncentrace kovii

Zmrazené vzorky urCené k analyze kovil byly nejprve lyofilizovany a poté podrobeny
mikrovinné digesci. Takto pfipravené vzorky byly analyzovany ke stanoveni koncentrace Ti,
V, Co a Cr pomoci hmotnostni spektrometrie s indukéné€ vazanym plazmatem. Podrobny popis

zpracovani a analyzy byl popsan v pfedchozi ¢asti prace.

Statisticka analyza

Data byla statisticky zpracovana pomoci programu NCSS 2007 (NCSS, LLC, USA) s vyuzitim
Mann-Whitney testu, korela¢ni analyza a analyza hlavnich komponent (PCA) byla provedena
v programu QC.Expert 3.2 (Trilobyte Ltd., Ceska republika).
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Vysledky

Délka expozice implantatu
Skupina pacientt s Ti implantdtem méla primérnou dobu od implantace 14,5 let s rozpétim 2,6
— 22,7 let. Skupina s netitanovym (Co-Cr) implantatem byla vySetfena pramérné 7,8 let

od implantace, s rozpétim od 2,1 do 23,4 roka.

Stanoveni hladiny kovii v periprotetickych tkanich
Vysledné hladiny Ti, V, Co a Cr stanovené v periprotetickych tkanich jsou uvedeny v tabulce
11. Pomoci Mann-Whitney testu byly potvrzeny rozdily v koncentracich Ti mezi skupinou s Ti

implantatem a skupinou s Co-Cr implantatem.

Pacient Material TEP in Ti V Cr Co Ni
¢islo endoprotézy situ (mg/kg) (mg/kg)  (mg/kg) (mg/kg) (mg/kg)
(roky)
1 CoCr slitina 2,1 0,35 0,02 24,59 6,50 0,54
2 CoCr slitina 4,1 0,69 0,04 7,72 0,03 0,26
3 CoCr slitina 14,7 0,53 0,01 3,46 0,83 1,05
4 CoCr slitina 23,4 6,07 0,31 386,48 24,99 0,33
5 CoCr slitina 0,3 2,26 0,04 4,45 1,19 0,26
6 CoCr slitina 2,4 2,83 0,01 0,56 0,02 0,05
7 CoCr slitina 7,6 2,20 0,01 6,67 6,60 0,23
8 CoCr slitina 15,6 20,24 0,85 24,48 34,14 0,20
9 CoCr slitina 11,2 2,69 0,01 9,53 14,50 0,58
10 CoCr slitina 2,1 0,37 0,03 7,06 0,06 1,52
11 CoCr slitina 2,7 30,81 1,28 6,77 0,92 0,06
12 Ti 2,6 34,88 0,64 4,69 3,09 0,39
13 Ti 22,7 3492,69 215,89 37,40 43,23 1,08
14 Ti 9,3 8,94 0,04 169,19 279,57 2,28
15 Ti 16,3 8,14 0,05 24,81 8,37 9,97
16 Ti 2,3 2,22 0,02 1,86 0,03 0,70
17 Ti 0,1 2,27 0,04 7,29 5,79 0,46
18 Ti 16,2 29,42 0,02 0,80 0,02 0,35
19 Ti 22,8 11,38 0,25 5,72 8,54 0,15
20 Ti 21,5 87,11 0,16 162,29 18,37 55,71
21 Ti 52 511 0,01 4,59 6,73 0,09
22 Ti 21,9 239,09 11,30 2,76 0,09 0,97
23 Ti 13,5 17,99 0,08 39,65 68,66 0,22
24 Ti 20,5 12,95 0,01 0,59 0,03 0,16

Tabulka 11: Koncentrace kovii ve vzorcich periprotetickych tkani; TEP — totalni endoprotéza.
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Histopatologické hodnoceni periprotetickych tkani

Ptifazeni jednotlivych vzorkl periprotetické membrany k typu dle Krenna a nalezené pocty
imunitnich bun¢k jsou uvedeny v tabulce 12. Po statistické analyze vysledkii pomoci
neparametrického testu (Mann-Whitney, a = 0,05) nebyl nalezen statisticky vyznamny rozdil
V typu membrany ¢i po¢tu bunéénych populaci mezi obéma podskupinami. Typ kovové slitiny
implantatu tedy neni urCujici pro charakteristiku periprotetické membrany. V obou
podskupinach se vSak méni charakter membrany s postupujici dobou od implantace, a to
s nasledujicim trendem: 1) zvySuje se rozsah zanétlivé infiltrace a nekrozy se stavaji cetnéjsimi,
2) histiocyty se transformuji z Gzkého lemu v nodularni infiltraty se zvySujicim se poctem
mnohojadernych bun¢k kolem cizich téles a 3) lymfocyty, které jsou nejprve v perivaskularni

lokalizaci postupn¢ migruji do oblasti zanétlivé infiltrace a objevuji se i mezi histiocyty

a mnohojadernymi bunikami. Trend je ilustrovan na histologickych snimcich v obrazku 20, 21
a22.

Obrazek 20: Pseudosynovidalni membrana v okoli CoCr implantatii. Vievo membrdna typu 1
dle Krenna a Morawietze — asnd reakce: Zanétlivy infiltrat tvori uzky lem s lymfocyty
v perivaskularni lokalizaci s minimem lymfocyti mezi histiocyty. Na obrazku zastizeny
histiocyty, perivaskularni lymfocyty, vicejaderné bunky nejsou pritomny. Otérovy materidl je
minimalni, nachazi se v povrchovych partiich vzorku. Vpravo membrdna typu 1 dle Krenna
a Morawietze — pozdni reakce: Rozsah zanétlivého infiltrdatu je vyrazny, dominuji histiocyty
a vicejaderné bunky. Lymfocyty jsou kromé perivaskularni lokalizace pritomny i disperzné mezi
histiocyty. Otérovy material je hojny, nachdzi se ve vSech castech vzorku (histologické snimky
poskytla MUDr. Zuzana Slobodovd Ph.D., Ustav klinické a molekuldrni patologie LF a UP

v Olomouci).

+ histiocyly,#} cévy, @ ymfocyty, <= vicejaderné buiiky, /\ nekroza
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Obrazek 21: Pseudosynovidlni membrana v okoli Ti implantatii. Vievo membrdna typu 1
dle Krenna a Morawietze — ¢asnd reakce: Zanétlivy infiltrat tvori relativné dobre ohraniceny
lem histiocytii s primési vicejadernych bunék s lymfocyty v perivaskularni lokalizaci s malym
mnozstvim lymfocytit mezi histiocyty. Otérovy material je méné ndapadny, nachdzi se v
povrchovych, méné pak v hlubsich partiich vzorku. Vpravo membrdna typu 1 dle Krenna

a Morawietze — pozdni reakce: Rozsah zanétlivého infiltrdtu je vyrazny, dominuji histiocyty

a vicejaderné bunky. Lymfocyty jsou cetnéjsi v hlubsich partiich vzorku, v perivaskularni
lokalizaci jsou méné napadné, vyrazna je disperzni infiltrace mezi histiocyty. Otérovy
material je hojny, nachazi se ve vsech castech vzorku, povrchova oblast je hojné imbibovana.
V pravém hornim rohu je zirejma nekroza (histologické snimky poskytla MUDr. Zuzana

Slobodovd Ph.D., Ustav klinické a molekuldrni patologie LF a UP v Olomouci).

+ histiocyly,<(}> cévy, @ Iymfocyty, <= vicejaderné buiiky, /\ nekroza
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Obrazek 22: Imunohistochemické barveni T lymfocytit CD3+ na membrané. Vievo nahoie:

CoCr implantdt — ¢asnd reoperace: Lymfocyty zejména v perivaskularni lokalizaci; Vpravo
nahoie: CoCr implantat — pozdni reoperace: Lymfocyty jsou nejen v perivaskuldarni
lokalizaci, pritomny jsou i disperzné mezi histiocyty. Vlevo dole: Ti implantdt — ¢asna
reoperace: Lymfocyty v perivaskularni lokalizaci s malym mnozstvim lymfocytit mezi
histiocyty; Vpravo dole: Ti implantdt — pozdni reoperace: Povrchové partie obsahuji malé
mnozstvi lymfocytii. Vlozeny je obrazek s hlubsimi partiemi, kde jsou lymfocyty cetnéjsi,
vyraznd je disperzni infiltrace mezi histiocyty, v perivaskularni lokalizaci jsou méné napadné
(histologické snimky poskytla MUDr. Zuzana Slobodovd Ph.D., Ustav klinické a molekuldrni
patologie LF a UP v Olomouci).

+ histiocyly,+ cévy, @ lymfocyty, < vicejaderné buiiky, /\ nekroza
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1 v 7,7 - - 0,6 - 11,2 31 - -

2 | 59,5 0,3 2,6 - - 83,8 31 - -
3 1 52,8 - 18,3 - - 24,3 1,6 - -
4 | 227,6 - 15,5 04 - 23,6 51 - -
5 I 79,7 - 0,5 - - 10,2 4.8 2,7 36,6
6 v 1,0 - - - - 2,8 3,7 - -

7 | 200,9 1.2 18,5 - - 18,8 2,7 - -
8 1l 71,2 31 8,8 05 3,8 35,4 04 - -
9 | 85,1 - 42 - - 5,6 2,0 - 3,0
10 v 58 0.4 1,2 40,9 18 87,4 11 - -
11 1l 1717 17 57 - - 32,3 19 - 9,7
12 v 1,2 - - - - 45 15 43 4.9
13 | 2249 17 5,6 - - 121,7 0,3 - -
14 1l 2254 08 25 25 - 157,0 43 - 300,0
15 | 195,5 14 14 - - 13,4 2,2 - -
16 v 2,2 - - 36,6 - 6,0 15,0 - 19
17 I 12,1 05 0,5 2,8 3,9 35,3 2,6 03 2,1
18 v 3,9 - - - - 3,0 50 - -
19 1l 75,0 - 59 - - 42,0 0,6 - 1,2
20 | 203,6 18 3,7 - - 70,3 5,2 - 0,9
21 1 28,9 0,7 0,7 2,4 - 9,7 2,7 0,7 164,1
22 | 202,8 0,9 0,9 - - 57,6 4,7 - -
23 | 189,1 11 0,7 - - 53 - 0,4 -
24 | 2419 1,6 18 - - 34,4 111 1,2 4,9

Tabulka 12: Urceni typu periprotetické membrany dle Krenna a kvantifikace jejich bunécnych populaci na 1 zorné pole; HPF — high power field, Typ
membrany podle Krenna: I — casticovy typ, Il — infekcni typ, Il — smiSeny typ, IV — indiferentni typ.
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Korelacni analyza
V ramci korela¢ni analyzy vztahit mezi jednotlivymi kovy a jejich koncentraci, histologickym
nalezem a délkou expozice byl vyuzit Pearsoniiv korelac¢ni koeficient a hladina pro testovani

statistické vyznamnosti byla stanovena na a = 0,05.

V obou skupinach byla prokdzana statisticky vyznamna korelace mezi délkou expozice
a hladinou relevantnich kovii. Jmenovité¢ ve skupiné s Ti implantaty korelovala s délkou
expozice hladina Ti (r =0,577) a hladina V (r = 0,560), resp. pro Tia V (r=0,714), ve skupiné
s implantaty bez Ti pak s délkou expozice korelovala hladina Cr (r = 0,727) a dale byla
prokazana korelace mezi hladinami Co a Cr (r = 0,772).

Analyza hlavnich komponent

Pomoci analyzy hlavnich komponent bylo mozno vypozorovat n¢kolik trendi:

Pti kratké dobé expozice ve skupiné s Ti implantaty ptevazovaly nizké hladiny kovil
amembrana typu IV dle Krenna, naopak pii dlouhé expozici byly vysoké hladiny kovii a vysoké
pocty T-lymfocytt.

Ve skupiné s implantaty bez Ti byla kratkd expozice charakterizovdna membranou typu IV
a vyS$§im poctem T-lymfocyti, pti dlouhé expozici byly pozorovany vysoké hladiny kovd,
ptevazujici T-lymfocyty mezi buikami a typ membrany nebyly urcujici. V obou skupinach
vSak pii del$i expozici prevazovala membrana typu I a Il dle Krenna. Z uvedeného vyplyva,
Ze typ membrany, ani pocet jednotlivych bunék neodpovida urcitému kovu, ale je tedy spise

funkci délky expozice nezli vlivu konkrétni koncentrace sledovanych kovi.

Diskuse

U endoprotéz typu kov-polyetylen a keramika-polyetylen dochazi k uvoliovani kovi
z artikulacniho povrchu kovové hlavicky cestou tribokoroze, korozivnimi déji z celého téla
endoprotézy a jako vyznamny zdroj kovill jsou povazovany modularni spoje, v tomto ptipadé
spojeni konusu femoralni komponenty s hlavickou, coZ je oznaCovano anglicky jako ,,trunnion
corrosion (Hussenbocus 2015). V poslednim pfipad¢ se jedna o kombinaci dé&ju, které se podili
na uvolnovani kovli — abraze pii mikropohybech, mechanicky asistovana koroze, Stérbinova
koroze a v piipadé styku riznych kovi i galvanicka koroze (Gibon 2017). Takto uvolnéné kovy
indukuji celou fadu biologickych jevl (viz uvod) a stimuluji zénétlivou odpovéd’ okolnich
tkani, v tomto piipadé s podilem specifické zanétlivé odpovédi zprostiedkované T-lymfocyty.
Podrobnéji byly popsany vztahy histologického nélezu s tkanovymi kovy u endoprotéz typu
kov-kov, kde jsou publikovany ambivalentni vysledky — na jedné stran¢ stojici nespecificka
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imunitni odpovéd” bohatd na makrofagy v korelaci s vysokou tkanovou koncentraci kovi
a lymfocytarni infiltrace ve tkanich korelujici s nizkou koncentraci kovii (Campbell 2010).
Na druhou stranu Lohmann nasel opa¢ny vztah, tedy nizké koncentrace kovii s makrofagovou
infiltraci a vysoké tkanové koncentrace kovii asociované s lymfocytarni infiltraci, coz je
ve vetsi shodé s naSimi vysledky (Lohmann 2013). V nedavné studii srovnavajici
histopatologicky néalez ve vztahu ke koncentracim kovli u MoM endoprotéz a resurfacingu

nebyla nalezena zadna jasna korelace v obou skupinach (Lehtovirta 2018).

V obou ndmi sledovanych skupinich byl pozorovan nértst koncentrace kovii uvolnénych
do periprotetickych tkani v zavislosti na dob¢& in situ, coz potvrzuje i ptedchozi ¢ast prace.
Sérové hladiny kovi v této praci méfeny nebyly, protoze nebyla prokdzana korelace mezi
tkaiovymi a sérovymi hladinami, ani jejich vyznam pro selhdni endoprotézy. U nékterych
vzorkli ze skupiny Ti implantatu  byla naméfena  vy$§i  hladina  Cr
a Co, coz je dano pouzitim CoCr hlavi¢ky nebo jednou z komponent TEP obsahujici tuto slitinu,

naopak nizké hladiny V a Nb v této skupin¢ jsou dany jejich malym zastoupenim ve sliting.

Tkanova reakce nabyva po delSi expozici vSeobecné stejného charakteru v obou nami
sledovanych skupindch a typ membrany dle Krenna neni ur€ujici — neni tedy zavisla na typu
implantatu (pfesnéji kovové slitiny). Naopak pii kratké expozici a nizkych hladinach kovi
ptevazoval IV. typ membrany. V obou skupinach je také zjevna tkanova infiltrace T-lymfocyty
pfi vysSich koncentracich kovii, jakoZto specifickd imunitni odpovéd, coz je nejvice
pozorovano u MoM endoprotéz, kde jsou hladiny kovi jesté¢ vyrazné vyssi (Hopf 2017).
Akumulace T-lymfocytti byla jiz popsana i u MoP endoprotéz, tedy nejedna se o reakci
typickou jen pro MoM (Ng 2011, Von Domarus 2011). Praveé proto by se mohlo jednat o reakci
na kovy. Tuto hypotézu podporuje i nalez uvolnéni kovli a ¢astic cestou tribokoroze na
artikulatnim povrchu MoP soucasné s ,fretting” korozi modularnich spoji, spjaté se

specifickou imunitni reakci a akumulaci T-lymfocytt v periprotetickych tkanich (Wang 2019).

Vysledky histologické analyzy a profil bunéénych populaci ziskany v obou skupinach
implantat vytvaii obraz velmi podobny pozdni hypersensitivni reakci, tedy akumulace
antigen-prezentujicich bun¢k a T-lymfocytd. Pro potvrzeni této domnénky by bylo nutné
doplnit cytokinovy profil v souladu s danym histologickym nalezem. Cytokinovy profil spolu
S epikutannim testem a lymfocytarnim transforma¢nim testem nektefi autoti doporucuji v ramci

diagnostiky implantatové alergic (Thomas 2015).
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Déle tato analyza popisuje pouze ¢ast komplexnich vztaht periprotetickych tkani k ¢asticim
uvolnénym z implantatu. Zanétliva reakce na otérové Castice polyetylenu je jiz dobfe popsana
a mé¢la by byt brana v uvahu i v rdmci tohoto hodnoceni reakce na kovy. Zjisténé je tedy
podnétem pro dalsi vyzkum, ktery by mél provést komplexni analyzu koncentrace jak kovi, tak
i ostatnich otérovych c¢astic (v¢etné PE) v periprotetickych tkanich soucasné s histologickou
analyzou typu zanétlivé reakce vcetné cytokinové analyzy. Takova prace by dale mohla
vyznamné prispét k hlub§imu porozuméni zanétlivé reakce kolem implantatt a urcit nakolik se

reakce na kovy podili na celkovém obrazu periprotetické osteolyzy.

Zavér

Pfi analyze souboru 24 revidovanych endoprotéz kycle a kolene byla potvrzena nartstajici
koncentrace kovll v periprotetickych tkanich v zavislosti na dobé&, po kterou je implantat v téle.
Histologicka analyza ukazuje shodnou charakteristiku ¢asné revidovanych endoprotéz v obou
skupinach (titanové i bez Ti) s nizkym bunécnym zastoupenim a membranou IV typu dle
Krenna. Pti dels§i expozici tkani produkty uvolfiovanymi z endoprotézy naopak nebyl typ
membrany specificky pro dany typ implantatu. V obou skupindch je pti delsi expozici a vysSich
koncentracich kovli patrna vyraznéjsi lymfocytarni infiltrace. To by mohlo poukazovat na
narustajici podil specifické imunitni odpovédi na celkové reakci tkdni na odpadové produkty

TEP, v¢etné€ kovovych ¢astic.
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III. SHRNUTI ZAVERU JEDNOTLIVYCH STUDII

1. Vyvinuli jsme a otestovali nekontaktni metodu méteni povrchového opotiebeni polyetylenu
extrahovanych nahrad TEP kyc¢le pomoci 3D optického skeneru. Piesnost metody dana jeji
opakovatelnosti je 0,005 mm. Vyhodou je rychlost méfeni a moznost dale pracovat
s digitalizovanym modelem skenované jamky. V porovnani s referenéni CMM metodou
nedosahuje takové presnosti pro méteni otéru tvrdych povrcht, avsak pro otér PE se tato metoda

ukazuje jako vhodna.

2. Stanovili jsme hladiny Ti, V, Cr, Co, Nb a Mo Vv periprotetickych tkanich, kloubnim vypotku
a Vv krevnim séru v souboru 117 pacientii s endoprotézou kycle nebo kolene. Systémova
expozice organismu u endoprotéz typu kov-polyetylen a keramika-polyetylen je velmi nizka
a vétSina uvolnénych kovi se akumuluje v periprotetickych tkanich. Naopak v periferni krvi se
hladina kovti nezvysuje. Podle stanovené hladiny kovi v krvi tedy neni mozné urcit stupen

selhani endoprotéz typu kov-polyetylen nebo keramika-polyetylen.

3. Tkanova koncentrace kovli nartsta v zavislosti na dobé, po kterou byla endoprotéza v téle.
Co se tyCe prostorovych vztahli, prokazali jsme koncentra¢ni gradient dle vzdalenosti
od implantatu. Pfi aseptickém uvolnéni endoprotézy dosahuji okolni tkan¢ vyssich hladin kov1,

coz poukazuje na podil mechanicky asistované koroze na uvolnéni kovi z implantatu.

4. U casnych revizi byla naméfena nizka koncentrace kovll v periprotetickych tkanich a

pfevaZzovala membrana IV. typu dle Krenna s nizkym zastoupenim imunitnich bungk.

5. S nartstajici dobou od primooperace se zvySovala koncentrace kovil v periprotetickych
tkanich, avSak typ membrany dle Krenna nebyl schopen jemné&ji diferencovat typ tkanoveé
odpovédi (podobné ani bunécny profil). Soubézné s koncentraci kovli a délkou expozice
narustal pocet lymfocytii v periprotetické membranég, z ¢ehoz miizeme usuzovat na zvysujici se

podil specifické imunitni reakce.
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IV. SUMMARY

1. We developed and tested a contactless method of polyethylene cup surface wear using 3D
optical scanner. Accuracy of the method given by the reproducibility is 0.005 mm. Advantages
of the method are its speed and opportunity of postprocessing the digitized model of scanned
cup. It does not provide such accuracy for hard surface measurement when compared to

referential CMM method, but is fully sufficient for polyethylene wear measurement.

2. Levels of Ti, V, Cr, Co, Nb and Mo have been evaluated in periprosthetic tissues, joint fluid
and peripheral blood in group of 117 patients undergoing total hip and knee arthroplasty
revision. Total body exposition to metals from implants with metal on polyethylene and ceramic
on polyethylene bearings is very low and most of the metals accumulate in periprosthetic tissues
and not in peripheral blood. Blood metal levels in non-MoM endoprosthesis is therefore not an
effective biomarker of implant failure.

3. Tissue metal concentration is rising with time of implant service and is following a
concentration gradient relative to the implant. The highest concentrations are found around
aseptically loosened implants, which is indicating, that mechanically assisted corrosion is

taking part in the process of metal debris production.

4. In early revisions a low metal concentration in periprosthetic tissues and a low cellular count

was found with mostly type IV membrane according to Krenn.

5. A higher concentration of metals was found in late revisions, but the type of membrane was
not determining. Type of tissue reaction did not correlate with specific implant type. Along with
rising metal concentrations in longer exposition a rising tissue lymphocyte count was found,

which is indicating of specific immunity participation.
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TEP

PE

MoP

CoP

CoC

MoM
ICLH
UHMWPE

HXLPE
SLIM
MCP-1

IL-1
IL-6
TNF-a
RANK

PPOL
ASTM

CPTi
ARMD

ALTR
ALVAL
APC
LTT

V.SEZNAM POUZITYCH ZKRATEK

Totalni endoprotéza

Polyetylen

Anrtikulace kov-polyetylen (metal-on-polyethylene)

Artikulace keramika-polyetylen (ceramic-on-polyethylene)
Aurtikulace keramika-keramika (ceramic-on-ceramic)

Artikulace kov-kov (metal-on-metal)

Imperial College of Science and Technology in London Hospital
Vysokomolekularni polyetylen (Ultra-high-molecular-weight
polyethylene)

Vysoce sitovany polyetylen (Highly Crosslinked Polyethylene)
Pseudosynovialni membrana (Synovial-Like Interface Membrane)
Monocytarni chemoatraktantni protein-1 (Monocyte Chemoattractant
Protein-1)

Interleukin-1

Interleukin-6

Tumor nekrotizujici faktor alfa (Numor Necrosis Factor-a)
Receptor aktivujici nukledrni faktor kappa-B (Receptor activator of
nuclear factor kappa-B)

Periprotetickd osteolyza

Americka spolecnost pro testovani a materialy (American Society for
Testing and Materials)

Komerc¢né Cisty titan (commercially pure titanium)

Nezadouci reakce na kovoveé Castice (Adverse reaction to metal
debris)

Adverse local tissue reaction

Aseptic Lymphocyte-dominated Vasculitis-Associated Lesion
Antigen prezentujici buiky (Antigen-presenting cell)

Lymfocytarni transformacni test
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mLST
LIF
PGE2
CRP
CMM
ICP-MS

CRM
PCA
CD
MHC
HPF

Modifikovany lymfocytarni stimula¢ni test

Leukocytarni inhibi¢ni faktor

Prostaglandin E2

C-reaktivni protein

Coordinate measuring machine

Hmotnostni spektrometrie s indukéné vazanym plazmatem
(Inductively Coupled Plasma-Mass Spectrometer)
Certifikované referen¢ni materialy

Analyza hlavnich komponent (Principal component analysis)
Diferenciacni skupina (Cluster of differentiation)

Hlavni histokompatibilni komplex (major histocompatibility complex)

Maximalni zvétSeni mikroskopu (high-power field)
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VIL. DOPLNUJICI OBRAZKY

Obrazky naskenovanych jamek s ur€enim vektoru opotfebeni v ramci méteni otéru polyetylenu

pomoci ATOS skeneru (poskytl ing. Matas Ranusa, VUT Brno).
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) HLAVNI TEMA

AKTUALNI POSTAVENT PERORALNICH CHRUPAVKU OVLIVNUJICICH LATEK V PREVENCI A TERAPII KLOUBNICH NEMOCI

Aktualni postaveni peroralnich chrupavku
ovliviujicich latek v prevenci a terapii kloubnich
nemoci

Martin Hobza, Jifi Gallo
Ortopedicka klinika Lékarské fakulty Univerzity Palackého v Olomouci a Fakultni nemocnice Olomouc

Poruchy metabolismu chrupavky a zanétlivé zmény kloubni vystelky hraji zasadni roli ve vyvoji degenerativnich a dalsich
kloubnich onemocnéni. Na tyto procesy cili substance podavané peroralné k 1é¢bé kloubni symptomatologie pfi chondropa-
tiich a osteoartréze. Nékteré z nich stimuluji obnovu mezibuné¢né hmoty chrupavky, podili se na regulaci jejiho metabolismu
a do urcité miry tlumi zanétlivé procesy. Maji pomaly nastup ucinku, pisobi symptomaticky a nékdy je u nich uvadén i efekt
zpomalujici pribéh onemocnéni. Nejrozsitenéjsi a také nejvice prostudované jsou chondroitinsulfat a glukosaminsulfat,
mnohem méné informaci mame o klinickém efektu diacereinu, piascledinu ¢i metylsulfonylmetanu. Shoda ohledné jejich
klinické uzite¢nosti se stale hleda. Vétsina odbornych spole¢nosti zabyvajicich se terapii osteoartrézy podavani téchto latek
doporucuje. Jednotliva doporuceni se vsak lisi ve stupni ocenéni intervence. Obecné plati, ze s narstajici zavaznosti klesa
efekt podavani nutraceutik.

Klicova slova: chrupavka, osteoartréza, chondroitinsulfat, glukosaminsulfat, diacerein, piascledin, metylsulfonylmetan.

Chondroitin, glucosamine, diacerein, piascledine, and methylsulphonylmethane in the prevention and treatment
of joint diseases

Metabolic disorders and inflammatory processes in cartilage tissue have a pivotal role in the course of degenerative and other
joint diseases. These processes are aimed at by orally administered medication for treatment of osteoarthritis and joint symptoms.
Some of these substances stimulate recovery of the extracellular matrix in the cartilage, take part in its metabolic regulation and
supress inflammatory changes to a certain extent. These drugs have a slow onset of effect, alleviate symptoms and are thought
to have a disease-modifying effect. Chondroitin sulfate and glucosamine sulfate are most commonly used and best studied; less
information is available for diacerein, piascledine and methylsulfonylmethane. An agreement on their clinical usefulness is yet to
be found. Most of the clinical societies involved in osteoarthritis treatment recommend administering these substances. However,
significance of this intervention can differ in various guidelines.

Key words: cartilage, osteoarthritis, chondroitin sulfate, glucosamine sulfate, diacerein, piascledine, methylsulfonylmethane

Uvod

Kloubni chrupavka je povazovana za kli¢covou
strukturu umoznujici hladké asymptomatické
fungovani kloubu. Jeji zachovani ¢i regenerace
jsou proto povazovany za dulezity cil |é¢ebné
intervence. Kloubni chrupavku poskozuijf jednora-
zové vétsi Urazy (nitrokloubni zlomeniny) i mensi

opakované Urazy, metabolické nemoci & vrozené
vady. Zejména se viak v souvislosti s chrupavkou
uvadi osteoartréza, pfestoze nejde o onemocnéni
postihujici pouze chrupavku. Jde vsak o nejcas-
t&jsi kloubni onemocnéni v dospélosti.

Velmi atraktivnim a spolecensky zavaznym

tématem je prevence rozvoje degenerativnich

kloubnich nemoci. Je tfeba fici, Ze zatim nezna-
me zadnou latku, kterd by dokézala zabranit
vzniku osteoartrézy. Vasnivé se diskutuje o zpo-
malovacim Ucinku, protoze itento efekt ma
potencidlné vysokou klinickou i spolecenskou
hodnotu. V nasem sdélenf se pokusfime velmi
stru¢né shrnout aktudlnf poznatky o podavani
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Tab. 1. Priklady klinickych instrumentd urcenych ke sledovdni efektu konzervativni terapie osteoartrdzy vdhonosnych kloubd

Nazev mériciho nastroje

Zakladni vlastnosti

Lequesne index

Index zévaznosti osteoartrézy kycelniho kloubu pouzivany ke zhodnoceni efektu lécby. Resi bolest, vzdélenost,
kterou pacient ujde, a schopnost provadét bézné dennf ¢innosti.

WOMAC index Western Ontario and McMaster Universities Osteoarthritis Index hodnoti pacientem vypInény dotaznik pro osteoartrézu
kycle a kolenniho kloubu. Otazky se zabyvaji bolesti, ztuhlosti kloubu a funkci pfi béznych dennich aktivitach.
KOOS Knee Injury and Osteoarthritis Outcome Score je dalsi variantou dotazniku pro kolennikloub. Je ur¢en pro hodnoceni

po Urazech kolene, které mohou vyustit v posttraumatickou artrézu, ale mlze byt pouZit i u primarni osteoartrézy.

WOMAC - Western Ontario and McMaster Universities Osteoarthritis, KOOS — Knee Injury and Osteoarthritis Outcome Score

nékterych peroralnich latek ovliviujicich kloubnf
mikroprostredi.

Soucasné poznatky o hojeni
a regeneraci chrupavky

Chrupavka se jako pojivova tkédn sklada
7 ptevazujici extraceluldrni matrix, kterd vy-
tvafi charakteristické mechanické vlastnosti
chrupavky, z chondrocytd, které matrix synte-
tizujf, a regulujf tim metabolismus chrupavky,
a smeési povrchovych molekul, které garantujf
excelentni tribologické vlastnosti pfirozeného
a zdravého kloubu.

Mezibunécnd hmota se skladd z vody,
kolagennich vldken a amorfnf slozky tvorené
glykosaminoglykany (kyselina hyaluronova
(HA), chondroitinsulfat (CS), keratansulfat),
proteoglykany a strukturadlnimi glykoprotei-
ny. Proteoglykany se vazi na povrch moleku-
ly kyseliny hyaluronové, a tvori tak agregaty
proteoglykant (agrekan), které jsou schopny
vazat velké mnozstvi vody a chrupavce po-
skytuji charakteristickou pruznost, hladkost
a klouzavost.

PYi degenerativnim postizeni chrupavky do-
chdzi postupné k prevaze katabolickych déjd,
coz mé za nasledek nejen poruchy jej architek-
tury (az nakonec jeji ubytek), ale také narusenf
unikatnich a pro fyziologii kloubu nezastupi-
telnych vlastnosti. Osteoartrézu dnes vnimame
jako komplexni onemocnéni postihujicf cely
kloub, okolni mékké tkdné i pohybové retéz-
ce, v nichz je pohybovy segment zapojen (1).
Soucésti onemocnénije rovnéz rlizné intenzivni
zanétliva reakce, které se Ucastni celd frada me-
didtor a lytickych enzym (2, 3). V chrupavce
postupnée ubyvéa podil proteoglykant, a kle-
s& tedy mimo jiné jeji schopnost vézat vodu.
Chrupavka ztraci pruznost a pevnost a za¢ne
se rozvlaknovat, delaminovat a podléhat me-
chanickym vliviim, coz vyustuje v jeji postupny
Ubytek (obr. 1) Pravé na tyto patologické procesy
pldvodné méla cilit zde uvadéna Iéciva, dokonce
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jako prekurzory nebo zastupci extracelularnf
slozky. Situace je viak slozitéjsi.

SYSADOA, DMOADs
a sledovani klinického efektu

Dnesniklinickou praxi si neumime predstavit
bez systematického sledovani i¢inku lé¢ebnych
strategii. Historicky se v souvislosti s perordlné
uzivanymi latkami postupné navrhlo a opustilo
nékolik koncepci. Aktudlné se jim pfizndva statut
latek s pomalym ndstupem Ucinku, ktery by viak
meél byt déletrvajici (SYSADOA = Symptomatic
Slow Acting Drugs for Osteoarthritis). Efekt ta-
kové lécby mizeme sledovat pomoci rdznych
skorovacich systémd (tab. 1).

Cést vyzkumnikd je presvédcena o tom, ze
nékteré z perordlnich chrupavku ovlivaujicich
latek by mohly mit tzv. strukturu modifikujicf
efekt. To znamena, ze by mohly zpomalovat
nebo dokonce zastavit rozvoj osteoartrozy,
coz dokladaji pomoci modernich zobrazo-
vacfch metod (zvlasté NMR — nuklearni mag-
netické rezonance) anebo pomoci klinického
kritéria, jakym je napfiklad oddaleni potieby
implantace TEP (totdIni endoprotézy). Takové
latky by smély byt zafazeny do skupiny
DMOADs (Disease-Modifying OsteoArthritis
Drugs). Avsak do dnesnich dnl neni zndma
ani jedna, na které by se autority v dané ob-
lasti shodly.

Volba lé¢ebné a preventivni
strategie - doporucené
lécebné postupy

V dnesni dobé se pozaduje, aby lékaf ¢i
fyzioterapeut postupoval u kazdého pacienta
sohledem najeho individualitu, resp. s ohledem
na ,jeho konkrétni” osteoartrézu. Odborné spo-
le¢nosti mu nabizi roztfidény seznam léc¢ebnych
intervenci, které mohou byt s urcitym zjedno-
dusenim rozdéleny na konzervativni 1é¢bu, te-
dy rezimové opatteni, farmakologickou terapii
a vyuziti pomUcek a lé¢bu operacni.
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Obr. 1. Pyramida lécebnych intervenci

Latky potencialné ovliviujici kloubni mikro-
prostredia chrupavku patii do skupiny ,farmako-
logické terapie”, pfestoze jsou v fadé zemfi pova-
Zovany pouze za doplnky stravy (nutraceutika),
a nikoli [éc¢iva. Lécivé pffpravky obvykle obsahujt
jen jednu Uc¢innou latku (oproti mnohdy vice-
slozkovym doplikdm stravy), zato prochéazeji
procesem schvalenf pro klinické vyuziti, a majf
tak mimo jiné prikazné mnozstvi ucinné latky
v baleni. Pacienti si vétsinou tento rozdil neu-

vedomuji.

Latky k peroralnimu uziti

s potencialné pozitivnim
vlivem na chrupavku a kloubni
prostredi

Chondroitinsulfat

Chondroitinsulfat (CS) je jednou z hlav-
nich sloZzek mezibuné¢né hmoty chrupavky
a je obsazen v agregatech proteoglykand, kte-
ré uddvaji mechanické vlastnosti chrupavky.
Zastupcem je lécivy piipravek Condrosulf, ktery
je podévan v denni dévce 800 mg po dobu
3 mésicl. Nasleduje tiimési¢ni pauza, po které
je mozno lé¢bu opakovat. Vstiebané soucasti
CS se akumuluji v oblasti kloubni chrupavky,
inhibuji aktivitu katabolickych enzymd, stimu-
lujf biosyntetické déje, a tim zlepSuji mecha-
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Obr. 2. Artroskopicky obraz chondropatie pfi
osteoartréze kolena

nicko-elastické vlastnosti chrupavky. Nékteré
studie ukazujf, Zze CS inhibuje mediatory za-
nétlivého procesu pfi osteoartréze (3, 4). CS
ma tedy jak symptomatické Ucinky — tleva od
bolesti, omezeni poctu exsudativnich epizod
a zlepseni funkce kloubu, tak i Gc¢inky strukturu
ovliviujici, jak dokumentuje Hochberg ve své
metaanalyze (5). Data z dvouletého sledovanf
vice nez 1000 pacientd ukazujf snizeni Ubytku
kloubnf chrupavky na rentgenovém snimku
v porovnani s placebem o0 0,13 mm (95% Cl
= 0,06, 0,19) (P = 0,0002). Pelletierova studie
(6) s dvouletym sledovanim ubytku kloubni
chrupavky magnetickou rezonanci prokazuje
lepsi ucinnost CS v porovnéni s celekoxibem.
Z toho vyplyva zavér, ze CS ma nejen symp-
tomaticky, ale ¢aste¢né i strukturu ovliviuji-
ci (DMOADs) efekt. Rada daldich studif viak
zpochybnuje vyznam klinického efektu lécby
a zejména pfislusnost k DMOADs (7).

Glukosaminsulfat

Glukosaminsulfat (GS) je soli glukosami-
nu fyziologicky pfitomného v lidském téle.
Glukosamin je k dispozici v nékolika forméach:
glukosaminsulfat, glukosamin-hydrochlorid ne-
bo N-acetylglukosamin. V terapii osteoartrézy
se ukazuje jako nejlepsi jeho forma krystalické-
ho sulfatu (8). Na nasem trhu je k dispozici nap.
jako Dona nebo Gool. Denni dévka je 1500 mg
a terapie trvad 1-3 mésice. Komplexni mecha-
nismus Ucinku jesté neni zcela objasnén, avsak
vime, ze GS podporuje chondrocyty k tvorbe
mezibunécné hmoty a zdrover ma antiflogis-
tické Gcinky na kloub inhibici IL-1 3 (interleukin
1 beta), ¢Imz tlumi syntézu metaloproteinéz,
cyklooxygenézy-2 a dalsich proteolytickych
enzymu (9).

Pro preskripci je v klinické praxi dtlezité mit
na pameéti, ze uzivani glukosaminu spolu s warfa-

rinem muze potencovat Uc¢inek tohoto kumari-

nového preparatu, a zvysit tak INR (International
normalized ratio) na rizikové hodnoty, jak doku-
mentuji nékteré kazuistiky (10).

Existuji studie prokazujici analgeticky
efekt glukosaminsulfatu u gonartrézy (11),
dalsf studie naopak vyvraceji efektivitu GS
jak samostatné, tak ve spojeni s CS. Studie
GAIT z roku 2006 uvédi, ze jednotlivé Iéky ani
jejich kombinace neposkytuji pfilis ucinnou
lé¢bu bolesti artrotického kolena (12). Ukazala
vsak, ze skupina se stfednf az zavaznou boles-
ti mbze z kombinace téchto latek do urcité
miry profitovat. V jedné randomizované dvo-
jité zaslepené kontrolované studii dokonce
prokézali nizsi efekt kombinace CS a GS pfi
Sestimési¢n( |é¢bé bolesti artrotického kolene
v porovnani s placebem (13). Dalsi dvouleta
dvojité zaslepend kontrolovana studie proka-
zala prospésné ucinky kombinace CS a GS na
bolest, ale tyto vysledky opét nedoséhly stati-
stické vyznamnosti (7). Heterogenita vysledkd
v klinickych studiich se vysvétluje mimo jiné
i technologickym postupem pouzivanym pfi
vyrobé GS. Vyrobky Rottapharm/Madaus do-
sahuji ve vétsiné studif lepsich vysledkd neZli
vyrobky ostatnich firem (14). V soucasnosti
se vsak zdd, ze ani GS nesplnuje naroky latky,
kterd by vedla alespon ke strednimu efektu
terapie u pacientl s osteoartrézou kolena ci
kycle (15), pfipadné v jinych anatomickych
lokalitach.

Diacerein

Diacerein je vytazek z rebarbory, ktery
je v Ceské republice prodéavén jako Artrodar.
Doporucena denni davka je 50 mg dvakrat den-
né. Ucinek diacereinu je podobny jako u glukos-
aminsulfatu: inhibuje produkci a aktivitu IL-1 3,
déle pak podporuje produkci rlistovych faktord,
jako je TGF-B (transformuijici rGstovy faktor be-
ta), a tim stimuluje syntézu ldtek mezibunécné
hmoty chrupavky. Aktualizovand metaanaly-
za Cochrane z roku 2014 hodnotici terapeu-
ticky efekt diacereinu u celkem 2210 pacientd
s osteoartrézou prokézala pouze maly klinicky
efekt na lé¢bu bolesti a omezeny vliv na rych-
lost degenerace chrupavky (16). Oproti ostat-
nim chondroprotektivim ma diacerein ¢astejsi
vyskyt zavaznéjsich nezddoucich ucinkd, jako
je hepatotoxicita nebo silné prdjmy. Z tohoto
ddvodu vydal v roce 2014 Farmakovigilan¢nf
vybor Evropské |ékové agentury doporucent
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pro omezen( pouzivani diacereinu: ten by mél
byt pouzivan jen k terapii pomalu progredujicf
osteoartrézy kycle a kolene u pacientd mladsich
65 let, bez jaterniho onemocnént, Ié¢ba by mé-
la byt zapocata polovi¢ni dévkou a ukoncena
v pripadé vyskytu prajm ¢i zhorsenf jaternich
funkci (17).

Piascledine

Piascledine je pfipravek obsahujici ex-
trakt z avokédda a séjovych bobd ve forme
nezmydelnitelnych ldtek oznacovanych ja-
ko ASU (avocado-soybean unsaponifables).
Déavkovani je 300 mg denné po dobu 3 mé-
sicl, ucinek by mél pretrvévat jesté po dobu
dalsich dvou mésicl. ASU snizuji produkci
IL-1, stimulujf tvorbu kolagenu, zvysuji expresi
PAI-1 (inhibitor plazminogenového aktivatoru)
a podporuji tvorbu TGF-B, jak dokumentuji
in vitro studie (18, 19). Maheu v klinické stu-
dii dokonce prokazuje strukturu modifikujici
efekt na koxartrozu (20). Metaanalyza rando-
mizovanych kontrolovanych studif zahrnujici
664 pacientl s osteoartrézou favorizuje ASU
v(ci placebu v terapii bolesti s velikosti efektu
0,39 (95% Cl = 0,01-0,76, P = 0,04), prokazan
byl rovnéz i vliv na funkéni skore (21). Pouziti
Piascledinu pro lécbu osteoartrézy vdhonos-
nych kloubl mize byt doporuceno i vzhle-
dem k jeho dobré toleranci a absenci vyskytu
zavaznych nezddoucich ucinkd.

Metylsulfonylmetan

Metylsulfonylmetan (MSM) je latka, kterd je
piftomna v pojivové tkani. Jeji podavanije tudiz
velmi bezpecné, uvadi se, ze je mozné podavat
az 4g denné (22). Ma velmi zajimavou histo-
rii a v soucasnosti proziva ,boom" v prevenci
a terapii kloubnich i mimokloubnich nemoci
pohybového aparatu, zvlasté téch spojenych
s vetsi mechanickou zatézi.

Podle nékterych praci by MSM mohl ovliv-
novat az 4 transkrip¢nf faktory a skrze né se
podilet nejen na regulaci metabolismu pojiva,
zanétu ¢i aktivity proteolytickych enzymd, ale
dokonce i pfi Utlumu osteoklastogeneze (22, 23).
Na druhou stranu existuje jen malo kvalitnich
klinickych studii, které by podavani této latky,
at uz samostatné, nebo ve smési, doporucovalo
(24). Proto nelze podavani této latky vieobecné
doporucovat a bude nutné vyckat na dalsi kva-
litné vedené studie.
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Soucasné postaveni latek,
které potencialné cili
na kloubni chrupavku

Perordlni latky ovliviujici kloubni mikro-
prostredijsou vitanou moznosti terapie kloubnich
onemocnénizejména vzhledem k dobré snasen-
livosti a nizkému vyskytu nezadoucich Gcinkd i pfi
dlouhodobém podavani. Jak dokumentuji ¢etné
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Opotrebeni a drsnost artikulaéniho povrhu
u extrahovanych polyetylenti jamky Bicon-Plus

Wear and Roughness of Bearing Surface in Retrieved Polyethylene Bicon-Plus Cups
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' Ustav konstruovani, Fakulta strojniho inZzenyrstvi, Vysoké uceni technické v Brné
2 Ortopedicka klinika, Lékarska fakulta, Univerzita Palackého v Olomouci a Fakultni nemocnice Olomouc

ABSTRACT

PURPOSE OF THE STUDY

By 7t December 2016, 4,755 Bicon-Plus cups in total were implanted in the Czech Republic. Some of them have been
continuously re-operated, while the most frequent reason of failure is polyethylene wear and aseptic loosening. The present
study is focused on surface analysis of retrieved polyethylene Bicon-Plus cups and the determination of the roughness of
their bearing surfaces.

MATERIAL AND METHODS

In this study, we had 13 high molecular weight polyethylene cups with the average time in situ of 8.11 years (3.6-13.7, SD
3.2) before the retrieval. The study population was composed of 3 men, 10 women, with the mean age of 53.31 years. An
optical scanning method, based on the principle of active triangulation, was used to determine wear rate. The rate of wear
was identified by means of an obtained scan subsequently processed with the use of the GOM Inspect software. The
roughness of surfaces was analysed with the application of Contour GT-X8 profiler using the principle of phase shifting
interferometry. Measurements of surface topography of the retrieved cups were performed on the entire bearing surfaces.
For the individual surface changes, a typical range of surface roughness, describing the particular wear character, was
determined. By means of morphology analysis of the tested implants, three areas were identified: unworn area; area
representing the worn part of the cup; and the area roughened by parallel grooving. The total surface roughness was
evaluated as an arithmetic mean of the measured values. Subsequently, the values were sorted based on frequency and
were classified into categories defining the particular wear mechanisms.

RESULTS

Wear rate of the retrieved acetabular cups was evaluated based on the wear direction vector and the size of linear wear.
The average linear wear was equal to 0.13 mm/year (ranging from 0.26 to 2.29 mm/year), and the mean value of total
volumetric material loss was 44.37 mmd/year (the range being from 51.80 to 1,119.7 mm?/year). Using the optical profilometer,
a map of roughness distribution of the individual cups was obtained. For each implant, 76 values of roughness were evaluated.
With the respect to average roughness, the samples were sorted to various categories describing: surface polishing; abrasive-
adhesive wear; surfaces with preserved grooving; substantial plastic deformation.

DISCUSSION

The results clearly showed an increase of wear depending on implant survival; however, the tendency is not linear. This
fact can be attributed to a larger amount of abrasive particles, causing an increase of wear or occurrence of surface wear in
terms of micro cracks and oxidation degradation of polyethylene. This study indicates that geometry, positioning, and cup
alignment during the implantation have a fundamental impact on the cup durability. Further correlation, which was observed
in the case of the cup with prevailing roughness in the range from 0.1 to 0.3 pm, is a relatively wide wear vector angle
determined with the use of the optical method. Considering the implants with the longest survival time with no loosening of
the acetabular cup, the mean angle of direction vector was 56.8° (SD 2.1°).

CONCLUSIONS

The present study provides the results of morphology analysis of the retrieved Bicon-Plus cups. In general, relatively high
wear rate, mainly of abrasive-adhesive character was identified. The dependence between wear and implant in situ longevity
was not clearly linear, which suggests the influence of other parameters on the polyethylene wear rate. An important role of
implant positioning on survival was also revealed. Moreover, it seems that it can be a more important parameter than the
characteristics of the patient.

Key words: total hip arthroplasty, Bicon-Plus cup, retrieval analysis, surface analysis, wear measurement, roughness,
deformation, survivorship.
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Bikonicka titanova Sroubovaci jamka byla uvedena
do praxe koncem roku 1993 (Bicon-Plus®; Plus Ortho-
pedics AG, Rotkreuz, Switzerland). Charakteristickym
konstrukénim rysem této jamky jsou tenky plast, lamelarni
zavity a dvojity konus, ktery v porovnéni s jednoduchym
koénusem, napriklad u jamky Alloclassic, Setii kost pfi
frézovani acetabula. Jamka md verzi standardni a tzv.
pordzni s rozsifenym povrchem zdrsnélého titanu. Podle
firemnich ddaji ji bylo implantovano nékolik set tisic.
V literatufe I1ze nalézt studie s 10- a viceletym sledovanim
tohoto implantatu s vybornymi klinickymi vysledky
a vynikajicim pfezitim k 10. roku od operace (20, 28,
37).V Ceské literatufe se ji vénovalo né€kolik autorskych
tyma (2, 5, 24). Implantat se stale pouZziva, a proto ma
smysl vénovat se vyzkumu jeho vysledka.

Jamku Bicon pouZivime na naSi klinice nepfetrZzité
od roku 1998 v primérni a revizni indikaci, v poslednich
letech s polyetylenem RexPol (s vysokym stupném si-
tovani). V posledni dobé se setkdvame s aseptickym
uvolnénim implantiti, které jsme operovali v prvni
dekadeé tohoto stoleti. Setkali jsme se také nékolikrat
s jeji frakturou. Méfeni otéru polyetylenu se vénujeme
dlouhodobé, vyvinuli jsme postupné kontaktni (9) i bez-
kontaktni metody (27) ke stanoveni jeho miry na extra-
hovanych jamkéch. Cilem této studie bylo zméfit opo-
tfebeni extrahovanych polyetylend u jamek Bicon-Plus
a stanovit drsnost jejich artikulaéniho povrchu.

MATERIAL A METODIKA

Pacienti

V letech 2010 az 2016 jsme reoperovali 51 jamek Bi-
con-Plus. Dlvod k reoperaci byl 46x asepticky (aseptické
uvolnéni véetné centrdlni migrace jamky (obr. 1), opo-
tfebeni polyetylenu, periprotetické zlomeniny) a 5x byla
kycel reoperovana pro infekci. Do studie s méfenim ex-

Tab. 1. Zdkladni klinické informace o pacientech
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Obr. 1. Aseptické uvolnéni jamky Bicon.

trahovaného polyetylenu jsme mohli zafadit 13 vyjmutych
komponent od 13 pacientd, kterym jsme extrahovali po-
lyetylenovou vlozku TEP kyc¢le s jamkou Bicon-Plus.
U ostatnich byl povrch polyetylenu pfi vyprostovani
z kovové casti jamky bud vyrazn€ poskozen, anebo se
jamku nepodafilo archivovat podle niZe uvedeného pro-
tokolu. Zakladni informace o pacientech shrnuje tabulka 1.

Cislo | Pohlavi Rok BMI Strana Datum VEk Primarni | Abdukéni |  Preziti Stabilita Divod revize
pacienta narozeni implantace| v dobé | diagnéza| dhel |implantdtu|implantdtu
implantace [°] [roky]
01 m 1947 24,24 pravda | 9.1.2003 55 PA 50,6 12,08 1 PPFF
02 7 1963 19,23 prava |15.4.2001 37 PD 35,5 10,5 1 asymptomatické,
uvolnéni dfiku
03 7 1957 27,55 leva | 5.4.2002 45 PA 35,7 10 1 bolesti
04 7 1952 24,01 pravd [30.9. 2002 50 PA 48 10,96 2 bolesti
05 m 1960 32,51 pravd [8.11.2005 45 AVN 46,4 6,25 0 bolesti
06 7 1936 34,38 pravd [13.1.2010 73 PA 46 4,04 2 bolesti
07 m 1940 30,86 levda | 4.1.2006 66 PA 48 7,46 1 bolesti
08 VA 1966 21,05 leva |15.1.2003 36 PD 34 7,68 2 fraktura plasté
jamky
09 7 1950 23,31 pravd | 3.3.2000 50 PA 51 13,67 0 bolesti
10 7 1960 26,77 pravd | 7.4.2010 49 PD 355 4,47 2 bolesti
11 7 1944 26,96 leva [13.1.2009 64 PA 63 5,16 2 bolesti
12 7 1933 22,04 pravd [14.2.2007 73 PA 40 3,58 2 bolesti
13 VA 1951 29,05 leva |3.10. 2001 50 PA 39 9,55 1 bolesti

m =muz, Z=2Zena; * 0 = obé komponenty stabilni, 1 = stabilni jamka, nestabilni diik, 2 = uvolnénd jamka; AVN = avaskuldrni nekroza hlavice
femuru; BMI = body mass index; PA = primdrni artréza; PD = postdysplastickd artrdza; PPFF = periprotetickd fraktura femuru.
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Polyetylenova viozka do jamky Bicon-Plus

Acetabularni vlozka z vysokomolekularniho polyetylenu
GUR 1020 (Ticona) byla vyrobena technologii ,,com-
pression molded* podle normy ISO 5834-2. Sterilizace
probihala gama zafenim (2,5 Mrad; 1 rad = 0,01 Gy)
v inertnim prostfedi dusiku. Zdmek vlozky fungoval
vyborné. Polyetylenova vlozka artikulovala s keramickou
hlavici.

Extrakce a archivovani

Extrahované polyetyleny byly ihned po vyjmuti z téla
mechanicky ocistény a sterilizovany v roztoku Sekusept
Aktiv (Ecolab GmbH, Diisseldorf, Némecko). Po vysuseni
a zabaleni byly jamky archivovany za standardni pokojové
teploty. Nésledné byly poslany do laboratofe spoluautort
k méteni otéru.

Metodika méreni otéru

Pro stanoveni otéru u artikula¢nich povrcht extraho-
vanych polyetylenovych vloZek byla pouzita optickd
skenovaci metoda (21). Méfeni bylo realizovano s vyuZitim
skeneru ATOS Triple Scan od spolecnosti GOM. Princip
metody je zaloZeny na aktivni triangulaci. Analyzovany
objekt je nasviceny uzkopismovym modrym svétlem,
pfi¢emZ7 se vyuzivd takzvand prouzkova projekce. Vy-
uzivana technologie se nazyva ,,blue light technology*.
Jednou z vyhod této technologie je nezavislost na
okolnich svételnych podminkach (10). Obrazce promitané
na objekt jsou snimdny dvéma kamerami, které jsou
uloZeny ve skenovaci hlavé. Ze ziskanych obrazii a na
zékladé znalosti thlu mezi snimacimi kamerami je
mozné pomoci triangulacnich algoritmi ziskat prostorové
soufadnice jednotlivych bodii na skenovaném objektu

Projektor

Pozice kamer

Promitany obraz | I o |

Uhel mezi kamerami ! - i}

Pracovni vzddlenost s

M&feny objekt L 1 A

Obr. 2. Schéma principu optického skenovani.
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Obr. 3. Odchylkovd mapa opotiebeni extrahovaného implantdtu.

(obr. 2). Vysledkem skenovaciho procesu je tak ziskani
velkého poctu bodti na povrchu objektu. V pfipadé ske-
novani acetabularni jamky s primérem 28 mm je na
jejim artikulaénim povrchu ziskdno pfiblizné 200 000
bodi. Hustota bodl poskytuje moznost pfesnéjsi vizua-
lizace povrchu.

Nasledné jsou data polygonizovana za pomoci software
GOM Inspect, ¢imZ je ziskdna geometrie povrchu jamky.
Tuto geometrii je moZné dale editovat. V prvnim kroku
byla odstranéna vSechna poskozeni zpisobena chirurgem
pri explantaci, kterd do objemového ubytku jamky v téle
pacienta nesmi byt zapocitana. V dal$im kroku byla od-
stranéna nadbyte¢na data, jako je napiiklad okoli analy-
zované jamky. K analyze byl zachovany jen artikulacni
povrch explantitu a jeho blizké okoli. Nasledné jsou
povrchova data transformovana na objemové téleso.

Ziskana geometrie byla nésledné proloZena idealni
kouli, takzvanym primitivem, o nomindlnim priméru
odpovidajicim priméru neopotfebované Casti jamky.
Tim bylo moZné stanovit odchylky od idedlni geometrie
v jednotlivych smérech, a nasledné tak definovat ne-
opotfebovanou oblast acetabuldrni jamky a smér nartstu
opotrebeni. Na zdkladé definovaného neopotiebovaného
povrchu byla softwarové vytvorena rekonstrukce ptivodni
geometrie implantatu (obr. 3).

Model skenu extrahovaného implantitu byl nasledné
porovnan s rekonstruovanou ptivodni geometrii. Timto
postupem je mozné stanovit mnozstvi ubytku materialu
v téle pacienta, smér nartistu opotiebeni a velikost de-
centrace femoralni hlavice. Jednim z parametri, ktery
definuje rozsah opotiebeni, je smérovy vektor opotiebent,
Casto také oznacovany jako vektor decentrace, ktery je
uréen maximalni odchylkou opotiebené artikulacni
oblasti vici plivodni geometrii. Tento vektor svird s ver-
tikalni osou jamky (osa z) takzvany tuhel vektoru de-
centrace (obr. 4), (26).

Metodika méreni drsnosti

Pro stanoveni drsnosti povrchu extrahovanych jamek
byl vyuzit profilometr Contour GT-X8 od spole¢nosti
Bruker. Opticky profilometr pracuje na principu interfe-
rometrie s fizenou zménou faze. Profilometr vyuziva
vinovou délku svétla pro porovnani optickych drah
svétla mezi analyzovanym povrchem a referenénim po-

oblast implantatu
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Obr. 4. Stanoveni vektoru decentrace femordlni hlavice.

vrchem. Vyzafovany svételny paprsek je rozdélen,
pficemzZ jedna jeho ¢ast se odrazi od testovaného povrchu
po prichodu objektivem a druha ¢ast se odrazi od refe-
rencniho zrcadla. Na zakladé interference paprskl je
moZzné nasledn€ vyhodnotit topografii povrchu, pfi¢emz
vysledny interferogram (obrazec interferujicich paprskii)
je snimany CCD kamerou (obr. 5).

Metoda poskytuje méfeni topografie povrchu s rozli-
Senim az 0,1 nm. Pro skenovani povrchu byl pouZit ob-
jektiv s 20nasobnym zvétSenim snimané plochy o velikosti
0,22 mm?, coZ je dostate¢né pro tcely nami provadénych
méfeni. U acetabularni jamky o priméru 28 mm dochézelo
pfi méteni drsnosti v urcitych bodech ke kolizi mezi
jamkou a objektivem. Nutnosti tak bylo méfené jamky
roziezat na Ctyfi Casti a po méfeni data nasledné sloZit
do komplexni mapy popisujici topografii povrchu. Pro
definici jednotlivych méfenych bodt na povrchu jamky
byl navrZeny polohovaci pfipravek umoziujici natoceni
vzorku do konkrétni definované polohy, pficemz se
vyuziva takzvany polarni soufadnicovy systém.

Vysledkem méfeni na optickém profilometru je mapa
rozloZeni drsnosti u jednotlivych explantati. U kazdé
Ctvrtiny jamky bylo provedeno méfeni v 19 definovanych
mistech rovnomérn€ rozloZenych podle stanovené sou-
fadnicové mapy méfeni (obr. 6). Celkem tak bylo ziskano
76 hodnot drsnosti pro kazdy extra-
hovany implantit.

U jednotlivych povrchovych zmén

2
' 225 [mm]
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Obr. 5. Schéma principu optické profilometrie.

coZ naznacuje, Ze v disledku artikulace ndhrady dosSlo
k ur¢itému vyhlazeni povrchu (6, 13). Dalsi dvé oblasti
popisuji opotfebenou oblast jamky a oblast zdrsnénou
paralelnim ryhovanim zpisobenym kontaktem jamky
s povrchem hlavice. Z pozorovani opotfebené oblasti
bylo identifikovano zvInéni povrchu jamky a pfipadna
delaminace, kterd je prisuzovana plastické deformaci
(30). Méfena drsnost povrchu jamek byla popsana para-
metrem drsnosti Ra, tedy stfedni aritmetickou uchylkou
profilu. Jednotlivé hodnoty drsnosti u kazdého explan-
tovaného vzorku byly zarazené do rozmezi drsnosti
(obr. 6).

VYSLEDKY

Opotiebeni povrchu

Na zakladé méfeni za pomoci optické skenovaci
metody byl u tfindcti extrahovanych acetabuldrnich
jamek stanoven smérovy vektor opotiebeni, velikost li-
nearniho opotrebeni a celkovy objemovy ubytek materialu.
Vysledky té€chto parametrd jsou uvedeny v tabulce 2.

Tab. 2. Geometrickd analyza extrahovanych implantdti

bylo na zéaklad¢ struktury povrchu Cislo Velkost Linedrni | Linedrni Uhel | Objemové | Objemové
stanoveno typické rozmezi drsnosti | pacienta | implantatu | opotfebeni | opotfebeni| vektoru | opotfebeni |opotiebeni
popisujici konkrétni charakter opo- [mm] [mm/rok] | opotiebeni| [mm?] [mmd/rok]
tiebeni. Analyzou morfologie povrchu [°]

testovanych nahrad byly stanoveny 8; ggg ?gg 812 ggg ;;;99; gggg
tfi oblasti liSici se drovni drsnosti 03 4798-Antilix. 0:43 0:04 N 99,;31 9,@8
povrchu. Jednu z oblasti 1ze popsat 04 4/28 1,60 0.15 138 752.02 63.63
jako neopotiebenou. V této oblasti 05 6/28 0,66 0,11 - 170,98 27,36
jsou jasné viditelné stopy po vyrobnim 06 4/28 0,48 0,12 42,6 162,63 40,24
nastroji. PovétSinou se pfitom jevi 07 5/28 0,90 0.12 - 299,66 40.18
jako neopotiebované, piipadné bylo 83 < 28;22ngllux. ggg 8‘?(7) ggg ggggg 14225'7895
pozorovino jen jejich velmi omezené ™40 "5/28-Antilux. | 0,26 0.06 629 | 6946 | 1555
opotiebeni. Drsnost této oblasti do- 11 | 4/28-Antilux. | 047 0,09 20,8 152,98 29,66
sahuje hodnot niZSich, neZ bylo na- 12 7/28 0,31 0,09 33,1 51,80 14,46
méfeno u jamek pfed opotfebenim, 13 4/28 0,92 0,10 67,8 182,05 19,06
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Obr. 6. MéTeni drsnosti povrchu — pacient 03.

Meéfeni bylo u kazdého vzorku tfikrat zopakovéno a z na-
mérenych hodnot byl stanoven aritmeticky primeér. Pri-
mérnd rychlost linearniho otéru u méfenych jamek byla
0,13 mm/rok (smérodatna odchylka, angl. standard de-
viation (SD) = 0,06 mm/rok). Primérna hodnota obje-
mového otéru byla 44,37 mm?/rok (SD = 32,45 mm®/rok).
Ziskand data byla porovnana s klinickymi daty jednotli-
vych pacientd. Graf 1 popisuje zavislost rychlosti line-
arniho opotiebeni v zavislosti na dobé pieziti implantatu
v téle pacienta. Na elementdrni drovni Ize oCekavat, Ze
opotfebeni bude narlistat pfimo umérné s ¢asem, po
ktery je implantat pfitomny v téle pacienta. Na zdkladé
vysledki uvedenych v grafu 1 se vSak ukazuje, Ze za-
vislost mezi rychlosti otéru a délkou pouZzivani implantatu
linedrni neni. Podobné jsme stanovili zavislost mezi
rychlosti otéru, délkou implantitu in situ a body mass
indexem (BMI), (graf 2, 3).

Drsnost povrchu

Meéreni topografie povrchu na extrahovanych jamkéach
bylo realizované rovnomérné po celém artikula¢nim
povrchu. Celkova drsnost povrchu byla stanovena arit-
metickym primérem naméfenych hodnot. Nésledné byly
hodnoty sefazeny podle Cetnosti a byly zatazeny do ka-
tegorie definujici jednotlivé mechanismy opotfebeni
(tab. 3). Timto zptisobem je mozné definovat vzorky,
u kterych doslo k vyraznému vyhlazeni povrchu abrazivné
adheznim opotebenim (obr. 7a), povrchy se zachovanymi
ryhami po vyrobnim néstroji (obr. 7b) a vzorky s vyraznym
plastickym poSkozenim (obr. 7¢).

DISKUSE

U souboru 13 vzorki extrahovanych implantatti Bicon
s primérnou délkou preziti 8,1 roku (SD 3,2 roku) byly
analyzovany geometrické a topografické zmény artiku-
la¢nich povrcht. Ziskané vysledky byly nasledné hod-
noceny v porovnani s dostupnymi klinickymi daty pa-
cientd.

Rozsah drsnosti [pm)

Graf 1. Zdvislost linedrniho opotrebeni na dobé preZiti implantdtu
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Graf 2. Zdvislost objemového opotiebeni na BMI
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Tab. 3. Vlyhodnoceni drsnosti artikulacnich povrchi u extrahovanych jamek

Drsnost artikulujiciho povrchu [um]
Cislo Primérnd | 0,1-0,30,3-0,4 | 0,4-0,5]05-0,6 | 0,6-0,7]0,7-08 | 0,9-1 | 1<
pacienta drsnost | Vyhlaz.
[um] Znatelné ryhy po nastroji | \lyrazné ryhy po ndstroji
Plastické deformace, znatelné poSkozeni
01 0,33 58 % 17 % 12 % \lyhlazeni, stopy po obrdbéni, pitting
02 0,53 30 % 14 % 18 % \lyhlazeni, stopy po obrdbéni, pitting
03 0,42 46 % 13 % 9% Vlyhlazeni, stopy po obrdbéni, pitting
04 1,46 9% 14 % 55 % | Vyhlazeni, vwyrazné plastické deformace
05 0,42 43% | 18% 1% Viyhlazeni, stopy po obréabéni,
pocatek pittingu
06 0,46 30 % 37% | 24% Vlyhlazeni, stopy po obrabéni,
plastické deformace, trhliny
07 0,75 18 % 13 % 26 % Vlyhlazeni, stopy po obrabéni,
plastické deformace, trhliny
08 - Delaminace povrchu,
hranové poSkozeni
09 0,63 3% | 33% 28 % Vlyhlazeni, stopy po obrabéni,
delaminace povrchu
10 0,70 13% | 37% 28 % Viyhlazeni, stopy po obrébéni,
plastické deformace, delaminace,
hranové poSkozeni
11 0,45 20 % 25 % 24 % Viyhlazeni, stopy po obrébéni
12 0,37 25% | 53 % 9% Vlyhlazeni, stopy po obrabéni,
delaminace, hranové poSkozeni
13 0,51 % | 22% 21 % Vlyhlazeni, stopy po obrabéni

Jednou z porovnavanych velicin je rychlost linearniho
opotiebeni implantatu stanovena jako rychlost vnoreni
femoralni hlavice do polyetylenové jamky vyjadiend
v mm/rok, pfipadné mm3/rok. Z literatury i z vlastni
zkuSenosti vime, Ze hodnoceny implantdt ma vynikajici
preziti (tab. 4), (12, 16, 20, 29, 31, 37). V nasi praci
jsme zjistili primérnou rychlost otéru polyetylenu vyssi
nez 0,1 mm/rok a pfevazné abrazivné adhezni typ otéru.
Také dalSi autofi zméfili na rentgenovych snimcich
rychlost otéru vyssi nez 0,1 mm/rok (tab. 5), coZ by
méla byt hodnota sdruZend s vyS$i pravdépodobnosti
vyskytu periprotetické osteolyzy a aseptického uvolnéni
(4). Jinymi slovy, tento implantat se zjevné dokazal
ubranit rozvoji osteolyzy, prestoZe zdkladni podminka
rozvoje této reakce byla splnéna. Presto doporucujeme

pacienty s jamkou Bicon-Plus a star§im polyetylenem
pravidelné kontrolovat, a to zejména po desatém roce
od operace.

Z vysledki je jasné pozorovatelny narlst opotiebeni
s délkou preziti implantatu, kdy se vSak nejedna o zévislost
linearni (graf 1). Tento jev mlze byt zpisobeny vysSSim
poctem abrazivnich ¢astic zplsobujicich zvyseni tfeni,
pfipadné vyskyt povrchového opotiebeni ve formé mi-
krotrhlin a oxida¢ni degradace polyetylenu (6, 7). Procesy
opotfebeni miiZze ovliviiovat dile také rtiznd velikost
a tvar otérovych Castic (36). Je vsak tfeba zdlraznit, Ze
bylo analyzovano pouze 13 vzorkd, coZ nemusi byt pro
vyvozeni jasnych zavéri dostate¢né mnozstvi. Nejvyssi
odchylky od linearniho trendu nérGstu opotfebeni v po-
rovnani s dobou preZiti byly pozoroviny u pacientl

Obr. 7. Typy opotrebem na explantovanych vzorczch.
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Tab. 4. Prehled studii referujicich preZiti TEP Bicon-Plus

PUVODNI PRACE
ORIGINAL PAPER

Autor Podet kycli | Délka sledovani (roky) Preziti k 10. roku od operace Vyskyt AU \lyskyt PPOL
Zweymuller, 2007 232 10 99,3 % (96,9 — 99,8 %) *# 0 1/232; 0,43 %
Veen, 2016 125 7 99,2 % # ** 1/125; 0,80 % -
Topolovec, 2014 587 11 96,1 % (94,3 - 97,9 %) *# 13/587; 2,21 % 13/587; 2,21 %8§
MiloSev, 2012 200 10 98,4 % (96,6 — 100 %) *# 1/200; 0,5 % 0§
Korovessis, 2011 153 11 97,5 % (94,0 - 99,0 %) * 4/153; 2,61 % 6,54 %
Schmolders, 2016 81 13,5 96,8 % (90,5 —98,9 %) *# 4/81; 4,94 % 12/81; 14,81 %
Ottink, 2015 218 14,4 97 % (0,95 -0,99 %) *# 7/218; 3,21 % -

AU = aseptické uvolnéni, PPOL = periprotetickd osteolyza, # = reoperace z jakéhokoliv diivodu, * = v zdvorce je uveden 95% interval
spolehlivosti, ** = preZiti k 7. roku, § = osteolyza hodnocena jen u revidovanych pacientu.

Tab. 5. Rychlost otéru polyetylenu u jamky Bicon-Plus

Autor Pocet | Délka sledovani | Kloubni Primér Metoda méreni Linearni otér | Linedrni otér
kycli (roky) par hlavicky (mm) (mm/R)
Zweymuller, 2007 232 10 Ker-PE ? Hall 1,33 = 0,66 0,13
Ottink, 2015 218 14,4 Ker-PE 32 mm Rogan-Delft software 1,80 0,12
Korovessis, 2011 153 11 Ker-PE 28 mm | Diagnostic PRO Advantage - 0,059 = 0,06

Ker = keramika; PE = polyetylen; R = rok; ? = neni explicitné uvedeno.

s men$im abdukénim dhlem ndhrady, pficemz vSak
i u téchto jamek je hodnota abdukéniho dhlu v rozsahu
30°-50°, kdy by na zaklad¢ studii (14, 15, 35) mélo do-
chazet k nejmensimu opotiebeni artikulacni vlozky.
UloZeni mimo optimalni rozsah je spjato s vySSi rychlosti
otéru, pripadné s poSkozenim jamky frakturou.

Mnohem méné vime o redlném rozlozeni a velikosti
sily plisobici na kloub pfi zatéZi a o zplisobu zatéZovani
jednotlivymi pacienty. Tento fakt do velké miry ovliviiuje
preziti nahrady v dusledku opotiebeni, pfipadné jejiho
uvolnéni. Doposud vsak nebyla publikovéana prace, kterd
by porovnavala redlné parametry zatéZovani kloubni
soustavy pii béznych aktivitach v souvislosti s objemovym
opotfebenim implantitu. Jedna se pouze o simulace
jednotlivych stavli za pomoci numerickych metod. Tato
studie se snaZi poukdzat na fakt, Ze geometrie, poloha
a zpusob uloZeni jamky pfi jeji implantaci maji zasadni
vliv na jeji Zivotnost. Dal§imi parametry, které rovnéz
nelze opomenout, je konkrétni materidlova kombinace,
pripadné velikost implantatu (33).

Nésledné byla data rozSifena o porovnani topografie
artikula¢niho povrchu. U téchto vysledkl je nutné
poukdzat na vzorky, kde byla zaznamendna nejvétsi
Cetnost drsnosti v rozsahu 0,1-0,3 um (tab. 3). Tato
hodnota drsnosti je vykazovana u povrchi, kde doslo
v disledku probéhlé artikulace k vyraznému vyhlazeni
povrchu oproti drsnosti dosazené pii vyrobé jamky. Jde
pritom o mechanismus abrazivné adhezniho opotiebeni
s pfitomnosti vyznamnych paralelnich ryh od kovové
femordlni hlavice (25). V naSem souboru v§ak polyetylen
artikuloval s keramickou hlavickou. Toto opotiebeni
bylo pozorovdno vyhradné u pacientli, kde nedoslo
k uvolnéni jamky, a ve vicero pfipadech ptredchazelo
vzniku mikrotrhlin — pittingu (obr. 7d) ¢i odlupovani
vétsich povrchovych vrstev (obr. 7¢). Tento jev je moZné
pozorovat u implantétil s primérnou dobou preZziti 10,5
roku (SD 2,5 roku). AvSak plastickd deformace a dela-

minace materidlu mohou souviset také s uvolnénim
jamky. U tohoto typu selhdni je moZné predpokladat
zmény sméru zatéZovani, které mohou zpiisobovat tento
disledek a pfipadné vést aZ ke kolizi okraje jamky
s kr¢kem femoralni hlavice, coZ se projevilo u nékterych
naSich pacientii (konkrétn€ u pacientir ¢. 08, 10, 12).
Zména rozloZeni tlaku vlivem natoceni vlozKy je popsdna
v n€kolika studiich (11, 23).

Dalsi korelaci, ktera je identifikovana u jamek s pre-
vazujici drsnosti v rozsahu 0,1-0,3 pum, je pomérné
velky thel vektoru opotfebeni stanoveny za pomoci
optické metody. U implantati s nejdelsi dobou preZiti,
u kterych soucasné nedosSlo k uvolnéni acetabularni
jamky, byl stanoveny primérny thel smérového vektoru
56,8° (SD 2,1°). Tyto vysledky jsou unikdtni, a nemiZe-
me je proto porovnat s literdrnimi tidaji. Z hlediska bio-
tribologickych procesii vyplyvajicich z pozorovani je
preziti implantdtu spojené tedy i se strukturou povrchu.
V béZznych podminkach, kdy je implantit uloZeny do
téla v rozmezi doporucovanych abduk¢nich uhld, a za
predpokladu stability implantatu dochazi k rovnomérnému
opotfebeni a vyhlazovani povrchu.

Metody schopné testovat parametry konkrétniho
souboru extrahovanych implantatd miZeme v uvedeném
kontextu chépat jako nezbytné analytické nastroje pro
zpétné hodnoceni procesii opotiebeni TEP kycle. Z hle-
diska geometrie ndhrady hraje dale velmi podstatnou
roli i velikost prumérové vile. Studie (1) se zabyvala
vlivem velikosti viile na koeficient tfeni mezi povrchy,
kdy byl pozorovan trend sniZujiciho se tfeni se sniZujici
se vili mezi komponentami. Stejné chovani bylo popsano
i v dalsi literatute (3), kdy byl zaznamenan pokles opo-
tiebeni u dvojic s mensi vili. Tento efekt byl pozorovan
jak v pripad€ 36 mm, tak 54 mm implantatu. S ohledem
na vliv priméru tak autofi konstatovali, Ze velikost imp-
lantatu by méla byt co mozna nejvétsi pti zachovani co
mozné nejmensi primérové vile. V této souvislosti je
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tfeba také zminit problematiku mazani, kterd ma bezpo-
chyby na opotiebeni implantati zasadni vliv. Z tohoto
pohledu je rozhodujici pfedevSim tloustka mazaciho
filmu (32) a adsorpce proteinil na tfeci povrchy (22).
Pfitom bylo v literatufe poukdzino na fakt, Ze utvareni
proteinového mazaciho filmu mezi komponentami
nahrady je ovlivnéno jak materidlovou kombinaci (18,
19), tak geometrii (34), a pfedevSim pak velikosti
nahrady a pramérovou vuli (17). RovnéZ je tieba vzit
v tvahu sloZeni synovidlni kapaliny, ktera se 1i$i v zavis-
losti na mnoha faktorech, jako je pohlavi, vék, zdravotni
stav apod. (8).

Pokud jde o limitace provedené studie, je tfeba zminit

zejména maly soubor analyzovanych implantat. Déle
by bylo nepochybné vhodné doplnit povrchové analyzy
o stanoveni oxida¢niho indexu extrahovanych polyetylent.
Tuto metodu vSak v soucasné dobé nemame k dispozici.

ZAVER

V této praci predkladdme vysledky morfologické

analyzy extrahovanych jamek Bicon-Plus. Zjistili jsme
relativné vysokou rychlost otéru, ktery byl pfevazné ab-
razivné adhezniho typu. Zavislost mezi otérem a délkou
implantatu in situ nebyla jednoznacné linedrni, coz
ukazuje na vliv dalSich parametri na rychlost opotiebeni
polyetylenu. Presto doporucujeme pacienty s timto im-
plantatem pravidelné sledovat, zv1asté po 10. roce od
operace. DuleZity vliv na celkové preZiti implantdtu ma
také jeho poloha po implantaci. Zda se dokonce, Ze jde
o vyznamnéj$i parametr, nezli jsou charakteristiky
pacienta. Z optickych méfeni je moZzné pozorovat vliv
smérového vektoru opotfebeni na topografii povrchu.
Pti vyssich thlech byla celkova stanovena drsnost mensi,
coz se projevilo hlavné na stabilité¢ jamky, a tim i na
jejim preZziti po implantaci.
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ABSTRACT

Wear analysis of total hip replacements (THRs) is considered one of the most relevant research areas
helping to improve the longevity and overall design of THRs. The coordinate machine method (CMM) and
Fourier profilometry are the most common methods for measuring THR wear. This article presents optical
scanner digitalization as a new method for measuring the wear of polyethylene (PE) acetabular cups. The
aim of this article is to explore the potential of this method for the PE wear measurements. Optical scans
for the purposes of this study were produced using an ATOS Triple Scan 3D optical scanner. The optical
scanner is efficient and it can measure a large number of points for polygonization and for further
development of the preworn models. In this study, the scanner first generated point clouds on a sample of
13 retrieved ultra-high-molecular-weight polyethylene (UHMWPE) acetabular cups. Next, volumetric
models of the cups were created by polygonizing the point clouds. Reverse engineering was used to
develop models of the original acetabular cups using the geometry of the unworn parts of the retrieved
cups. A comparison of the two models then showed the total volume of the PE debris. The optical
scanning method was validated against the gravimetric method using three new acetabular cups that
were worn out on a hip pendulum simulator. Validation shows that the optical scanning method is a valid
method for wear analysis of the retrieved UHMWPE acetabular cups.

ARTICLE HISTORY
Received 15 December 2015
Accepted 5 April 2016

KEYWORDS

Total hip replacement;
polyethylene; wear
measurement; optical
digitalization; volumetric
wear

Introduction

Total hip replacement (THR) is currently the most effective
treatment of a number of hip afflictions that helps to alleviate
pain and improve quality of life. This surgical procedure con-
sists of removing the damaged joint surfaces and replacing
them with artificial ones—an acetabular cup articulating sur-
face with femoral head on a femoral stem. The most common
combination of bearing materials is a polyethylene (PE) acetab-
ular cup articulating with a metal or ceramic head.

Along with a growing number of THRs, there is a growing
need for revision surgeries due to prosthesis failure. Projected
estimates made for the United States show that by 2030 the
demand for primary THA will grow by 174% for primary sur-
gery and 137% for revision surgery compared to the levels in
2005 (Kurtz, et al. (1)). By far, the main reason for a revision
surgery is aseptic loosening followed by infection and disloca-
tion. Aseptic loosening is causally associated with liberation of
huge amount of prosthetic wear particles from the bearing
surfaces. These particles stimulate the receptors of innate
immunity to trigger a foreign body host response driven pre-
dominantly by macrophages and fibrocytes (Gallo, et al. (2)).
That is why manufacturers and researchers are motivated to
develop bearing materials with increased resistance to wear.

In order to measure the amount and rate of prosthetic wear,
various in vivo and in vitro methods have been developed offer-
ing clinicians as well as researchers the ability to determine

damage to the prosthetic cup liner (Patel, et al. (3)). In vivo
wear measurement methods rely on the assumption that a defi-
nite relationship exists between a quantifiable X-ray penetra-
tion of the prosthetic head in the cup and the true amount of
wear. However, this article focuses only on in vitro methods.
Gravimetric methods are suitable for evaluation of the cups
tested under repetitive load cycle in special hip joint simulators
when the pretest weight of a cup is known. The gravimetric
method is also suitable for assessment of artificially worn com-
ponents in experimental settings. The approach is defined by
international standards ISO 14242 (Affatato, et al. (4)). The
accuracy of this method is a minimum of 0.1 mg according to
ISO 14242-2 (5).

However, this method is not useful for the analysis of
extracted hip implants because the weight of the original cup in
a preworn stage is not known. Therefore, development of alter-
native methods allowing the measurement of volumetric wear
in a retrieved cup without knowledge of its weight before its
use is needed (Bills, et al. (6)).

One of these methods is the analysis of surface geometry by a
coordinate measurement machine (CMM). It is the most com-
mon method for measuring the geometry in manufacturing prac-
tice for control of the shape and dimensions of product elements.
Use of this method has also become a correct standard method
for the measurement of THR volumetric wear during in vitro
tests (Bills, et al. (7); Martell, et al. (8)). A precise description of
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this method is clearly summarized in ISO 14242-2 (5), where a
particular focus is dedicated to the maximum axial position error
of measurement, which is described as D = 4 + 4] x 107°
(D = volumetric position error in micrometers, and / = measur-
ing length of the work envelope in millimeters). A location
change of specimen must affect the volume by no more than
0.05%, and the point mesh spacing should be <1 mm. This stan-
dard offers a fundamental basis for the volumetric wear analysis
with defined uncertainty of THR measurement (ISO 14242-2 (5)).

There are many studies describing the uncertainty and
postprocessing algorithm related to this method. Kothari,
et al. (9) published one of the first studies discussing the use
of a CMM method to evaluate 22 retrieved THR components.
Three hundred and twenty-five points were measured on the
surface of a sample. The analysis was carried out in vitro and
the examined implants were from metal material (Kothari,
et al. (9)). The declared accuracy of this method was £5 pum,
with the definition described in geometrical product specifica-
tion for CMM system declaration by ISO 10360-2 (10). Becker
and Dirix (11) evaluated the precision of this method in the
study comparing two CMM methods with a standard preci-
sion of 2.6 um and a high precision of 1.2 um. Lord, et al.
(12) assessed metal-on-metal THR components, analyzing 32
femoral heads and 22 acetabular cups. The aim was to evalu-
ate the effectiveness of the CMM method against a conven-
tional gravimetric method. To determine the volumetric wear,
a program using mathematical software was created. This
program aimed to identify the origin of the spherical compo-
nents from as wide an area of the articulating surface as possi-
ble. Then the worn area was localized. Results of this study
were verified by the gravimetric method. A validation proce-
dure compared the mathematical and the gravimetric method.
In Lord, et al. (12), three stages of mean absolute error—0.53,
0.50, and 0.24 mm’—were reported for metal components.
Another study examined distribution of the scan lines. The
results deal with the impact of the scanning method (polar,
planar, etc.), distances between the scan lines, and distribu-
tion of points along a single scan line (Bills, et al. (6)).

An innovative surface analysis methodology is the optical
method. A noncontact analysis provides simplification of
measurements and postprocessing analysis. On the other
hand, it offers new possibilities for postprocessing the scanned
geometry. The main method used for complex analysis of
THR geometry is based on reflectivity of the surface. Reflec-
tion of the incident beam is processed by an active or passive
triangulation.

One of the studies focused on the use of a noncontact
scanning method using Fourier profilometry (Rossler, et al.
(13)). The study deals with a sinusoidal grating projector
that creates an optical pattern on the object. This pattern is
deformed by refraction on the surface, which is reflected in
changes of its phase. The image is recorded by a digital cam-
era. Information about the geometry and topographic depth
is obtained by the image processing and by the mathematical
algorithm computing the phase shift toward the reference
plane. A relative percentage difference of this method
compared to the gravimetric method is approximately
6.3% depending on the rate of volumetric wear (Rossler,
et al. (13)).

Another approach, called scanning profilometry, uses
only a one-strip projection. For the analysis of all surfaces,
the object is rotated. The sensitivity and accuracy of this
method depends on the size of the angle of object rotation.
As a result, the whole profile is created by connecting the
individual linear scans. The third coordinate is determined
from the equal compared reference plane and the plane of
refraction. The relative percentage difference of this method
compared to the gravimetric method is about 10%
(Pochmon, et al. (14)).

Zou, et al. (15) studied the macrostructure surface of acetab-
ular cups. To establish an accurate method for digitizing a con-
vex hemispherical shape, a laser probe fited on a CMM
machine is used. The principle of this optical method is based
on triangulation. The surface was digitized at 0.1-mm intervals
in X and Y directions divided into six scans. Then discrete
points were merged into one surface data. Reproducibility of
the method shows a volumetric difference of 1.411 mm’
(Zou, et al. (15)).

Yun, et al. (16) used 3D optical scanning for validation of the
reliability of a power point method to recognize volumetric
wear in vivo from radiographs. This method is applied on 17
retrieved PE acetabular cups. A 3D laser scanner used for the
analysis of the cup has a resolution of 2.0 megapixels and preci-
sion less than 0.01 mm. Data are postprocessed using special
software (Geomagic, Morrisville, NC). The mean wear volume
achieved by the 3D laser scanning method is 1,146.72 =+
576.59 mm®. The main message is to show that the power point
method correlated well with the 3D scanning method
(Yun, et al. (16)).

The aim of this article is to demonstrate the optical method
as a method suitable for determination of volumetric wear and
material loss. This method is applicable for retrieved PE acetab-
ular cups at various stages of wear. The data obtained from the
3D digitizing process by the optical scanner are processed and
evaluated using computer-aided design (CAD). Using a post-
processing algorithm, it is possible to determine the amount of
volumetric wear. A particular focus is given to validation of this
method by the standard gravimetric method. This method
ranks among the most innovative methods in the respective
field to determine the volumetric wear of PE acetabular cups.
Information on volumetric wear can be used to suggest an
effective modification of geometry that would lower the friction
and wear by effectively moving the lubrication regime
away from the boundary regime toward the mixed and hydro-
dynamic lubrication regimes (Dougherty, et al. (17);
Choudhury, et al. (18)).

As indicated above, the CMM and the gravimetric method
are the two most widely used methods for determining the vol-
umetric wear on acetabular cups in vitro. These methods are
very precise and have high confidence levels. In recent years,
these methods have been supplemented with optical methods
to obtain a more comprehensive and time-efficient analysis.
The main advantage of the approach described in this article is
its ability to reconstruct the unworn geometry of the cup. The
analysis of geometry is made on the basis of a large number of
points forming the point clouds. This advantage opens new
opportunities for analytic and statistical approaches for deter-
mination of volumetric wear.



Table 1. Characteristics of the patients enrolled in the study.
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Patient Gender Weight (kg) Body msindex Age (years) Side Date of revision Duration (months)  Type of patient® Reason for revision
1 M 66 24.24 67 Right January 27, 2015 145 B Periprosthetic fracture, wear
2 F 48 19.23 48 Right  October 10, 2011 126 B Aseptic loosening®

3 F 75 27.55 55 Left ~ November 5,2012 120 B Aseptic loosening-stem
4 F 63 24.01 61.5 Right September 11,2013 1315 B Aseptic loosening

5 M 103 3251 52 Right January 30, 2012 75 A Painful hip

6 F 88 3438 77 Right January 22,2014 48.5 B Aseptic loosening

7 M 100 30.86 73 Left ~ May 14,2013 89.5 A Aseptic loosening-stem
8 F 58 21.05 43 Left  October 20, 2010 922 B Fracture of the cup

9 F 56 2331 63 Right  October 30, 2013 164 B Aseptic loosening

10 F 72 26.77 53 Right September 24,2014 53.6 A Aseptic loosening

1 F 77 26.96 69 Left  March 12,2014 61.9 A Aseptic loosening

12 F 60 22.04 77 Right September 14,2010 43 B Aseptic loosening

13 F 68 29.05 59 Left  April 20,2011 114.6 B Aseptic loosening

The Charnley classification tries to estimate the level of walking capacity, with class A having no disturbance in locomotion, class B with bilateral hip disease (or hip and
knee) and normal findings in other weight-bearing joints, and class C with severe compromise of locomotion due to multiple joint involvement.

bBoth components.

Materials and methods
Components

The new method of wear evaluation was demonstrated on 13
acetabular cups with a diameter of 28 mm (Table 1). All
extracted acetabular cups were part of the Bicon-plus cup (Plus
Endoprothetik AG, Rotkreuz, Switzerland; later Smith and
Nephew). Ultra-high-molecular-weight polyethylene
(UHMWPE) was made of RCH-1000 Chirulen (Quadrant PHS
Deutschland GmbH, Vreden, Germany) according to ISO 5834-
2 and ASTM F648. The UHMWPE liner was gamma radiation
sterilized (cobalt-60) while sealed in a threefold pouch in a nitro-
gen atmosphere. The dose adopted was between a minimum of
25 kGy and a maximum of 37 kGy (Milosev, et al. (19)). There is
a consistent agreement in clinical studies that the UHMWPE
represents an improvement in wear over conventional PE (Wil-
liams, et al. (20)). The extracted cups were produced in two
designs. The first design was a standard acetabular cup and the
second design was an acetabular cup with an elevated rim (the
so-called antiluxation modification). Retrieved prostheses were
obtained at revision surgeries between 2010 and 2015. All surger-
ies were performed by one surgeon. The component’s survival
time in situ was on average 97.29 months (range = 43-145,
SD = 37.83 months). After prosthesis extraction, all of the PE
liners were mechanically cleaned, immersed in a disinfectant for
24 h, and then sterilized routinely for 2 h. All retrieved cups were
obtained under standard conditions with written informed
patient consent, and the study was approved by the local Ethics
Committee (as a part of project NT11049-5, Ministry of Health,
Czech Republic).

New acetabular cups with a diameter of 28 mm were used as
reference samples for validation of the method. The new ace-
tabular cups were Durasul Low Profile Cups produced by
Zimmer (size 50/28). Validation was replicated on three inde-
pendent samples to eliminate measurement and manufacturing
random errors.

Optical scanning method

Acetabular cups were measured using an 3D ATOS Triple Scan
optical scanner (Fig. 1). This optical system is based on active
fringe projection and triangulation. The ATOS Triple Scan uses

blue light technology in three viewing angles between the stereo
camera and projector. With this approach, the measurements
are not dependent on environmental factors and therefore it is
not necessary to maintain constant environmental conditions
during the measurements. A fringe pattern is projected on the
object to be measured and the image is acquired using a two-
camera system (Fig. 2). The final scan is composed of multiple
partial scans that are aligned according to the reference points
detected by software.

For measurement of the acetabular cups, the reference
points with a diameter of 0.8 mm were positioned on the sur-
face of the cups outside their evaluated areas (GOM (21)). The
measurement was carried out with MV170 lenses with a mea-
surement volume of 170 x 130 x 130 mm calibrated in a small
object arrangement. The lenses complied with VDI/VDE2634-
3 (22). Further parameters of the measuring equipment are
shown in Table 2.

The scanner was calibrated according to the procedures as
defined by the producer. Results of calibration are shown in
Table 3.

The surface of PE acetabular cups was too transparent for
scanning and it was necessary to apply a layer of TiO, coating.
An airbrush system was used to apply an approximately 3 um
coating (Palousek, et al. (23)). The acetabular cup was fixed in
the middle of a rotary measurement table. The scanner was
focused on the center of the acetabular cup at a scanning

Figure 1. Measuring by ATOS Il Triple Scan 3D optical scanner.
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Figure 2. Principle of ATOS 3D optical system.

distance of 490 mm. Each individual scan consists of a large
number of isolated points, technically described as a point
cloud. Approximately six partial scans were used for the final
scan to be used in postprocessing.

Polygonization and definition of coordinate system

After the measurement, the data were postprocessed using the
software GOM Inspect (GOM mbH). First, the scan was poly-
gonized. For the purpose of further analysis, only the articulat-
ing surface and its close surroundings were necessary;
redundant data were removed. Next, the polygonized object
was reconstructed by removing and filling in damage caused
by the surgeon during extraction of THR components (Fig. 3).
Surgical damage was identified after analyzing and considering

Table 2. Parameters of GOM ATOS Il Triple Scan 3D scanner (Palousek, et al. (23)).

Parameters ATOS Triple Scan

2x8
170 x 130 x 130

Camera pixels (Mpx)
Measuring volume (mm)

Measuring distance (mm) 490
Lamp LED
Focal length camera lenses (mm) 40
Focal length projector lens (mm) 60
Point distance (mm) 0.055
Reference points diameter (mm) 0.8

Camera position Small object

Table 3. Results of calibration.

Parameters Results of calibration
Deviation of calibration (pixels) 0.033
Optimized deviation of calibration (pixels) 0.020
Calibration of projector (pixels) 0.118
Optimized calibration of projector (pixels) 0.019
Angles of cameras (°) 27.2

Temperature (°C) 24
Type of calibration object CP40-170-40346

the procedures used for extracting of THR implants. After
these modifications, the polygonized geometry was smoothed
with a surface tolerance of 3 um to remove the surface rough-
ness and possible coating defects that could distort the
measurements.

A reference coordinate system for cup geometry was created
using three fitting elements: a line, a point, and a plane.

The line represented the direction of the wear path (also
described as a wear scar) and was used to identify the unworn
parts of the samples. The 3D model was created on the basis of
the nominal value of the acetabulum diameter. The direction of
the wear scar was obtained by an initial comparison of the mea-
sured data with the nominal data of the new acetabular cup
using the best-fit function of GOM Inspect. This comparison
rendered a map of deviations that enabled us to infer the final
direction of the wear scar (Fig. 4).

The point was defined by the center of a sphere with a diam-
eter corresponding to the original dimensions of the acetabular
cup. The sphere itself was created using the Gaussian best-fit
method on a cloud of points of the unworn region. A selection
of points defining the unworn region is made manually accord-
ing to the deviations from the ideal model. Cups with higher
wear volumes have a clearly identifiable line between the worn
and unworn regions. The selected points were then evaluated
with three sigma statistical criteria enabling use of 99.73% of
the points.

The plane was defined by the rim of the acetabular cup. A
selection of points was performed automatically. A different
method of point selection was used for antiluxation cups where
the definition points were located only on the outer edge of the
rim.

Polygonal data with the defined coordinate system were then
used to determine the wear vector as a vector originating from
the center of the unworn cup geometry to the most worn point
on the inner surface of the cup. The center of the unworn
region is defined by the point in the center of the coordinate
system as described above. The center of the worn region is
defined by the best-fit function applied to the selection of data
in the direction of the wear scar. This can be calculated using
the basic linear algebra equation for the angle between the two
vectors (Fig. 5; Uddin (24)).

The surface of the original acetabular cup was defined by fit-
ting the primitives on unworn parts of the extracted acetabular
cup as described above (Fig. 6d). The original unworn model
was created on the basis of the dimensions of the primitives
from the unworn parts of the samples by means of reverse engi-
neering (Fig. 6e). This method assumed that the original
unworn surface was truly spherical and without roughness after
machining.



Figure 3. Reconstruction of extracted acetabular cup (GOM Inspect).

Surface and volume creation

Polygonal data were exported to STL (STereoLitography) for-
mat for further postprocessing with Geomagic Design X (3D
Systems GmbH) software (Fig. 6b). First, the surface model was
generated from the polygonal data using the Geomagic auto-
surface tool. The quality of this transformation was evaluated
by comparing the rendered surface model with the polygonal
data. This comparison showed a maximum deviation of 2 pum,
which is a negligible uncertainty (Fig. 7).

Next, the scanned geometry was trimmed and closed with a
cylindrical geometry. Dimensions of the geometry were speci-
fied with respect to the extent of the volumetric wear. The
cylindrical geometry had to include the whole articulation sur-
face showing any material loss. The resulting surface model
was suitable for transformation to the volumetric model using
Geomagic tools (Fig. 6¢).

In the next step, the volumetric model was compared with
the model of the original acetabular cup. The resulting compar-
ison shows the volume of material released to a human body
during the life cycle of the cup (Fig. 6f).

Validation of method

The 3D scanning method was validated by a gravimetric com-
parison. Wear of the extracted cups was simulated simply by
removing the material from new cups. The method specification

B500 [mm]
Area of unworn surface P50
3.75
I 300
e 225
Direction of
wear scar
1.50
0.75
0.00
m-0.18

Figure 4. Definition of wear scar direction and coordinate system.
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and preparation of specimen can be found in ISO 14242-2 (5).
The samples were cleaned of the PE particles to avoid loosening
of the particles during scanning.

A Kern ABS 320-4N analytic balance was used to determine
the weight loss. Reproducibility of the balance was 0.2 mg and
the linearity was £0.3 mg. The resolution was 0.1 mg, which
results in the volumetric uncertainty of 40.106 mm® for PE
analysis. Gravimetric measurements were performed at temper-
atures between 22 and 23°C at a constant humidity level. Gravi-
metric measurements were taken five times in order to reduce a
random error. The average of the measurements was used for
the gravimetric comparison.

The volume of the acetabular cup was multiplied by the den-
sity of UHMWPE (0.940 g/cm®; McKellop, et al. (25)). The vali-
dation samples consisted of three noncemented new acetabular
cups with a size of 50/28.

Wear was carried out on a hip pendulum composed of two
main parts: a base frame with an acetabular cup and a pendu-
lum with a femoral head. The pendulum was allowed to oscil-
late freely in the flexion—extension plane. The simulator setup
is described in detail elsewhere (Vrbka, et al. (26)). The parame-
ter of weight loss was defined as the decisive parameter for vali-
dation. The articulating surface of the metal (CoCrMo) femoral
head was scratched to increase the material loss (Fig. 8). One
test of volumetric wear lasted 1.5 h with a frequency of approxi-
mately 0.48 Hz. The test was performed without lubrication.
Weights on pendulum arms ensured a total load of 2,080 N.
The weight loss of the cups was measured in six cycles. The
average weight loss after the sixth cycle was 0.075 g (80 mm?>).
This material loss simulates the wear rate as discussed in previ-
ous research (Dumbleton, et al. (27)).

Axis of cup 4 2

i 225 [mm]

Wear vector 4 15
angle, 0

Maximum
wear

o

Wear vector
line

Original
acetabular cup

L oS
X
0
075
L5
225
u

Figure 5. Determination of wear vector.
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Figure 6. Process of evaluation of volumetric wear.

Figure 7. Comparison of 3D scan and reconstructed geometry.
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Figure 8. Validation test by hip pendulum.

The sample was weighed before and after testing. In order to
mount the acetabular cup on the hip pendulum, it was neces-
sary to fix the outer rim into the epoxy resin mixture. All tests
were performed with this fixation; each cup was thoroughly
cleaned before weighing and scanning.

Results
Validation of 3D scanning method by gravimetric method

The material loss of the cups was measured in six cycles using
both the gravimetric and 3D optical methods. Each cycle lasted
15 min and the process was replicated on three cups. Validation
results are shown in Figs. 9a-9c. As can be seen, the mean dif-
ference between the reference gravimetric method and the opti-
cal scanning method was
® —0.0040 g (range —0.0352 to 0.0089 g) for cup 1 (Fig. 9a).
e —0.0021 g (range —0.0159 to 0.0051 g) for cup 2 (Fig. 9b).
e —0.0029 g (range —0.0286 to 0.0067 g) for cup 3 (Fig. 9¢).
A significant difference in volumetric wear values measured
with the gravimetric method and optical scanning method was
present after the first 15-min cycle. This difference may have
occurred due to the plastic deformation process. Polygonal
data for each measurement were created on average from
191,500 points. This number of points ensures a high quality of
surface transformation with deviations less than 0.002 mm as
shown in Fig. 7. A volume calculation based on surface data
was carried out using the CAD system calculation algorithm.
The calculation was replicated using three independent soft-
ware systems. The difference was less than 0.1 mm?; hence, the
deviation of the calculation algorithm is considered negligible.
In order to demonstrate the time efficiency of the method,
the duration of each step in the measurement process was
recorded. Results are shown in Table 4.

Analysis of extracted acetabular cups

This study analyzed 13 extracted acetabular cups using the
optical scanning method based on the principle of fringe
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Figure 9a. Comparison of validation test results of 3D scan and gravimetric method—Cup 1.

projection and triangulation. The cups were scanned using the
ATOS III Triple scan to create digital representations of articu-
lating surfaces of cups. Results of measurements and the analy-
sis of 13 extracted UHMWPE bearing cups are shown in
Table 5.

The nominal inner diameter of the extracted acetabular cups
was 28 mm. The outer diameter varied; however, this had no
influence on the results. Acetabular cups exhibited a mean vol-
umetric wear of 395.53 mm’ (range = 51.80-1,119.70 mm?>).
The mean wear rate was 44.37 mm’/year (range = 9.98-
125.85 mm®, SD = 32.45 mm’). Each measurement was repli-
cated twice in order to eliminate scanning errors. Small differ-
ences between the measurements had no impact on
quantification of volumetric wear. This can be supported by the

repeatability analysis of measurement. The results were sup-
ported by a study of survival of replacements produced by
Bicon-plus where the mean linear wear of the Bicon-plus PE
was 1.8 mm, which corresponds to 0.12 mm/year (Ottink, et al.
(28)). Another study validates the results of the scanning
method with a widely used radiographic method where the vol-
umetric wear of the failed replacement ranged from 730 to
813 mm? (Ilchmann, et al. (29)).

A new acetabular cup produced by the same producer as the
extracted cups (Endoplus GmbH) was used as a reference sam-
ple for repeatability of the optical scanning method. Results of
the repeatability test are shown in the graph below (Fig. 10).
Repeatability was evaluated on the basis of the software-deter-
mined value of the inner diameter using the best-fit function.
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Figure 9b. Comparison of validation test results of 3D scan and gravimetric method—Cup 2.
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Figure 9¢c. Comparison of validation test results of 3D scan and gravimetric method—Cup 3.

The method was set to the Gaussian statistic method using
point filtration three sigma. Measurements were replicated
10 times. Results of measurement were obtained only from the
articulating surface; the rim and the outer diameter were not
taken into account when determining the volumetric wear.
Roughness and roundness of the measured object were
neglected. The mean variation of the inner diameter was
0.005 mm (range = 28.624-28.643 mm, SD = 0.005 mm).

Discussion

The results show that the 3D optical method is suitable for
measuring the THR wear of PE acetabular cups and thus it rep-
resents an effective alternative to the CMM method, which has,
in some cases, reached the limits of its use.

One of the major limitations of the CMM method is a lim-
ited number of measured points collected for designing the
geometry. Collecting a larger number of surface points using
the CMM method is relatively time consuming. However,
larger numbers of collected points are crucial for credible
reconstruction of the unworn geometry and hence for a more
precise analysis of wear. Previous studies showed that the mesh
definition and performance of the meshing algorithms can sig-
nificantly influence the obtained results (Bills, et al. (6); Lord,
et al. (12); Carmignato, et al. (30)).

Table 4. Time efficiency of scanning method.

This limitation of the CMM method can be solved by the
optical scanning method, which allows for collecting a larger
number of points in a shorter time. Approximately 191,500
points collected on a single 28-mm acetabular cup can help to
create a better surface visualisation. The resulting close point
spacing solves the problem of curvature of the elements (Lu
and McKellop (31)) and the problems related to the latitudinal
and longitudinal mesh pattern (Bills, et al. (6)). Moreover, the
ability to produce fully three-dimensional wear contours allows
us to locate the wear scar with high reliability. The direction of
the wear scar helps to define the unworn area of the acetabular
cup. A right selection of points in the unworn area can then
have a significant influence on the obtained result.

It is therefore important to carefully select the measured
points of the unworn area to create the original geometry and
to define the diameter. One of the options is to use GOM
Inspect software. This approach was used in this study, taking
advantage of compatibility of the results with the CAD software
for further analysis. Another option is to use a fitting histogram
for a precise selection of the unworn area points (Uddin (24)).

Table 5. Quantification of volumetric wear explanted acetabular cup.

Operation Approximate time (min)
Cleaning of acetabular cup 10

Application of titanium coating 15

Placement of a reference points 10

Scanning process 12
Polygonization 5

Repair of geometry 10 (depends on rate of damage)
Transformation on surface 20
Transformation on volume 8

Total 90

Material
Duration  Size of Type of Material loss per

Patient (months) implants implant loss (mm?3) year (mm?)
1 145 4/28 PE insert standard 1,119.7 92.66
2 126 5/28 PE insert standard 528.97 50.38
3 120 4/28 PE insert antiluxation 99.81 9.98
4 131.5 4/28 PE insert standard 752.01 68.63
5 75 6/28 PE insert standard 170.98 27.36
6 48.5 4/28 PE insert standard 162.63 40.24
7 89.5 5/28 PE insert standard 299.66 40.18
8 92.2 4/28 PE insert antiluxation 966.92 125.84
9 164 3/28 PE insert standard 584.86 42.80
10 536 5/28 PE insert antiluxation 69.46 15.55
1 61.9 4/28 PE insert antiluxation 152.98 29.66
12 43 7/28 PE insert standard 51.80 14.46
13 114.6 4/28 PE insert standard 182.05 19.06
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Figure 10. Repeatability of 3D scanning measurement.

Another advantage of the optical 3D method is the ability to
define the wear vector on the basis of decentration of the worn
region position against the original, software-generated geome-
try (Fig. 5). Parameters of the resulting wear vector can be then
compared with the results obtained by medical methods (Dai,
etal. (32)).

Data collected through the optical scanning method can be
also suitable as input parameters for finite element prediction
models (Uddin and Zhang (33)).

Despite the clear advantages of the optical scanning method,
this method poses some challenges and limitations. The main
limitation is the precision of the optical 3D scanner, which was
established by repeatability of the measurement and parameters
of the device. The optical scanning precision as established for
the purposes of this study did not reach the levels of accuracy
of the CMM method. The maximum accuracy of CMM is
approximately £1 um. An evaluation of measurement method
uncertainty, following ISO/IEC98-3 (34), is fundamental for
both establishing a metrological traceability and allowing a
proper comparison to the reference gravimetric method. The
CMM method finds its application for the analysis of small
amounts of material loss. Therefore, it is often used for metal
femoral heads, which have a wear rate of approximately 1-
40 mm” (Bills, et al. (6); Lu and McKellop (31)). The method of
measurement is defined by standard ISO 14242-2 (5).

The lower precision of the optical scanning method makes
the method inadequate for the analysis of hard components.
On the other hand, the accuracy of the optical scanning method
is fully acceptable when it comes to the analysis of PE
components.

When evaluating the quantitative wear of PE acetabular cups
by volume loss, it is also necessary to consider the cold flow
phenomenon. This process takes place in the first few months
of implant use and results in plastic deformation of PE cup
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without generation of wear debris (McKellop (35)). This phe-
nomenon and effect of radial clearance of hard prostheses can
be analyzed and specified by the finite element method (Shan-
kar and Nithyaprakash (36)).

The analysis of PE components using the optical scanning
method poses the problem of the correct selection of the
unworn area of the components, which is important for further
reconstruction of the original geometry as stated above. The
optical scanning method takes into account neither the prob-
lem of the surface roughness nor the problem of nonsphericity
of the cups. This issue is particularly evident in the initial
phases after implanting the acetabulum when the material loss
is relatively low as simulated during the first cycle of our valida-
tion, where there was a significant difference in volumetric wear
values measured with the gravimetric method and optical scan-
ning method, probably due to the plastic deformation process.

Because there is a wide selection of THRs on the market,
some cups are nonspherical in their original geometry as pro-
duced by the manufacturers; other cups are originally spherical
but can be deformed later. Nonsphericity of the cups is one of
the limitations of the presented method and opens up the pos-
sibilities for further research aimed at developing an evaluation
algorithm to correct the manufacturing tolerance and the non-
spherical shape of the cup.

Despite these shortcomings, the 3D optical method is a
fast and effective measurement method that simplifies fur-
ther data processing. It is particularly suitable for the analy-
sis of PE acetabular cups where the volumetric wear is
more significant than in the case of metal and ceramic bear-
ing components.

Conclusion

This article presents a new method of determining volumetric
wear using an optical 3D scanner. This method was demon-
strated on 13 extracted UHMWPE acetabular cups with various
ranges of wear.

The study consists of three parts: (1) description of the opti-
cal method used for volumetric wear analysis, (2) validation of
the methodology, and (3) application of methodology on the
extracted acetabular cups.

1. The optical 3D scanner was used to investigate the vol-
ume loss of an acetabular cup. This method is less time
consuming than the conventionally used CMM method.
Another advantage of the method is the ability to
develop a complex geometry built on a large number of
points. This approach enables us to reconstruct the most
accurate original geometry. A comparison of the
extracted cup scans with models of their original geome-
try reconstructed on the basis of these scans can deter-
mine the volumetric wear for PE acetabular cups with
satisfying results. The obtained data can be further proc-
essed by CAD software.

2. The optical scanning method was validated with the
gravimetric method as defined by the standard ISO
14242-2 (5). The mean difference between the methods
in quantifying the volume for three cups was —0.0040,
—0.0021, and —0.0029 g. Repeatability of the scanning
method was 0.005 mm on the evaluated diameter.
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3. This method was demonstrated on a series of 13
extracted UHMWPE acetabular cups with known clini-
cal history. Here, all components showed volumetric
wear that exceeds the uncertainty of measurement. This
method allows for an efficient analysis of acetabular cups.

Basically, there are contact and noncontact methods of volu-
metric wear measurement. Selection of the most suitable wear
measurement method usually depends on various characteris-
tics of the measured samples. This article introduces a new
optical scanning method using the ATOS Triple Scan and eval-
uates its advantages and disadvantages in the context of the
conventional CMM method.

Previous research shows that CMM enables more accurate
measurements suitable for metal and ceramic components. This
article suggests that the scanning method enables more efficient
data collection and a more variable geometry processing, which
is particularly useful for PE extracted acetabular cups.
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Abstract: Prosthetic joint infection (PJI) is a feared complication of total joint arthroplasty associated
with increased morbidity and mortality. There is a growing body of evidence that bacterial
colonization and biofilm formation are critical pathogenic events in PJI. Thus, the choice of
biomaterials for implanted prostheses and their surface modifications may significantly influence the
development of PJI. Currently, silver nanoparticle (AgNP) technology is receiving much interest in
the field of orthopaedics for its antimicrobial properties and a strong anti-biofilm potential. The great
advantage of AgNP surface modification is a minimal release of active substances into the surrounding
tissue and a long period of effectiveness. As a result, a controlled release of AgNPs could ensure
antibacterial protection throughout the life of the implant. Moreover, the antibacterial effect of AgNPs
may be strengthened in combination with conventional antibiotics and other antimicrobial agents.
Here, our main attention is devoted to general guidelines for the design of antibacterial biomaterials
protected by AgNPs, its benefits, side effects and future perspectives in P]I prevention.

Keywords: prosthetic joint infection; biomaterial-associated infection; anti-adhesive; anti-biofilm;
antibacterial surface treatment; silver nanocoating; silver nanoparticles

1. Introduction

Prosthetic joint infection (PJI) is a feared complication of modern orthopaedic surgery that
substantially increases morbidity and even mortality following total joint arthroplasty (TJA) [1,2].
Generally, PJI leads to implant removal and long-term antibiotic therapy with a permanent, increased
risk for PJI development in affected patients [3].

Current estimates suggest that up to 3% of primary hip and knee arthroplasties [4], up to 15.4%
of revision hip and 25% of knee arthroplasties are complicated by PJI respectively [5]. According to
some authors, these numbers are not only underestimated but they are also on the rise [6]. The annual
cost of infected revisions in hospitals of the United States of America (USA) could increase from
$566 million in 2009 to $1.62 billion by 2020 [7]. As a result, therapy of PJI continues to be associated
with enormous costs.
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The first postoperative months are the most typical period of PJI manifestation [8] with the
incidence rate of late PJI in hip and knee arthroplasty at about 0.07% per prosthesis-year and a higher
risk in knee arthroplasties when compared to hip [9].

The leading causes of PJIs are S. aureus and coagulase-negative staphylocci followed by
streptococci and enterococci (all of these account for approximately 10% of PJI cases) [10,11].
Importantly, the prevalence of methicillin-resistant S. aureus (MRSA) in PJI is increasing, especially in
the USA [12]. In addition, polymicrobial infections can occur in up to 15% of cases [13] despite the fact
that some authors reported a substantial increase in the yearly occurrence of polymicrobial infections
over the period of six years (2004 to 2010) with a greater increase in the proportion of gram-negative
bacteria during the same period [14].

2. Pathogenesis of PJI

The distribution of PJI in time strongly points to the causative link towards surgery and the
early postoperative period. A basic prerequisite for PJI development is the size of the bacterial load
influencing the operating wound, immune response and the implant. The last two decades were under
strong dominance of Gristina’s concept of “race for the surface” [15]. Accordingly, host and bacterial
cells compete in determining the ultimate fate of the implant, when host cells colonize the implant
surface first, the probability of attachment of bacterial cells is very low and vice versa. However,
Gristina’s model is not able to predict PJI in “less clear” situations when the host cell coverage of
an implant surface is incomplete and thus offering some places for bacteria adhesion. In addition,
some prosthetic surfaces, either articulating or non-articulating, preclude host cell adhesion and
development of a protective host film. This model can also be criticized for static conditions because
fluid waves occurring many times per hour are typical for TJA. Finally, immune and host tissue
responses contribute to the protection of an implant surface to a greater extent than only in terms of
simple mechanistic competition for an implant surface. Despite the fact that not all the critical pathogen
and host steps/factors have been elucidated to date [16], for instance an infection dose no doubt plays
an important role. A higher bacterial load of S. aureus could alter the host immune response and
accelerate biofilm formation [17] while a low level of “appropriate” bacterial contamination might even
serve as a potent immunomodulatory factor preventing the development of PJI (“implant infection
paradox”) [18]. Some evidence also suggests the role of genetic susceptibility [19,20]. Taken together,
instead of Gristina’s metaphor, a specific local immunologic and tissue constellation type of pathogen
as well as bacterial load interplay with each other and influence the implant-tissue interactions, either
towards non-infective or infective statuses.

The most destabilizing factor is the basic yet highly successful survival strategy of bacteria
in general: their ability to adhere and survive on virtually all natural and synthetic surfaces
(Figure 1) [21,22]. The bacterial cell membrane contains various types of adhesins for a wide range of
biomaterial surface receptor sites, members of the family of Microbial Surface Components Recognizing
Adhesive Matrix Molecules (MSCRAMMSs) [23]. Environmental and surface characteristics of a
biomaterial such as surface roughness, hydrophobicity and electrostatic charge play only conditional
roles [24]. A reservoir of receptors for bacterial adhesive ligands mediating adhesion of free-floating
bacteria to the surface of the biomaterial, offers a conditional protein film covering the implant
immediately after its placement into the host body [25]. The spectrum of binding molecules depends
at least partly on the particular type of biomaterials attracting an exact set of host proteins and
lipids [26-28].
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Molecular and cellular forces

Figure 1. Free-floating bacteria (1) come close to the implant surface, here they interact via a set
of chemical and physical mechanisms with a biomaterial surface covered by host cells/proteins.
The majority of bacterial pathogens express specific surface adhesion molecules called adhesins
(bacteria may have multiple adhesins for different surfaces); bacterial adhesion can be described
as having an initial reversible, predominantly physically driven phase (2) and a time-dependent and
irreversible molecular and cellular phase (4). The former is realized by Brownian motion, van der Waals
attraction forces, gravitational forces, surface electrostatic charge and hydrophobic interactions (3);
the latter employs a selective bridging function of bacterial surface polymeric structures, which include
capsules, fimbriae or pili and slime; intermolecular interactions are facilitated by a protein film covering
an implant immediately after its placement into the host body (5). Firm sticking of bacteria to the
biomaterial surface allows them to create colonies (6) with biofilm formation, which is associated with
a continuous release of free floating bacteria and signaling molecules (7).

Conceptually, the process of bacterial adhesion can be divided into two basic phases: reversible,
and irreversible [29,30]. The former is mechanically and biologically less stable than the latter.
The explanation lies partly in the origin of nonspecific interactions between the implant surface
characteristics and bacterial surface adhesins, followed by molecular and cellular interactions closely
associated with expression of biofilm specific gene clusters in reversibly attached bacteria [31]. At least
four distinct classes of surface proteins have been identified to participate on firm adhesion of S. aureus
micro-colonies to a biomaterial and to each other [32]. The adhesion phase is followed by gene
expression for secretion of protective slime. This process makes bacteria extremely resistant to both
the host immune system and antibiotic diffusion [30,33]. The transition between the reversible and
irreversible phases of biofilm formation coupled with a phenotypical change, is the last window of
opportunity for clinically reasonable preventative measures. Other parameters of biofilm formation
are described in detail elsewhere [34], as well as the ability of bacteria to combine different pathogenic
strategies [35].

In the host site, the details of tissue integration of a biomaterial are still poorly understood [36,37].
It is believed that immune as well as tissue resident cells recognize an implant surface and orchestrate
the processes, leading to periprosthetic bone/soft-tissue regeneration and remodeling, preventing
the development of biofilm in the majority of patients [38,39]. However, neither osseointegration
nor fibrous tissue encapsulation of large non-fixation parts of an implant can eliminate long-term
survivorship of bacterial micro-colonies. Moreover, the peri-implant fibrous barrier impedes contact
between the host immunity sentinel cells and bacterial molecules. This interaction is critical
for host immune responses dependent on recognition of bacterial pattern-recognition receptors
(PRRs; also microbe associated molecular patterns = MAMPs). Importantly, it has been demonstrated
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that implantation of a medical device impairs the innate local host response and may facilitate the
development of PJI [40,41].

As the majority of operating rooms are contaminated within the first few hours of service [42,43],
most surgeries are not performed in a bacterial-free environment. All patients are exposed to the
same environment within a particular operating room. The question therefore arises as to why some
patients go on to have infections and others do not. There is a growing body of evidence that PJI
results from a relatively unclear and perhaps unique combination of environmental and genetic factors.
The environmental ones could be linked to immune and non-immune factors affecting host response
to bacterial load (age, gender, malnutrition, weight, diabetes mellitus, smoking efc.); the factors related
specifically to implant facilitating for instance, adhesion of bacteria and those related to the surgeon
and surgery (operating skills, operating room parameters, surgical time etc.). The host genetics strongly
influences an individual’s susceptibility to infectious diseases and there is some evidence available for
genetic susceptibility to PJI [19].

As a result, there is a strong need for intrinsic implant surface antibacterial functionality that
can protect the implant surface from a perioperative attack of pathogenic bacteria as well as help to
overcome implant-induced defects in the local immune response.

3. Rationale and Basic Concepts of PJI Prevention

Strategies relying on a decreased bacterial load and creating a bacteria-free environment around
an implant during the perioperative period are widely implemented in clinical practice [44,45]. There
is sufficient evidence supporting systemic [46] and in some cases local antibiotic prophylaxis [47].
However, the optimal protocol for individual clinical situations is not known yet. At present,
antibiotics are administered to all the patients undergoing TJA regardless of the individual risk
for PJI development, at least in terms of the beginning, the type of antibiotic and the duration of
antibiotic prophylaxis. With regard to the latter, the 24 h regime does not cover the time needed for
early wound stabilization, or the period of time the suction drain is in contact with joint and deep
tissues. In addition, the increasing occurrence of antibiotic resistance has been recognized to be a
global problem. There is also some evidence for selecting antibiotic-resistant staphylococci in relation
to wide-range antibiotic prophylaxis [48].

Attempts at formulating evidence-based standards for good clinical and logistic practice in
orthopaedic operating rooms have been made [45,49]. There is a growing pressure on surgeons to
improve their surgical skills in order to minimize the surgery-related factors. Educational programs
aimed at educating/training orthopaedic surgeons (and all staff) in perioperative strategies of P]I
prevention are under way [50].

Finally, strategies based on identification of risk patients and optimization of their conditions
to decrease the probability of PJI development have been proposed. Even though modifiable PJI risk
factors have been identified and well-described [50,51], it is often not possible to avoid operating “risk”
patients who are not “optimized”. For instance, significant obesity precluded the indication for total
hip or knee arthroplasty in some countries several years ago. However, it is unethical to reject surgery
in these patients today, despite the fact that they have an increased risk for PJI [52]. Research testing is
assessing whether the risk for PJI could be decreased after preoperative immunization of the patients
at-risk, by a vaccine that targets either the most frequent pathogen as S. aureus, or the key molecules of
bacterial adhesion and biofilm formation [53].

Taking into account the weaknesses associated with all the current preventative strategies, leaders
in the field recommend a multistep preventative concept (Figure 2) covering simultaneously all the
well-known targets, including the “anti-infective implant” [54-56].
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Figure 2. Prevention of PJI consists of a list of measurements optimizing host status/preparedness
for surgery (identification of host risk factors, determination of host comorbidities; local antibacterial
activities); reducing bacterial load during the surgery (intravenous antibiotic prophylaxis, operating
room environment/traffic/management, surgical experience, measurements/tools preventing
deliberation of bacteria from the surgeon/operating room personnel, protection of the implant
from bacterial contamination/adhesion) and minimizing the chance for postoperative bacterial
contamination (wound care strategy, rapid optimization of postoperative immune and metabolic
conditions, early ambulance, experienced physiotherapy, eradication of local infections and
haematogenous sources of bacteria).

4. Indications for Implants with Antibacterial Surface Treatment

In accordance with the evidence-based medical rules, it would be relevant to calculate the
number of PJIs prevented, by usage of implants with an antibacterial surface. Theoretically, all the
patients undergoing TJA are at risk for PJI. Revision cases carry an increased risk, partly due to
the prolonged operating time during revision surgeries, in conjunction with a suboptimal local
tissue environment [57]. Moreover, there is some evidence that the risk of PJI across the board in
orthopaedic surgery, is on the rise [6]. As a result, one could argue that all patients should benefit
from implants coated with a proven anti-infective surface. On the other hand, the risk for PJI is not
homogenously distributed among arthroplasty patients [50]. Therefore, it might be convincing to
implant “biofilm resistant” prostheses only in patients at an increased risk of PJI [51,58]. However,
a validated tool for screening patients for an increased risk of PJI does not currently exist. Taken
together, the preventative strategy involving all the patients undergoing primary and revision TJA
seems to be more justifiable than a more restrictive approach targeting the high-risk patients. However,
prior to implementation of such devices, it is necessary to demonstrate the significant reduction of PJI
in a well-done, population-based, cost-benefit analysis [38]. An important consideration in designing
implants with antibacterial coating relates to the characterization of reasonable and justifiable costs.

5. Recommendations for Construction of Implants with Anti-Infective Surfaces

A wide spectrum of substances and technological approaches has been proposed and tested for
antibacterial features in orthopaedics (Table 1). In order to fully discuss and evaluate surface treatment
technologies it is essential to review the strict criteria related generally to the process of innovation in
this field. The requested parameters are as follows:

1. biocompatibility (the ability of a material to work efficiently with an appropriate host response
in specific applications) [59];
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2. strong evidence of anti-infective efficiency (the anti-bacterial efficiency should be demonstrated
in vitro, in vivo and also in an appropriate model of PJI) [60-62];

3. fixation properties cannot be compromised (the antibacterial coating must not compromise
long-term stable implant osseointegration or cement fixation);

4.  durability of the anti-infective effect (while clear recommendations are lacking the
epidemiological viewpoint suggests that at least two years would be appreciated) [63,64];

5. mechanical characteristics of the antibacterial coating (resistance to mechanical stresses and
strains either during surgery or postoperatively) [65].

Table 1.
orthopaedic implants.

Examples of anti-infective strategies proposed for treating of surfaces used in

Strategy Features Examples References
Anti-adhesive polymers [66-68]
Albumin [69]
Prevention in adhesion Super-hydrophobic surfaces [70-72]
and adsorption Nano-patterned surface [73-77]
Hydrogels [78-81]
Silicon nitride ceramics [82,83]
Silver, silver-oxide [84-86]
Silver nanoparticles [87-94]
Gold nanoparticles [95,96]
Titanium dioxide [97-99]
Inoreanic Selenium ions [100-102]
& Copper ions/nanoparticles [103,104]
Zinc ions [105,106]
Iodine coating [107]
Bioactive glass [108,109]
Methods to kill Graphene oxide [110,111]
bacteria Coated or covalently linked antibiotics [112-116]
Chitosan derivatives [117-120]
Organic Signaling, inhibiting and [121-123]
antimicrobial peptides
Cytokines [124]
Enzymes [125,126]
Other Non-antibiotic bactericidal substances [127]
Multilayer coating [128-132]
Combined Synergy material intensification [133-135]
Positively charged polymers [136]
Multi-functional and Passive Nanostructured “smart” materials [68,137-140]
smart coating Active Concept: sensors Fon}omed to [141-146]
nanocontainers
. Lytic bacteriophages [147]
Alternative approach Surface-adaptive anti-biofilm nanocarriers [148]

Recently, a new classification of the implant-related antibacterial strategies has been proposed
distinguishing:
1. passive surface finishing/modification (PSM);
2. active surface finishing/modification (ASM);
3.  perioperative antibacterial local carriers or coatings (LCCs) [56].

If the active substance is released from the surface of the implant, over time it may lead to
its exhaustion and thereby, a loss of efficiency. It is therefore extremely relevant to design surface
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modifications with minimal but effective release of active substances into the surrounding tissue,
thereby achieving a long, or even indefinite period of effectiveness. This approach may ensure
antibacterial protection throughout the life of the implant. A specific set of problems are related to
fluid dynamics and adhesion of host proteins, lipids, cells to “active” implant surfaces, limiting their
antibacterial efficacy.

6. General Remarks on Prosthetic Implant Surface Modifications

Polyethylene, a modern generation of zirconia treated ceramic, stainless steel, cobalt-chrome and
titanium alloys are the most commonly used materials in TJA implants. In TJA, each material /surface
modification has its specific role (e.g., an articulating or a fixation surface) and can occupy a different
place in the bulk implant (Figure 3). These parameters together, define the requirements for particular
surface modifications in specific implant sites.

Fixation
surface

Articular \

surface
Substitute
4 material

- Fixation

surface

Figure 3. Total joint arthroplasty has several types of surfaces according to their locations and
functions; ideally the whole implant should be covered via application of an antibacterial strategy;
however, in practice the antibacterial strategy for a particular kind of surface has to respect its critical
characteristics (for example the strategy for an articulating surface, let’s say a polyethylene one, has to
be different from a non-articulating metallic one).

A number of principles from basic research have been proposed for translation into technologies
potentially suitable for antibacterial treatment of orthopaedic implants [149]. It is easy to distinguish
between technologies offering anti-adhesive properties, those working as antimicrobial agents
and those combining the above-mentioned approaches. Anti-infective surfaces can be classified as
“contact killing” and antimicrobial agent eluting respectively [150].

Antibacterial surface technologies can employ metals (silver, zinc, copper, zirconium etc.),
non-metal elements (e.g., selenium), organic substances (antibiotics, anti-infective peptides, chitosan,
other substances) and their combinations. Antibacterial activity of the majority of metal coatings is
closely linked to the ionic or nano-form, rather than to the bulk material [151]. Nanostructured surfaces
and coatings (either of inorganic or organic origin) are therefore of great interest. Consequently,
the nanoscale surface patterning methods have been applied to fabricate different nanopatterns
(e.g., ordered stripes, pits, pillars or squares). Several studies have demonstrated that nanopatterning
in conjunction with other surface treatment can inhibit bacterial adhesion [152,153].

In terms of functionality, one may divide surfaces as mono-functional and multi-functional.
The latter are expected to target multiple biological tasks simultaneously (Figure 4), orchestrating
early /long-term tissue adaptation to an implant, facilitating osseointegration and regulating the
anti-infective immune response, all in addition to the “intrinsic” antibacterial surface effect [154].
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Smart surface could be a completely different methodology designed to be a self-responsive multitask
micro-machine that releases antimicrobial (and other) substances, after stimulation by microbial
(or other) signals [155].

Contact killing

Bietelipelibilliye,

Anti-adhesive /

coating
/t/ﬁ(
Y

s G

Stimulation of
tissue integration

Wear
resistance

Anti-oxidative properties

Figure 4. A particular implant surface has to address several implant-related tasks simultaneously
and continuously (in the ideal case), therefore engineers have to solve the problem of how to bind
(attract, fix) often contradictory functionalities via specific modifications/treatments in the particular
surface location.

7. Why Silver Nanoparticle Technologies on the Implant Surfaces?

Currently, AgNP technology is receiving much interest in its use on implant surfaces, mainly for
its antimicrobial properties and strong anti-biofilm potential together with relatively low cytotoxicity to
mammalian cells. AgNPs effectively inhibit the growth of bacteria including highly resistant strains
at very low concentrations in units of mg/L [92,156-162], whereas such concentrations do not exhibit
an acute cytotoxic effect, which was proved at the concentrations higher than 20 mg/L [163-165].

Moreover, in the case of AgNPs, bacterial resistance has not been reported up to now, despite the
fact that resistance to ionic silver has been observed. The multilevel antimicrobial (broad target attack)
mode of AgNPs ensures that resistance cannot be easily acquired by single point mutations in contrast
to antibiotics. Having a very low risk of development of bacterial resistance it is therefore relevant
to know the antibacterial effects of AgNPs. This is an extremely valuable effect especially today,
when we are facing growing antibacterial resistance observed in antibiotics and other antibacterial
substances. Some experts even refer to the current state as to a “worldwide calamity” or “antibiotic
resistance crisis”. Therefore, a joint multilevel and global interdisciplinary action including substituting
antibiotics by non-antibiotic approaches could decrease the range and rate of bacterial resistance.

Moreover, AgNPs have a strong anti-biofilm potential [162,166-179]. Therefore, these are
potentially very attractive for surface protection of orthopaedic implants since PJI is biofilm driven
in the majority of clinical cases. As a result, silver is the most prevalent metal used in biomedical
applications for antibacterial coating of prosthetic metal implants [180-190]. Both uncoated and
coated AgNPs on various surfaces, such as titanium surfaces or catheter surfaces, thoroughly inhibit
both planktonic and biofilm-forming bacteria [94,167,191,192]. Saleh et al. reported that biofilm and
planktonic E. coli and P. aeruginosa cells showed very similar tolerance to AgNPs upon exposure [191].
Agarwala et al. reported high antimicrobial activity on catheters loaded with AgNPs towards
planktonic as well as biofilm-forming cells [167]. Similarly, Zhong et al. and Harraser et al. reported
that AgNP-loaded titanium can kill planktonic and adherent bacteria during 1, 4 and 12 days with



Materials 2016, 9, 337 9 of 30

similar effectiveness [94,192]. On the other side, several studies showed that biofilms decreased
susceptibility to AgNPs compared to planktonic cells [193,194]. Choi et al. found that biofilms were
four times less susceptible to AgNP exposure than planktonic cells were [194]. Starch-coated NPs
reduced P. aeruginosa and S. aureus biofilm growth but completely inactivated planktonic cells at
the same AgNP concentrations [195]. It is known that both planktonic and biofilm-forming bacteria
produce extracellular polymeric substances (EPS), which has been proved to lower the diffusion rate of
NPs [196]. EPS production is much greater in biofilms compared to planktonic bacteria and therefore
may provide some protection to biofilm-forming cells from NPs.

8. Synthesis of Silver Nanoparticles on the Implant Surface

There are several approaches to synthesize the AgNPs on the implant surface. In the study [87],
TiO; (titanium dioxide) nanotubes (NT) on a titanium (Ti) surface were prepared by anodization of
the Ti surface and consequently AgNTs were generated on the NT surface by ultraviolet reduction
of silver ions. The TiO,-NTs loaded with Ag (silver) exhibited a strong antibacterial activity against
methicillin-resistant S. aureus (MRSA, ATCC43300) in vitro for 30 days.

The cathodic arc silver plasma immersion ion implantation process can serve as another method
of preparation and immobilization of AgNPs on a Ti surface. The immobilized AgNPs offered good
defense against multiple cycles of bacteria (S. epidermidis) attacks in vitro and the mechanism was
independent of silver release [197].

Also Pulse DC magnetron sputtering can be utilized for a generation of AgNPs on a Ti surface,
where nanostructured Ti-Ag coatings with different Ag contents (1.2% to 21.6%) are able to kill S. aureus
effectively during the first few days and remain moderately antibacterial after immersion for 75 days.
Compared to pure Ti, the Ti-Ag coatings show good cytocompatibility as indicated by good osteoblast
adhesion, proliferation, intracellular total protein synthesis and alkaline phosphatase activity [198].

AgNPs with the size of 50 nm can also be incorporated into a dopamine-modified
alginate/chitosan (DAL/CHI) polyelectrolyte multilayer to modify titanium alloy surfaces.
The polyelectrolyte multilayer coating enhanced wet ability of titanium alloy and promoted the
fibroblast proliferation significantly, which could be attributed to the excellent biocompatibility of
DAL/CHI [199]. Despite the slight fall of L.929 cell activity after AgNP incorporation, AgNP-DAL/CHI
multilayer inhibited the growth of both E. coli and S. aureus [199].

Hexagonal closed-packed TiO, nanotubes with the diameter of 30-100 nm were prepared
by anodization of a Ti foil, where the size of nanotubes was dependent on the parameters of
anodization [200]. The size and shape of the generated AgNPs (12-40 nm) on TiO, nanotubes by UV
(ultraviolet) irradiation depends mainly on the size of TiO, nanotubes and silver ion concentration.
The highest antibacterial activity was obtained for TiO, nanotubes with the opening diameter of about
100 nm and AgNPs with an average size of 20 nm, whereas good cell viability using osteoblast MG63
cells was remained [200]. The Ti/TiO; nanotubes/AgNPs composites can also be prepared with the
assistance of quaternary ammonium salt (QAS, 3-trimethoxysily-propyldimethyloctadecyl-ammonium
chloride). The Ag nanoparticle loaded and QAS coated TiO; nanotube substrates demonstrated
long-term antibacterial effect and displayed good biocompatibility [201].

9. Antibacterial Effect of Silver Nanoparticles

The effects of silver, either as a metal (AgNPs) or in compounds is known to be non-specific,
influencing many bacterial structures and metabolic processes at the same time (Figure 5). Among
these are the following: inactivation of bacterial enzymes [202,203], disruption of bacterial metabolic
processes [204-206] and the bacterial cell wall, accumulation in the cytoplasmic membrane and increase
of its permeability [167,203,207], collapse the plasma membrane potential [206], interaction with DNA
(deoxyribonucleic acid) [202] and generation of reactive oxygen species [208-210], which damage
biomacromolecules [211]. Thanks to their multi-level mode of action, AgNPs destroy or inhibit the
growth of pathogenic microorganisms including highly resistant bacterial strains at low concentrations
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from a few to several tens of mg/L [92,160,162,167,175,207]. Importantly, no relevant data describing
bacterial resistance to AgNPs or inactivation of antibacterial action of AgNPs (nanoparticles) have been
reported yet. Bacterial resistance to silver is driven only with the ionic form of silver and apart from
others, was deeply researched by Silver ef al. [212,213]. Bacterial resistance to ionic silver originated
from clinical environments [214] and also from naturally occurring strains [215]. Besides reduction
of Ag+ to a less toxic oxidation state, the probable Ag+ resistance mechanism involves an active
efflux from the cell, by either P-type ATPases (adenosine triphosphatase) or chemiosmotic Ag+/H+
antiporters [216-218].

Figure 5. Silver nanoparticles simultaneously target bacteria via the destruction of their wall,
inactivation of their enzymes, disrupting of critical metabolic pathways and interaction with
bacterial DNA.

In recent years, a synergistic effect between AgNPs and various antibacterial agents has been
investigated. Potara et al. studied antimicrobial activity of chitosan-coated AgNPs against two strains
of S. aureus [219] and revealed that minimum inhibitory concentrations (MICs) of the composites
were ten times lower than those of AgNPs and chitosan alone respectively. Another capping agent,
myramistin increased activity of AgNPs against E. coli up to 20 times [220]. Combined treatments
with a lactoferrin/xylitol hydrogel and silver-based wound dressings acted synergistically against the
forming of biofilms of clinical wound isolates of methicillin-resistant S. aureus and P. aeruginosa [221].
Synergy of AgNPs and antimicrobial peptides polymyxin B and gramicidin S was reported also against
different Gram-negative bacteria [222].

Recently several studies have indicated that AgNPs may strengthen the antibacterial effects
of conventional antibiotics (beta-lactam antibiotics, macrolides, lincosamides, aminoglycosides)
either additively or synergistically [223-229]. The synergistic effect of antibiotics and AgNPs was
reported even at concentrations below their own effectiveness (i.e., below MICs) [225,230-233].
Brown ef al. showed a synergistic effect of AgNPs functionalized with ampicillin, even against
multiple-antibiotic-resistant isolates of P. aeruginosa, E. aerogenes and methicillin-resistant S. aureus [234].
Also Smekalova et al. and Panacek et al. proved enhancement of the antibacterial effect of antibiotics
in combination with AgNPs against several animal and human pathogens and resistant bacterial
strains [235-237]. These findings clearly showed that it is possible to find an effective combination
of antibiotics and AgNPs or another antimicrobial with a multi-level mode of action, resulting
in a synergistic antimicrobial effect allowing efficient inhibition of bacterial pathogens including
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highly resistant bacterial strains using significantly lower doses as compared to an antibiotic alone.
Replacement of frequently used antibiotics by AgNPs or a combination of these antibiotics with
AgNPs represent a promising tool on how to kill bacteria without the development of antibiotic
resistance [238].

10. Potential Side Effects of Silver Nanoparticles

The main problem by using AgNPs on biomaterials is that they are considered toxic not only
for bacteria, but also to human host cells. Toxicity of silver nanoparticles to mammalian cells is
considerably lower in comparison with antibacterial effective concentrations also due to the fact that
eukaryotic cells have an antioxidant cellular mechanism that protects them [239,240]. The extended
use of AgNPs can lead to a number of health problems from argyria [241] to silver accumulation in
human liver and kidney. Although silver and its derivatives are already in clinical use, evidence of
serious health problems [242] and high toxicity are rare [243].

A number of in vitro studies have been performed exploring the effects of AgNPs on a variety
of cell types [88,239,244-253]. The most common mechanisms of toxicity from nanosized silver
particles, as well as silver ions released from them [245,254] are: oxidative stress [246,255], Trojan-horse
mechanisms [256,257] and DNA damage [163].

The question arises as to what determines if silver nanoparticles are toxic or not. In general,
toxicity is determined by many factors, either on the side of the nanoparticles or on the side of the
body that they are in contact with. Regarding nanoparticles, these are mainly size, shape [258], charge,
surface modification, tendency to release ions, dose and exposure time. The role of the particle size
is more important than concentration or dose [259,260] because smaller nanoparticles have a higher
surface/volume ratio leading to higher oxidation and dissolution, accompanied by higher silver ion
release [261]. Therefore, smaller AgNPs may show higher toxicity due to their larger specific surface
area and associated faster Ag+ release compared to larger AgNPs [260]. However, that does not
necessarily mean higher toxicity in a particular material and situation. Silver ion release is controlled
by surface modification/stabilization and can be further influenced by other compounds presented
in biological environment. Moreover, Ag+ release is also dependent on the formation of a protective
oxidized silver layer that prevents full oxidation and dissolution of AgNPs [262]. Likewise, it is known
that spherical nanoparticles are less toxic than wires [263] and negatively charged NPs exhibit low
toxicity [264,265].

On the host side, the potential toxicity of AgNPs is determined by patient health status, routes
of exposure, gender and other factors. In some organs (liver, kidney), silver is accumulated soon
after application, while in others (brain, lung) higher concentrations are detected after a prolonged
period [266-269]. Pauksch et al. [270] investigated the effect of AgNPs on human osteoblasts and it
turned out that AgNPs were toxic at concentrations higher than 10 ug/g. The authors suggested that
there is a gap between the toxic and antibacterial doses of AgNPs. This statement was confirmed by
Necula et al. [271] who tested the antibacterial efficacy and toxicity towards the human osteoblastic
cell line. They demonstrated that the antibacterial dose is by an order of magnitude lower than that
having a toxic effect on human cells. These observations support the promising usage of presence of a
therapeutically useful window for the application of AgNPs in orthopaedics.

11. Protocol for Testing of Silver Nanoparticle Coating Technologies Intended for Usage
in Orthopaedics

There is no doubt that nanotreatment of biomaterial surfaces offers new opportunities for PJI
prevention. On the other hand, the main obstacles preventing broader usage of such technologies are
cytotoxicity and resultant decreased biocompatibility. It should be cautioned that nanotechnologies
can also induce unintended inflammatory responses related to activation of immune cells such as
dendritic cells, macrophages and others. Concern also exists over the mechanical properties of implant
nanocoatings since damage may occur during surgical implantation, especially in cementless implants
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inserted via press-fit methods. In addition, creating a coating-substrate interface robust enough to
sustain the mechanical stresses involved in surgical implant insertion and ultimate loading once in vivo
remains a challenge. Lastly, the risk of remote effects of absorbed nanosilver is still a potential problem.

Therefore, a set of in vitro tests (followed by in vivo experiments) is required to characterize in
detail antibacterial efficacy, as well as biocompatibility and safety of such material modifications.
The latter means to examine the cytotoxicity, cancerogenicity, interactions with osteoblasts and other
cells and the potential of adverse stimulation of an immune response. As a result, specialists in
nano-toxicology (esp. nano-genotoxicology, cytotoxicity, immunotoxicity), in vitro pharmacokinetics,
pharmacodynamics and kinetics of particles are needed to collaborate in the development, preclinical
testing and approval of any material modifications for clinical usage.

11.1. Demonstration of Antibacterial Efficacy

A critical step in progress lies in the demonstrating that newly developed biomaterials, or surface
modifications possess antibacterial efficacy [272]. To date there is no widely accepted methodology
available that could precisely and reproducibly demonstrate antibacterial behaviour of the proposed
anti-infective technologies. Major criticisms are levelled at the static “closed” testing system, whereas
in vivo, the implant has to face a dynamic, continuously changing, mechanically unstable and
predominantly fluid environment [273]. As a result, the majority of studies to date have used
inappropriate and insufficient protocols.

Controllable, standardized testing conditions that closely mimic the human in vivo environment
are needed in order to overcome the aforementioned issues [273]. PJIs develop under low shear
conditions and a multidirectional low-pressure fluid flow. A variety of testing tools have been
proposed that attempt to simulate conditions of continuous or intermittent fluid-displacement in both
the low and high shear conditions [274]. Protocols for cultivation of particular species (multispecies)
biofilms under controllable, constant and reproducible conditions have been also described [275].
Finally, representative in vitro and in vivo models to test bacterial adhesion and biofilm formation on
biomaterials for each particular clinical situation (i.e., total joint arthroplasty, internal, external fixation)
should be further developed and appropriately validated. Given the large variability of antibacterial
strategies, it is likely that testing methods must be better tailored to match the specific proposed
strategy at hand [150].

11.2. Testing of Cytotoxicity

Although many studies presented new nanoparticle surface treatments proving in vitro
safety [271], others demonstrated the potential danger of such materials [276]. Nanoparticles have
different effects on human health depending on the bulk material from which they have been
produced [277]. In addition to the elemental composition, factors like nanoparticle dose, size, shape,
exposure time and surface chemistry can affect its biological behaviour. Regarding the shape, silver
nanowires showed the strongest cytotoxicity and immunological responses, whereas spherical silver
particles had negligible effects on cells when tested in human cells [278]. Liu ef al. found that 5 nm
AgNPs were more toxic than 20 and 50 nm AgNPs in four cell lines (A549, HepG2, MCF-7, SGC-7901),
indicating a size-dependent effect on cell viability [253]. It should be noted that some cell lines (PC-12
and NIH-3T3) exhibit greater sensitivity to AgNPs than another mammalian cell lines [279]. The rate
of ion release and its variation in different media should be taken in consideration as well. All this
concludes that cytotoxicity testing should be always suited exactly for the proposed implant coating
(i.e., exact nanoparticle size, concentration, shape, fixation method etc.) and its intended use in a
specific tissue. In addition, a level of cytotoxicity can be dependent on the assay technique and a
difference between extraction-based and direct contact assays has been found [280].

When testing new materials or surface modifications, the cytotoxicity testing is performed first
and other tests (anti-bacterial, immunoreactivity efc.) are advanced only after the biomaterial is
classified as biologically not harmful. Cytotoxicity testing is rapid, sensitive and inexpensive. Another
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big advantage of cytotoxicity testing is the standardization of the procedure, ISO 10993 and the FDA
(Food and Drug Administration) blue book memorandum (#G95-1) and its suitability for the testing
of biomaterial from any part of the medical device (i.e., TJA, internal, external fixation). This test is
commonly performed using a mouse fibroblasts cell-line as target cells, following the exposure with
the material (direct contact) as well as the extract of the material. Cells are very sensitive to biologically
harmful extractables in certain quantities resulting in visible signs of toxicity, such as changes in cell
morphology, vacuolization, or detachment. A different way of testing the nanotoxicity was described
by Liu et al. via evaluation of induction of apoptosis [281].

Regarding novel anti-infective treatments with silver nanoparticles, a recent study reported that
the BALB/c 3T3 cell line is 1000 times more sensitive for testing the toxicity of silver NPs than the
in vivo animal models [282]. Although some studies showed a dose-dependent cytotoxic effect of
nano-silver, new types of nano-silver were proven to be not cytotoxic [283], or it was shown that
combination of a low amount of nano-silver with antibiotics provides an effective antibacterial action
with negligible cytotoxic effect [236].

11.3. Testing of Immunoreactivity

Sensitization testing represents another part of the testing battery for new biomaterials,
establishing the potential of a biomaterial to elicit immunogenic and allergenic responses
(immunoreactivity). Currently, the most commonly used tests for novel materials and those
medical devices that contact deep tissue, is the guinea pig maximization test (GPMT) where the
extract of a biomaterial together with an adjuvant, is intradermally injected in model animals
(Biological Evaluation of Medical Devices). Alternatively, a mouse local lymph node assay (LLNA)
requiring less material than GPMT but needed to harvest the lymph nodes from sacrificed animals
may be used with some precautions, such as a high number of false positives.

However, all animal tests are expensive and take days (weeks) to get results. It is therefore of
great interest to replace or drastically reduce the utilization of tests based on experimental animals
with suitable cell-based assays which exhibit required reliability, accuracy and importantly correlate
to human reactivity. Several studies have shown great potential in the use of the MUTZ-3 human
dendritic-cell cell-line for assessing in vitro sensitizing potency of chemicals and biomaterials, using a
genomic biomarker signature [284-286]. Besides the MUTZ-3 assay, other tests are investigated for
their potential to predict sensibilisation in humans as well [287]. However, it is likely that new testing
methods must be validated and standardized to match the requirements for accuracy and ability, to be
sensitive to the whole spectrum of molecules, with allergenic potential including nanosilver.

12. Time to Translation?

In the field of orthopaedics, there are no implants protected with silver nanotreatment available for
clinical usage to date. At least two manufacturers already produce TJA treated by galvanic deposition
of elementary silver on request (Implantcast GmbH-Medizintechnik, Buxtehude, Germany; Stanmore
Implants, Borehamwood, UK). Initial clinical experiences with these “tailored” implants have been
promising [288]. In addition, at least one study examined clinical usage of thermal-sprayed silver
oxide in hydroxyapatite coating for total hip implants [84].

The situation is a little better in the field of indwelling medical devices protected by surface
treatment with AgNPs. Again, in contrast to extensive experimental research, only several clinical
studies have been conducted to demonstrate reduction of infections associated with the AgNP coating
in these devices (left within a bodily organ for a limited time). For instance, the usage of external
ventricular drainage catheters treated with AgNPs decreased the infection rate [289] while the venous
catheters tailored with AgNPs failed to lower infection rates [290]. However, together these data
preclude making any conclusions in support of their widespread clinical usage.

Examination of global grants and published studies of this topic suggests a striking discrepancy
between proposed strategies of antibacterial surface treatment and ultimate completion of in vitro and
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in vivo experimentation. In fact, we believe that very little progress has actually been made in the
translation of the aforementioned modalities into clinically useful technologies. Barriers to translational
medicine in this area are not only related to economic, medicolegal and biotechnological issues but with
major problems in the demonstration of the safety of clinical trials. Concerns about long-term durability
of such new implants as compared to traditional implants are also realistic. Leaders in this field have
recently proposed that in order for some of these obstacles to be overcome, we must improve efficiency
and effectiveness amongst all the partners involved. Patients will benefit from these technologies
only by improving collaborative efforts among governments, regulatory agencies, industry leaders
and health care payers [291]. While pressures exist worldwide to diminish the incidence of PJIs,
surprisingly there is not a single large clinical study examining the role of broad-range implementation
of implants containing antibacterial surface treatments.

13. Future Developments

The ideal implant surface modification using whatever approach, should provide antibacterial
protection throughout the life of the implant with minimal side effects. In relation to AgNPs and
their usage in modification of implants, there are three crucial future developments. The first one is
synthesis of AgNPs with defined optimal size, ensuring high antibacterial activity and concurrently
low cytotoxicity to mammalian cells; that means good biocompatibility with tissues without acute or
long-term adverse effects. The second is the development of a new coating technique, or improvement
and optimization of a current one ensuring reliable formation of compact, continuous and durable
layer of AgNPs. The third concerns the elimination of an inhibitory effect of human lipids and proteins
preventing AgNPs from implementing their intended antibacterial effect. These substances cover
surfaces of TJA immediately after an implant is placed into the human body. To meet this challenge,
recent advances in the field of surface chemistry, fluid mechanics, fluid mechanobiology, bio-inspired
materials and/or endogenous mechanisms of immune stimulation should be utilized.

Another important issue related to antibacterial efficiency of AgNPs is connected with the
possible development of bacterial resistance to silver NPs. It can be expected that with increasing
use of AgNPs in killing bacteria or in the prevention of bacterial colonization in clinical medicine,
the bacterial resistance to AgNPs could develop. As a result, strategies combining AgNPs with other
antibacterial substances/approaches (either composite or nanocomposite layers), in order to achieve
additive/synergistic effects are highly reasonable and should be investigated.

Finally, further investigation should be carried out in the field of strategies combining AgNPs
with approaches restoring /maintaining local tissue homeostasis and modulating the immunologic
surveillance and patrolling. This concept might comply with a wide variety of clinical situations
ranging from residual low dose bacterial load during the surgery, to late haematogenic spreading
of infection.

14. Conclusions

There is no doubt that prevention is the best response to the growing problem of orthopaedic
implant infections. Engineers believe they are able to develop reliable, durable, non-toxic and
safe biomaterials preventing bacterial adhesion and formation of biofilm on surfaces. Strategies
incorporating nanopatterning and other nanotechnologies show great promise. Research in the
field of antibacterial surface treatment has demonstrated in vitro and in vivo effectiveness of the
technologies based on AgNPs, combining a strong antibacterial effect with relative inertness to the
inner environment of a patient. On the other hand, issues relating to the mechanical properties of
these technologies and the potential for detrimental side effects, such as toxicity and interference with
osseointegration require further investigation.
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Abbreviations

The following abbreviations are used in this manuscript:

Ag silver
AgNP silver nanoparticle
ATPase adenosine triphosphatase
DAL/CHI dopamine-modified alginate/chitosan
DNA deoxyribonucleic acid
EPS extracellular polymeric substances
FDA Food and Drug Administration
GPMT guinea pig maximization test
LCC local carriers or coating
LLNA local lymph node assay
MAMP microbe associated molecular pattern
MIC minimum inhibitory concentration
MRSA methicillin-resistant Staphylococcus aureus
MSCRAMM Microbial Surface Components Recognizing Adhesive Matrix Molecule
NP nanoparticle
NT nanotube
PJI prosthetic joint infection
PRR pattern-recognition receptor
QAS 3-trimethoxysily-propyldimethyloctadecyl-ammonium chloride
QAS quaternary ammonium salt
Ti titanium
TiO, titanium dioxide
TJA total joint arthroplasty
USA United States of America
uv ultraviolet
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Abstract: This prospective study examined the content of
metals released from total joint arthroplasty into joint fluid,
whole blood and periprosthetic tissues. We determined the
levels of Ti, V, Nb, Co, Cr, and Mo, using inductively coupled
plasma mass spectrometry, in samples from patients who
underwent reoperation of total hip or knee arthroplasty. All
of the patients (n=117) included in the study had either
metal on polyethylene or ceramic on polyethylene-bearing
pairs. First, our results conclusively showed that the majority
of released metals were deposited in periprosthetic tissues.
In this context, the bloodstream turned out to be an ineffec-
tive biomarker of the effects occurring in local tissues. Sec-
ond, there was a clear time-dependent nature of metallic

accumulation. Based on our extensive dataset, we found sig-
nificantly elevated levels of the released metals in joint fluid
and periprosthetic tissues originating from loosened implants
compared to stable ones, as well as recognizable differences
between the groups with stable implants and aseptic loosen-
ing. Finally, it was proved that the concentrations of metals
decreased dependent on the distance of the tissue from the
implant. © 2018 Wiley Periodicals, Inc. J Biomed Mater Res Part B:
Appl Biomater 00B: 000-000, 2018.

Key Words: inductively coupled plasma mass spectrometry,
total joint replacement, metal release, periprosthetic tissue,
joint fluid
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INTRODUCTION
One of the main and still unresolved problems of total joint
arthroplasty is continual exposure of periprosthetic tissues
to metal particles released from the bearing/non-bearing
surfaces of total hip arthroplasty (THA) and knee arthro-
plasty (TKA). These particles contribute to the local adverse
reaction to the implant, as well as to remote effects, by
spreading throughout the body via blood and lymphoreticu-
lar dissemination.! The latter effects are still poorly under-
stood despite several methods having been applied in
various clinical and epidemiological studies.** Therefore, it
should still be considered an unproven hypothesis that
these particles have potentially harmful effects on the
immune system, liver, kidneys, and central nervous
system.“’6

Locally, metal particles and ions are toxic’ and poten-
tially carcinogenic® depending on concentrations. Finally,
metal particles are well-known inducers of allergic hyper-
sensitivity reactions.® All of the aforementioned and other

metal-related side effects are now the center of attention.
Metallic debris has been associated with pseudotumor for-
mation, early aseptic loosening, and aseptic lymphocyte-
dominated vasculitis-associated lesions.” Some studies have
also demonstrated that the type of local tissue response
depends on the metal content in the evaluated tissues.'®

A considerable number of papers have addressed the
concentrations of metals in body fluids, such as blood,
serum or urine, looking for metals as markers of total joint
arthroplasty (TJA) failure.* In contrast, less attention has
been paid to other clinical materials, especially synovial
fluid'**® and periprosthetic tissues as representative sam-
ples to observe the total load of locally released metals.}*1°

The primary aim of the current study was to present the
metal content (Ti, V, Nb, Co, Cr, Mo) in the joint fluid, peri-
prosthetic tissues and peripheral blood of patients with
other than metal-on-metal bearings to provide an insight
into the total metallic load in patients with this type of TJA
implant. The secondary aim was to associate the metal
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content in a particular body compartment with types of
implants and their lengths of implant service. We hypothe-
sized in this context that (1) implants with a longer time in
service (i.e, length of implant service) would show higher
tissue concentrations of particular metals, compared to
those with a shorter period; (2) the metal content would be
higher in periprosthetic tissues compared to joint fluid, indi-
cating the chronic uptake and accumulation of metal par-
ticles and ions released from metallic surfaces; (3) the
metal content would be higher in surface tissues than in
deeper ones; and (4) there would be a difference in the
metal content between total hip and knee arthroplasties.
Whereas most of the published studies have been based on
small sample sets, in our research, we studied a group of
117 subjects with a wide range of implanted replacements
and 43 patients without any implants. Our study provided
detailed insight into the distribution of metal particles
across several body compartments, as well as information
about the potential exposure of periprosthetic tissues to
implant-related metals in this population of patients. The
design of our study was pragmatic and strongly based on
the epidemiologically analytical approach, and the samples
were enrolled chronologically as the patients underwent
surgery and regarding their individual conditions during the
relatively long duration of the study. We believe that our
complex approach could provide a better understanding of
the topic of chronic exposition of the local and systemic
environment to TJA metallic by-products.

MATERIAL AND METHODS

Laboratory instrumentation

All of the measurements were performed with an Agilent
7700x inductively coupled plasma mass spectrometer (ICP-
MS) (Agilent Technologies, Japan), equipped with an octo-
pole reaction system (He mode, flow rate 4.3 mL min™ ).
The typical operating conditions were: RF power 1550 W,
plasma gas flow rate 15 L min~ ', auxiliary gas flow rate
0.9 L min~ !, and nebulizer gas flow rate 1.07 L min~'. The
following isotopes were selected for the determination: *"Ti,
51y, 52¢r, %9Co, ?3Nb, and *°Mo.

Reagents, standards, and certified reference materials

Single element certified reference materials (CRMs) with
1.000 = 0.002 g L™! (water calibration solutions, Analytika,
Ltd., Czech Republic) for all of the measured elements were
diluted to the required concentrations. A multielemental cal-
ibration solution containing Bi, In, Sc, Tb, and Y served as
an internal standard. Three CRMs—TM-15.2 (EC, Canada),
TORT-2 (NRC-CNRC, Canada) and Seronorm trace elements
whole blood level 3 (Sero AS, Billingstadt, Norway)—were
used to validate the method, as well as for quality control of
the ICP-MS measurements. The results for the method vali-
dation, as well as the limit of detection and concentration
levels of CRMs, are presented in supplementary files (Tables
S2 and S3). Nitric acid (Analpure, Analytika Ltd., Czech
Republic) and hydrogen peroxide (analytical grade+, Analy-
tika, Czech Republic) were utilized for the sample decompo-
sition and preparation of calibration standards. Deionized
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ultrapure water with resistivity of 18.2 MQ.cm obtained
from a Milli-Q water system (Millipore, France) was used
for dilutions and rinsing.

Sample collection

Peripheral blood samples were collected in 10 mL polypro-
pylene tubes. The joint fluid samples were aspirated into
5 mL tubes before incision of a joint capsule. A thin surface
layer of the tissue covering the inner side of the joint cap-
sule was collected after the incision of the knee/hip joint
capsule. This layer (here called 1) was designated as the
pseudosynovial membrane since it resembles the synovial
membrane, and it was in a direct physical contact with the
implant and prosthetic by-products (wear particles, metal
ions, and so forth) contained in the joint fluid, in contrast to
the tissue lying above (layer 2). Regarding the thickness of
the tissue layer, the tissue layer 1 thickness was within
5 mm, while the thickness of tissue layer 2 was determined
intraoperatively with the intention of not damaging the
healthy periprosthetic tissues. As a result, the thickness of
the tissue layer varied from 2 to 10 mm depending on the
location of sampling and other local factors (layer 2 could
not be sampled in a small number of the patients). The tis-
sue samples were placed into sterile containers separately
and deeply frozen at —80°C immediately after sampling.

Sample preparation

Prior to the decomposition step, the deeply frozen tissue
samples were lyophilized (ALPHA 1-2 LD plus freeze drier,
CHRIST, Germany) according to the lyophilization program
composed of: main drying 3.5 h/—25°C/0.63 mbar; and
final drying 0.5 h/—76°C/0.001 mbar; and it was subse-
quently divided into three separate aliquots. Each sample
was warmed to the laboratory temperature. One milliliter of
joint fluid, 1 mL of peripheral blood or 200 mg of peripros-
thetic tissue were utilized for microwave-assisted digestion,
followed by the ICP-MS analysis of the implant-related met-
als. Microwave digestion of all of the samples was per-
formed in a power controlled microwave digestion system
MLS 1200 mega system (Milestone, Italy) with the addition
of concentrated HNOs; (2-4 mL) and H,0, (1-2 mlL),
depending on the weight of the sample and the material
under study. Subsequently, a microwave digestion program
was used: 2 min/250 W, 5 min/400 W, 2 min/500 W, and 6
min/600 W, with 2 min/0 W of waiting between each step
and a 30-min cooling interval after the end of the process.
All of the tubes and containers used during sample prepara-
tion in the laboratory were pre-treated in 5% (v/v) HNO3
for 24 h and then rinsed with deionized ultrapure water.

Subjects

The study included Czech Caucasian patients operated on
between September 2008 and February 2014 by a single
surgeon (JG) at a single institution. Our data reflected the
total load of metals in the exposed population in our region
during the period of enrollment. Samples of peripheral
blood, joint fluid, and periprosthetic tissues were obtained
from 43 controls without TJA and 117 subjects with TJA.
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TABLE |. Patient Characteristics

Patients (n=117) Controls (n=43)

Age 39-92 (x = 67.4) 53-82 (x =67.1)

Sex Males 45/ Males 21/
females 72 females 22

Localization 73 hips/44 knees 11 hips/32 knees

In situ (months) 1-274 (x = 130.7) -

Height (cm) 143-189 (x = 167.2) 158-182 (x = 169.4)

Weight (kg) 50-120 (x = 80.6) 60-118 (x = 88.7)

Primary diagnosis Primary OA—73

Secondary OA—44

Primary OA—38
Secondary OA—5

Reasons for AL =42 -
revision Inf=13
Inst=9
OoL=31
PJ=15
PPF=7

n, number of patients; X, sample mean; OA, osteoarthritis; AL,
aseptic loosening; Inf, infection; Inst, instability; OL, osteolysis; PJ,
painful joint; PPF, periprosthetic fracture.

From this group, 42 patients were reoperated on for aseptic
loosening of total hip arthroplasty (THA; n =30) and total
knee arthroplasty (TKA; n = 12), and 75 patients were reop-
erated on for other reasons and had stable implants at the
time of surgery (THA: n =43, TKA: n = 32). The same types
of materials were collected from 43 patients with primary
osteoarthritis undergoing THA (n=11) and TKA (n = 32).
This latter group served as control subjects without a TJA
at the site of interest. For the patients’ detailed characteris-
tics, see Table I; a summary of the TJA materials is shown
in the supplementary files (Table S1).

Limitations

Whereas our study was performed over a long period of
time (2008-2014), several elements were included in the
study (Mo, Nb) after the first series of experiments; collec-
tion of peripheral blood and joint fluid started later during
the study as well, which resulted in different numbers of
samples for individual elements, as well as materials under
study. In addition, it was not always possible to sample the
layer 2 tissue. Not all of the patients reoperated on during
the period of study could be included, which might have
incurred selection bias. The number of patients in the
groups of particular implants was not identical, which could
have affected the variability of the observed metal content
at least partially. Some of the patients also had other TJAs
than those that were included into the study, which could
have affected the blood concentrations of the particular
metals. The exact information about the metallic content of
a particular implant was limited (only partly based on exact
information from manufacturers). Some inaccuracy in tissue
sampling could have occurred especially in relation to layer
2. To minimize the inter-surgeon differences in tissue sam-
pling, the only surgeon (JG) obtained all of the samples in
this study, including tissue samples.

ORIGINAL RESEARCH REPORT

Statistical analysis

The NCSS 2007 statistical software package (NCSS LLC) and
the Statistica software package, version 12.0 (StatSoft), were
used for the statistical analysis. Non-parametric two-tailed
tests were used for hypothesis testing (level of significance
p=0.01). EffiValidation software package 3.0 (Effichem,
Czech Republic) was used for limit of detection (LOD)
calculation.

RESULTS

Method validation and quality control

The entire measurement procedure was validated with cer-
tified reference materials and the following parameters:
LOD, linearity, precision and trueness. To ensure the quality
of long-term measurements, the entire method was continu-
ously monitored by measuring of the CRMs TM-15.2 and
Seronorm trace elements whole blood (level 3). The results
of the method validation, as well as the long-term measure-
ment validation parameters, were appropriate for our pur-
poses, and all of the details are presented in the
supplementary files (Tables S2 and S3).

Descriptive statistics

The samples of 117 patients and 43 controls were analyzed,
and descriptive statistics for all of the determined elements
(Ti, V, Cr, Co, Nb, and Mo) in joint fluid, peripheral blood
and periprosthetic tissues were calculated and are summa-
rized in Table II. The mass concentration of the metals in
ug kg~ ! was calculated based on the weight of the original
samples. The descriptive statistics revealed a large disper-
sion of the data, especially in the tissue samples of the
patient group. This dispersion is caused at least in part by
the natural heterogeneity of our data, that is, different
joints, reasons for revisions, months in situ, and types of
implants compared. When the data of the patients and the
controls were compared separately for each sampled mate-
rial under study, we revealed significant differences for Ti,
V, Cr, and Co in joint effusions and periprosthetic tissue
samples but not in whole blood.

Comparison of the patient and control groups

The Mann-Whitney test was applied to compare all of the
elements in all of the matrices. There were no statistically
significant differences for the studied metals in the periph-
eral blood samples. Statistically significant differences were
found only for Ti, V, Cr, and Co in the joint effusion and
periprosthetic tissue samples, while no differences were
found for Mo and Nb. An indicative comparison of all of the
analyzed elements and matrices is presented in Figure 1. It
is important to emphasize that only the samples originating
from patients with metal present at the place of sampling
(joint fluid, tissue) or with replacements made from this
metal anywhere in the body (peripheral blood) were
included for all of the statistics. Considering that signifi-
cantly higher concentrations were found in periprosthetic
tissues, all of the following statistical evaluations focused on
this matrix.
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TABLE Il. Concentration of Metals in Control and Patient Groups for Joint Fluid, Peripheral Blood and Periprosthetic Tissue

n Mean +SD (ug kg™ ") Median (ug kg™ ")
Element Control Patients Control Patient Control Patient
Joint Fluid
Ti 36 71 11=*5 963 = 5045 11 22
\% 36 40 1+0.2 10 =30 1 1
Cr 36 79 10 =28 59 + 167 1 11
Co 36 77 3+6 22 + 48 1 6
Nb 36 26 1+0.2 7+16 1 1
Mo 25 49 6+13 3+3 2
Peripheral Blood
Ti 15 70 29 +13 26+ 14 27 24
\ 16 42 10 3+10 1 1
Cr 13 77 8+22 2+2 1 1
Co 14 75 1+0 11 1 1
Nb 18 30 1+0 1+0 1 1
Mo 18 62 2+2 4+12 1 2
Periprosthetic Tissue (In Patient Group—Layer 1)
Ti 22 76 367 +957 27,330 + 100,900 124 2349
\ 22 42 15+ 41 234 + 430 5 47
Cr 22 68 381+575 8876 + 26,880 170 1079
Co 22 77 45+ 109 6522 + 16,380 11 709
Nb 22 22 711 228 + 614 4 4
Mo 21 56 27 =27 682 = 1637 16 44
Periprosthetic Tissue (In Patient Group—Layer 1)
Ti n/a 49 n/a 22,050 + 140,600 n/a 851
\ n/a 26 n/a 34 +43 n/a 15
Cr n/a 47 n/a 3527 = 8969 n/a 825
Co n/a 43 n/a 1841+ 8636 n/a 90
Nb n/a 18 n/a 39+ 103 n/a 4
Mo n/a 38 n/a 215+ 941 n/a 21

n, number of patients; SD, standard deviation; n/a, not available.

Difference in the metal content between total hip and
knee arthroplasties

The Mann-Whitney test was used to compare the total con-
centration levels of metals released from the hip and knee.
Statistically significant differences were found only for Ti
and V (higher concentrations were found in the hip), while
none were found for Cr, Co and Mo. Niobium was not com-
pared because none of the patients in our study group had
knee replacements containing alloy of Nb.

Comparison of obtained tissue layers
Wilcoxon’s signed-rank test was used for the comparison of
the metal concentrations between two layers of the

periprosthetic tissue as a matter of distance from the joint
cavity. Acetabular/femoral components, made from Ti, Ti-Al-
V, Co-Cr, and Co-Cr-Mo, were compared. Significant differ-
ences between these layers for all of the studied elements
were observed with the exception of Nb. As a result, we
believe that the layer 1 tissues should reflect more closely
the total load of metals than the layer 2 tissues.

Principal component analysis

Considering that we had a multivariate dataset, an advanced
statistical technique (i.e, principal component analysis
(PCA)) was applied to examine the true relationships among
our data. This approach allowed us to reveal strong patterns
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FIGURE 1. Indicative comparison of all the analyzed elements and matrices, presented by medians. L2, periprosthetic tissue layer 2; L1, peripros-

thetic tissue layer 1.
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FIGURE 2. Components loadings plot for Ti-Al-V (a) and Co-Cr-Mo (b).

existing in the dataset. Statistical testing was performed on
the data derived from tissue samples from joints where one
of the components made of the most frequently used alloys,
such as Ti-Al-V (n = 40) and Co-Cr-Mo (n = 60). The follow-
ing original variables were included in the PCA model: ana-
lyzed metals (Ti, V/Co, Cr, Mo); reason for surgery; joint
(hip/knee); months in situ (overall 1-274); sex (male/
female); and BMI (body mass index), which was calculated
instead of using of the patients’ height and weight. Box-Cox
transformation was applied to the dataset prior to PCA. For
the analysis of the Ti-Al-V group, 95.94% of the variability
could be explained by the first principal component, which
was strongly correlated with the variable of months in situ
according to the factor coordinate variables. The compo-
nents loadings plot [Figure 2(a)] revealed two main, clearly
recognizable clusters. Cluster 2 was recognized as the group
of patients with a short period of replacement in situ
(n =11, X(months in siyy = 13.5) and cluster 1 as the group of
patients with a long period of replacement in situ (n = 29,
X(months in sity) = 182.8). A small group of 4 points (cluster
3) was identified at the bottom side of cluster 1. What these
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subjects had in common is that they had a high BMI (n =4,
Xmi) = 35.5). Moreover, cluster 2 had higher BMI (n=11,
X@mi = 34.0) than the others (n=33, Xgui = 26.5). For
Co-Cr-Mo alloys, 99.46% of variability could be explained by
the first principal component, which was strongly correlated
with the variable of months in situ according to the factor
coordinate variables. The components loadings plot also
revealed two main, clearly recognizable groups [Figure
2(b)], similarly to the PCA for Ti-Al-V. Cluster 2 was recog-
nized as the group of patients with a short period of
replacement in situ (n =19, X(months in siei) = 27.6) and clus-
ter 1 as the group of patients with a long period of replace-
ment in situ (n =41, Xumonths in siy = 179.2). Higher BMI in
the patients with a short period of replacement in situ was
not clearly confirmed: Xgm = 30.1, compared to the
patients with a long term Xgumiy = 27.1. However, cluster 2
could be additionally divided into cluster 3 (n=11,
XMy = 25.5, X(months in sit) = 37.0) and cluster 4 (n=8,
XBMm1) = 36.5, X(months in sitw) = 43.5).

Comparison between reasons for surgery

The patients included in this study were reoperated on
either for aseptic loosening of at least one component of
total joint arthroplasty, or they had the whole implant stable
at the time of surgery. We speculated that the former group
could have increased levels of particular metals compared
to the latter due to direct mechanical damage to the metal-
lic surface of the TJA. The results for the aforementioned
groups are graphically expressed by the medians and are
compared with the control group in Figure 3.

Length of implant service

To show the total metallic burden over time, it is necessary
to choose suitable “time windows” for the entire group of
patients/implants. Ideally, the NICE (National Institute for
health and Care Excellence) criteria might be used as in
clinical practice. However, the design of the study (acciden-
tal enrollment, ethical rules, and so forth) precluded the use
of strictly predefined checkpoints during the follow-up.
Instead, the patients (implants) were classified according to
outcomes resulting directly from PCA, in which the first
principal component was strongly correlated with the vari-
able “months in situ”. As a result, the first group consisted
of patients reoperated on within 75 months after the index
surgery, while in the second group, the length of implant
service was between 76 and 274 months. The median for
each group was calculated for the hip and knee joints sepa-
rately, and the results are summarized in Table III. Box and
whisker plots for Ti (hip) and Cr (knee) are shown in Fig-
ure 4 (for the remainder of the elements, see the supple-
mentary information file—Figures S1-S9 online). There was
a visually distinguishable trend for the majority of the
elements.

DISCUSSION

Although the clinical benefits of articular replacements are
unexceptionable, the release of metals from implants may
be associated with adverse health effects in some patients.
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FIGURE 3. Indicative comparison of metals concentrations related to reasons for surgery, presented by median. G1, control group; G2, stable
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On the other hand the permanent release of metals is not
necessarily a substantial problem in the majority of patients
with TJA. As described in the literature, various releasing
mechanisms and procedures can occur'! during the lifetime
of the implant in the body, considering that no metal or
alloy is fully inert.® The interactions of these metals with
biomolecules,16 toxicity to T-cells, cancer risk,3 chromosomal
damage'” and potentially adverse effects’ continue to be
widely discussed.

In our study, the metal content in joint fluid, peripros-
thetic tissues and peripheral blood was investigated in a
large set of patients. The results of our study can be formu-
lated as two leading conclusions, which are supported by
further results as well. First, our results conclusively
showed that the majority of released metals were deposited
in periprosthetic tissues. Second, there was a clearly time-
dependent manner of metallic accumulation. All of the
results are discussed in detail in following paragraphs.

The concentration levels found in peripheral blood in
the control group that we report on were comparable with
the published studies worldwide, ®%° and in our region.*!
Only a slightly higher concentration of titanium was
observed. Unfortunately, in the majority of cases, the con-
centration levels in the control group were not reported for
periprosthetic tissues in the literature and only rarely for
joint fluid."® The concentration levels in joint fluid and
whole blood in the patient group were comparable with the
levels reported in reviews addressing ion concentrations
after implantation.’** Similarly, elevated concentrations for
metals in tissues were reported.!* The authors of this study
note that it is difficult to compare these values reported
directly with the data presented in this article because of
the great variety of factors influencing the results. This
study showed that the bloodstream is relatively protected
from the accumulation of substantial concentrations of
released metals regardless of the relatively large number of

TABLE lll. Concentration of Metals Related to Survivorship of Total Hip and Knee Replacements.

Months In Situ

Control Group 0-75 76-274
Element n Median (ug kg™ ") n Median (ug kg~ ") n Median (ug kg™ ")
Hip
Ti 22 124 8 1127 47 4313
\ 22 5 4 13 26 125
Cr 22 17 9 1047 37 1155
Co 22 11 9 985 34 1197
Nb 22 4 6 4 19 4
Mo 22 16 8 101 34 171
Knee
Ti 22 124 13 129 8 2304
V 22 5 10 5 4 10
Cr 22 17 18 723 15 2895
Co 22 1 18 338 15 3511
Mo 22 16 7 16 10 78

n, number of patients.
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implants used in the patients under study and for different
time periods. Other variables, such as reasons for failure,
sex and BM]I, did not affect the blood concentrations of the
examined metals either. Importantly, this study involved
only implants combining polyethylene with metallic or
ceramic counterparts. Significant differences in the concen-
trations of metals coming from TJA in the peripheral blood
have been described in the literature for metal-on-metal
bearings,*** as well as other articulating pairs.*® There-
fore, it must be assumed that the bloodstream participates
in metallic dissemination to the organs. Thus, finding sub-
stantial metal concentrations in the plasma indicates that
the clearance capacity of the blood system must be over-
come at the time of sampling, which could be caused by a
higher burden of metallic by-products in the patients whom
an increased concentration was detected in. Thus, the men-
tioned discrepancy could lie at least partially in different
dynamics of metal release from the implant surface. On the
other hand, our results agree with literature to some extent
where statistically significant differences for several ele-
ments in synovial fluids were also found.'>**?¢ Qur results
showed that the bloodstream is not an effective biomarker
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of the effects occurring in local tissues due to non-metal-on-
metal bearing. Nevertheless, this finding does not exclude
individual cases in which monitoring of the bloodstream
could be a useful indicator of implant malfunction,?” and
several researchers have reported that the serum metal ion
level did not exclude this diagnosis.?*

As we hypothesized, the metallic burden in patients
with TJA should increase over time, depending on the time
in service of the implants under study. We found a visually
distinguishable trend for the majority of elements, confirm-
ing this prediction. The only exceptions were chromium and
cobalt in the hip, for which the concentrations in the short-
term group were outside of the predicted trend. Our data
presented in Table III show that the proportions of released
Co and Cr did not agree with their theoretical alloy compo-
sitions. Our results showed that Cr was the predominantly
released metal in patients with short-term replacement in
situ. In contrast, in patients with long-term replacement in
situ, the proportions of Cr and Co were closer to the alloy
compositions. This phenomenon could be explained by Co-
Cr-Mo-based alloys being covered with a thin layer of Cr,03,
increasing alloy bio-resistance.?®?° Differences in this pro-
portion were especially recognizable from the results of
knee arthroplasty.

Unfortunately, in the majority of the cases, there were
no statistically significant differences because of the great
spread of the data. The results of Mo and Nb were affected
by values very close to the limit of detection, likely due to
their low content in the used alloys. Time-dependent
changes in metal concentrations have been discussed in sev-
eral studies, describing a stagnant concentration plateau for
whole blood or serum after the first months/years after
implantation if the prosthesis is functioning well.>° In con-
trast, with these studies, our results found a continually
increasing metallic burden after the initial load in peripros-
thetic tissues, which could be associated with both the con-
tinuous pressure of corrosive factors and/or inefficiency in
creating an effective barrier on the implant surface to pre-
vent metallic ions from being released.' Simultaneously,
there is information about periprosthetic tissues not having
a powerful mechanism of clearance, such as blood plasma
does. The most affected tissues are in direct contact with
metallic surfaces.

The results of our study also confirmed our hypothesis
about the concentration gradient of released metals in sur-
rounding tissues. Both the layers of periprosthetic tissues
were statistically compared, and the dependence of the con-
centration on the distance from the joint cavity was con-
firmed. To the authors’ best knowledge, similar results have
not yet been published. Based on our findings, we can con-
clude that the “permeability” of the pseudosynovial tissue
for metallic by-products is relatively low; thus, this mem-
brane protects the organism at least partially from unregu-
lated dissemination of metals released from the implant
surface.

It is not clear whether metals are released more from
THA or TKA. Looking at the absolute figures, the differences
seem small. A role could be played by differences in
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particular surface metallurgy, the size of the implant surface
from which a particular metal might be released into the
joint fluid or differences related to the construction list of
an implant (type of bearings, modular or non-modular
nature, head-neck interface, additional screw fixation, and
so forth). In Table III, it can also be observed that there
were differences between the quantities of early reoperated
patients with hip and knee arthroplasties. We found higher
concentrations of Ti and V in hip samples relative to their
content in THA. In contrast, no statistically significant differ-
ences were observed for Cr, Co, and Mo; thus, we are not
able to conclusively confirm that there were differences in
the metal contents between total hip and knee arthroplas-
ties. Similarly, although we analyzed an enormous dataset,
we were not able to conclusively determine which type
(manufacturer) of implant burdens the patient with metal
more than others because of the very small numbers of
patients with particular type of implant.

We were able to evaluate additional conclusions, which
were not hypothesized before the start of study, owing to
the large dataset. First, the patients included in the study
were reoperated on for several reasons. The patients with
loosened implants had higher levels of metals compared to
those with stable implants due to motion between the
implant and its firm surroundings, resulting in accelerated
surface damage (Figure 3). Studies investigating the mecha-
nisms of metallic release suggested contributions of both
particles and ions.*® We found a trend toward higher con-
centrations in the patients reoperated on for aseptic loosen-
ing, supporting the above assumptions. These results were
in partial agreement with some studies focusing on metal
concentrations after implant loosening in whole blood,
serum or urine,'®?? and elevated metal concentrations after
aseptic loosening in serum were also published.*® In addi-
tion, similar results were reported in which well-functioning
and malfunctioning implants were compared by means of
synovial fluid, serum and pseudocapsule.'>** Our data con-
firmed that metals were continuously released in the human
body, especially to surrounding tissues, regardless of
whether the implant was stable or not. Finally, we analyzed
whether a higher risk of early reoperation could be associ-
ated with relevant changes in the metallic profiles in
patients with higher BMI because heavier patients could
induce greater stress on the implant surfaces/interfaces.
The concentrations of Ti and V did not differ in relation to
BMI in this study, but only a small number of subjects were
available here, and a future study will be needed. A different
situation was observed with Co-Cr-based alloys, with which
statistically higher concentrations of Cr were determined in
the higher BMI patient group, compared to lower BMI sub-
jects. According to our best knowledge, this study was the
first that revealed the relationship between Cr concentra-
tions and BML

CONCLUSIONS

We successfully developed and validated a measurement
procedure for simultaneous multielemental determination of
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selected metals (Ti, V, Cr, Co, Nb, Mo) in various clinical
samples. This procedure was subsequently applied to a
large sample of clinical patients with TJA. Very low concen-
trations of released metals were found in whole blood and
joint fluid. Regarding the bloodstream, we found that the
systemic metallic burden driven by metal-on-polyethylene
and ceramic-on-polyethylene TJAs was very low across a
wide spectrum of implant types and time periods. In con-
trast, we found increased concentrations of particular met-
als in periprosthetic tissues. Tissues accumulated particular
metals relative to the time and distance from TJA. Moreover,
patients with aseptic loosening had higher concentrations of
metals in tissues than patients with stable implants and the
controls. Finally, it is clear that the metals released from
TJA surfaces accumulate in the body (esp. the tissues
around the implant) over the time elapsing since surgery.
However, the levels of released metals were not extremely
high, compared with those found in studies of metal-on-
metal implants.
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Priloha ¢. 6

PREHLEDOVE CLANKY

Klinické aspekty dlouhodobé pritomnosti kloubni nahrady v lidském téle:
zatéz kovy

Clinical aspects of long-term presence of total joint arthroplasties in human
body: metal load

Martin Hobza, Jifi Gallo
Ortopedicka klinika, Lékarskd fakulta Univerzity Palackého v Olomouci a Fakultni nemocnice Olomouc, I. P. Pavlova 6, 779 00 Olomouc,
tel.: 588 443 607, e-mail: jiri.gallo@volny.cz

Souhrn:

V souvislosti s netispéchem TEP kycle typu kov-kov se oZivil zdjem o problematiku dlouhodobé akumulace kovili pochazejicich
z kloubni nahrady. Pfitom je znamo, Ze kovy se uvoliuji takeé z ostatnich typi kloubnich nahrad, zejména mechanismem koroze. Kovy
se dostavaji do vypotku a do tkani, pisobi cytotoxicky, mohou indukovat zmény DNA a stimulovat imunitni systém. Pravdépodobné
nejdiskutovanéjsim tématem v souvislosti s kovy je alergicka reakce a jeji podil na predéasném selhani implantatu. Pres veskery
vyzkum nepanuje v této otazce shoda. Nékteré vlivné odborné spolecnosti dokonce roli pozdni precitlivélosti na kovy marginalizuji
a pripousti pouze jako diagnézu per exclusionem. Obavy panuji také z dlouhodobé akumulace kovti v téle, zejména u mladych pacientd.
Nepodarilo se vsak prokazat ani genotoxicky, ani kancerogenni efekt. Nékteré experimentalni studie dokladaji, Ze by se kovy uvolnéné
z povrchu kloubni nahrady mohly pfipojit k ostatnim materialiim (polyetylen, kostni cement) pfi stimulaci nespecifické zanétlivé
odpovédi, ktera se podili na vzniku aseptického uvolnéni a periprotetické osteolyzy. V clanku jsou shrnuty soucasné pohledy na
problematiku pisobeni kovii na periprotetické tkané i disledky systémové zatéze.

Klicova slova: totalni endoprotéza, kovy, alergie, koroze, toxicita, karcinogeneze
Summary:

In the context of metal-on-metal hip replacement failure, concerns regarding long-term accumulation of metals originating from joint
replacement have been raised again. It is known at the same time that metals are released from other implant types as well, mainly by
corrosion. Metals are released into surrounding tissues and joint fluid, produce cytotoxicity, stimulate immune reaction and can induce
a DNA change. The most discussed topic regarding metals in joint arthroplasty probably is the allergic reaction and its contribution to
premature implant failure. There still is no consensus on this topic despite all the research that has been made. Some clinical societies
even marginalise the significance of late hypersensitivity and acknowledge the allergy only as a diagnosis of exclusion. So far, there is
no definite evidence for a genotoxic or carcinogenic effect. Some experimental studies suggest that released metals in addition to other
materials (polyethylene, bone cement) can take part in the innate immune response leading to periprosthetic osteolysis and aseptic
loosening. This article summarises current views on the metal load effect on periprosthetic tissues and systemic metal burden effects.
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Uvod

V soucasnosti nar(std pocet primdrnich
totdlnich endoprotéz (TEP) kycli a kolen.
Dlvody souvisi nejen s populacni dynamikou,
ale i s tim, Ze pro pokrocilé formy osteoartré-
zy stdle nemdme klinicky uZitecnou lécebnou
alternativu. Obecné se kloubni nahrada
sklada z téla, které byva obvykle vyrobeno
z kovové slitiny, a kloubniho povrchu, ktery
mze tvofit par kov-polyetylen, keramika-
-polyetylen, pfipadné keramika-keramika
(dfive se uvadél i kov-kov). Pres veskery
pokrok v metalurgii je zfejmé, Ze neexistuje

implantdt, ktery by do svého okoli neuvol-
rioval alesponn minimdlni mnozstvi kov,
z nich? je vyroben. Rada studif prokazuje
pfitomnost kovd uvolnénych z kloubnich
nahrad v periprotetickych tkanich a vypotku
(7, 32) a v nékterych pripadech i v mistech
od kloubu znaéné vzdélenych (28).
Kontinualni pfisun zejména tézkych kovl
mize v téle vyvolavat nezadouci Gcinky.
Protoze se na svété kazdy rok implantuje
nékolik milion endoprotéz kycli, kolen
a dalsich nahrad, jde nepochybné o poten-
cidlni populacni riziko. PFitom je zfejmé,

ze se jednotlivé kloubni ndhrady mezi
sebou budou navzdjem lisit také v parametru
Luvolnovani kovovych ¢astic ¢i iont(”. Ten
se ovsem neda vycist z registrd kloubnich
nahrad ani z klinickych studii hodnoticich
vysledky operace. Proto je nutné se poten-
cidlné Skodlivym dcinkim kovd uvolrfujicim
se z povrch(i endoprotéz vénovat.

Cilem nasSeho sdéleni je sumarizovat
aktudlni poznatky v této oblasti a nabidnout
ortopeddm uceleny pohled na problematiku,
které se bézné nevénuji, ktera vsak mlze
ovlivnit Zivot jejich pacientd.
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Slitina Ni N Co Cr Ti Mo Al Fe Mn (Cu |W C Si Vv

Nerez ocel

(ASTM F138) | 10,0-155 | <0,5 | 1 170- |t 20- |1t 61,0- |t | <05 | <20 <006 |[<10 |t

19,0 4,0 68,0

CoCrMo slitiny

(ASTMF75) | <2,0 t |61,0- [270- |t 45- |t <15 [<10 |t |t <035 |[<10 |t
66,0 30,0 7,0

(ASTMF90) |9,0-110 |t |460- |190- |t t t <30 [<25 |t |140- |<015 |<10 |t
51,0 20,0 16,0

Ti slitiny

CPTi (ASTM |t 1 t t 99,0 t 1 02- |t 1 1 <0,1 t t

F67) 05

Ti-6Al-4V t 1 t t 89,0- t 55- |t 1 1 1 <0,08 |t 3,5-4,5

(ASTM F136) 91,0 6,5

Tab. 1 Nejcastéji pouzivané slitiny v ortopedii a vahové zastoupeni jejich sloZek dle standardi American Society for Testing and Materials (ASTM vol. 13.01.) (30): Ni - nikl, N - dusik,
Co - kobalt, Cr - chrom, Ti - titan, Mo — molybden, Al - aluminium, Fe - Zelezo, Mn - mangan, Cu - méd; W — wolfram, C - uhlik, Si — kiemik, V - vanad; { predstavuje <0,05 %

Kovové biomaterialy pro endoprotetiku

Nejcastéji se setkame se tfemi skupinami
materiall: chirurgickd ocel (obvykle 316L,
vyrobeno dle standardu ASTM F138/F139),
chromkobaltovd slitina (CoCr) vcetné modifi-
kaci nebo Cisty titan (CP Ti, commercially pure
titanium) ¢i jeho slitiny s hlinikem, vanadem,
niobem a ostatnimi kovy. Cementované
implantaty jsou obvykle z CoCr slitiny, pfi-
padné z oceli, necementované bhyvaji obvykle
vyrobeny z titanu a jeho slitin. CoCr slitina
nabizi dobrou abrazivni odolnost a superhlad-
ky povrch, proto z ni byvaji vyrobeny hlavicky
pro TEP ky¢le anebo femoralni komponenty
TEP kolena (51). Naopak titan a jeho slitiny
vykazuji horsi tribologickou odolnost (58),
avsak poskytuji dobré podminky pro osteoin-
tegraci a majf elasticitu blizici se spongiézni
kosti (59).

Mechanismy degradace kovovych povrchil
in vivo

Dosud bylo popsano nékolik mechanism0
vedoucich k uvolnéni kovil ve formé nano-
éstic ¢i jontd z povrchu kovovych &asti
TEP, pficemz dominujici jsou koroze a otér
(14). In vivo je implantat obklopen tkanémi,
které spolu s tkanovym mokem mohou
plsobit jako elektrolyt. Ddle na povrch TEP
pfimo plsobi buriky imunitniho systému,
které jesté mohou ménit pH a tvofit volné
radikaly. To podporuje korozivni procesy,
kterymi jsou do okoli uvoliiovany kovové
ionty (21). Kromé uslechtilych kovl je
kazda slitina na povrchu pokryta vrstvickou
svych oxid( (tzv. pasivace), kterd ji chrani
pred dalsi korozi. Pasivaéni vrstva mlze byt
mechanicky poskozena, coz vede k obnazeni

povrchu a progresi koroze. Pravé rychlost
repasivace urcuje odolnost daného materidlu
vici korozi - titanové slitiny maji mnohem
rychlejsi repasivaci nez nerezavéjici ocel,
a jsou tedy mnohem odolnéjsi vaci korozi
(29). Dale dochazi k tvorbé kovovych mik-
rocastic cestou otéru v oblasti artikulaénich
povrch(. Tento jev je typicky zejména pro
endoprotézy typu kov-kov (MoM, metal-on-
-metal), avsak je prokdzén i u kombinace
kov-polyetylen (6). Tyto ¢éstice dosahuji
vétsinou velikosti do 0,05 pm, detaily jsou
popsany jinde (2). Zvlastnim pfipadem je
trunionéza, coz je soubéh mechanického
otéru a nékolika korozivnich mechanismd

v oblasti moduldrnich spoji typu kov-kov ¢i
kov-keramika, nejcastéji u TEP kycle (41).
Jednak zde dochazi k mikropohyblim v ob-
lasti spoje, coz abraduje povrch a rozrusuje
pasivacni vrstvu, jednak se implantat nachdzi
v hypoxickém prostredi, kde alterované pH
a lokaln{ elektrochemické rozdily podporuji
galvanickou korozi (9, 14).

Zakladni typy biologického plsobeni kovi
na jejich okoli

Prehled biologickych efektd kovl( na
bunécné drovni a relevantnich klinickych
projevil je popsan v obrazku 1. Kovové ¢dstice
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0Obr. 1 Biologické pisobent kovii na bunécné drovni a indukované klinické projevy
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a ionty mohou pdsobit cytotoxicky, indukovat
oxidativni stres, poskozovat DNA a vyvolavat
imunitni odpovéd (21). Uvolnéné ionty jsou
vazany na proteiny, s nimiz tvofi antigenni
komplex, ktery vyvolava imunitni odpovéd
na lokalni nebo i systémové drovni (19). Tato
imunitni reakce je jak specificka, zamérend
primo na antigen daného kovu, tak i nespe-
cificka, reagujici na kovové castice jako na
cizi téleso. Oba typy reakce na kovy se do jisté
miry podili na indukci periprotetické osteolyzy
(38). V souvislosti s lokalni reakci na kovy se
objevilo nékolik terminG: ARMD (Adverse
Reaction to Metal Debris), ktery vieobecné
pokryva celé spektrum vyse popsanych déj(,
a jeho podskupinou jsou ALTR (Adverse Local
Tissue Reaction), popisujici pouze lokdlni
reakci na kovy pritomné ve tkanich, a v této
skupiné je tradicné veden pseudotumor, osteo-
lyza s aseptickym uvolnénim a ALVAL (Aseptic
Lymphocyte-dominated Vasculitis-Associated
Lesion). Jednim z pfimych ndsledkd lokaln{ cy-
totoxicity kolem implantétu s pravdépodobnym
podilem hypersensitivity je nekréza (39).

Ostatni jevy jako systémova toxicita ¢i
genotoxicita jsou primym dlsledkem vyssi
systémové zdtéze a predevsim fyzikalné-
-chemického plsobeni tézkych kov(i na cilové
tkdné (14).

Alergie na kovy

Okolnosti a vyznam alergické reakce na
endoprotézu jsou recentnim tématem a jde
o stdle neuzavrenou oblast. Koncepce alergie
jako priciny predcasného selhani TEP ma sice
stdle fadu svych zastanc(, avsak vétsinové je
spise zpochybriovana pro nedostatek dikaz(i
a doloZeni jednoznacného patofyziologického
mechanismu (40).

Patofyziologie. Existuje totiz rozdil v pa-
tofyziologii kozni alergické reakce, ktera je
zprostiedkovdna Langerhansovymi burikami
jakozto koznimi antigen-prezentujicimi buri-
kami (APB), a v tkdriové reakci na antigenni
komplex kov-protein, kterou zprostredkovavaji
lokdlni APB (makrofagy, dendritické a epite-
loidni buriky) (53). Jednotlivé APB ndsledné
prezentuji antigen CD4+ T-lymfocytiim, které
spoustéji dalsi pribéh reakce (1). V tomto
pripadé jde o tzv. hypersensitivitu IV. typu.

Incidence. Ackoli je v bézné populaci po-
mérné vysokd prevalence kontaktni alergie na
kovy a dle epikutdnnich a sérologickych testd
se vyskytuje reakce na Ni v 13 %, Co ve 2 %
a Crv 1% populace (48), pocet prokdzanych
selhdni endoprotézy z dGvodu alergické reak-
ce je pomérné nizky a pricinnou souvislost je

stale velmi obtizné dokdzat (52). Po implan-
taci TEP byla pozorovana jak senzitizace na
dané kovy u stabilni a zejména u selhavajici
endoprotézy (18), tak i desenzitizace dle
pred- a pooperacnich koznich testd (47). Zde
opét narazime na vyznam alergie a rozdilnou
patofyziologii kozni a tkdriové reakce (53).

Symptomatologie. Klinicky se alergie mize
projevit jako lokalizovang, vzacnéji celotélova
vyrazka, porucha hojeni rany, setrvalé bolesti,
otok, synovialitida s recidivujicimi vypotky,
ztuhlost operovaného kloubu, nebo naopak
jeho nestabilita, pfipadné az uvolnéni TEP.
Tyto symptomy se vétSinou vyvinou béhem
prvniho roku po implantaci (37). Lokalizovand
vyrazka je Castéji popisovana u TEP kolene,
zatimco u TEP kycle nebyvd obvykla (1),
coz mlze byt vysvétleno hlubsim tkanovym
uloZenim.

Diagnostika. Protoze stdle nemdme
k dispozici diagnosticky test, ktery by umél
jednoznacné urcit, zda se jedna o alergickou
reakci, zUstava tato diagnéza postavena jako
per exclusionem, tzn. po vylouceni infekce,
aseptického uvolnéni a dalsich komplikaci
TEP (33). I dnes se mGzeme setkat s tim, Ze
k diagnostice je doporucovan epikutanni test,
ackoli se vi, Zze neni zpUsobily reflektovat
hlubokou tkanovou situaci kolem implantatu.
Presto byva soucasti klinickych doporuceni
(viz obr. 2), aviak pro zminénou diskrepanci
a nizkou senzitivitu i specificitu by nemél byt
pouzivan jako rutinni predoperacni metoda

Piedoperacné

(37). K dispozici mame dal$i imunologické
testy, jako je lymfocytarni transformacni test
(LTT), modifikovany lymfocytdrni stimulacni
test (mLST) nebo test na leukocytarni inhi-
bicni faktor (LIF) (16). LTT hodnoti miru pro-
liferace specifickych T-lymfocytd v reakci na
dany antigen, v tomto pfipadé kov, a ilustruje
tedy systémovou alergickou reakci. Ackoli
nabizi vyssi senzitivitu nez epikutanni testy,
nevykazuje dostatecnou specificitu a zadny
z téchto testl nen spolehlivy v predikci vzni-
ku alergické reakce po implantaci TEP (37).
Jedinym jasnym nélezem tedy z(istava Gleva
od potiZi po reimplantaci hypoalergenniho
implantatu, tedy ex post kritérium.

Terapie. Zfejma alergicka reakce po implan-
taci TEP je po peclivém zvazeni a vylouceni
ostatnich pficin selhani indikovana k reimplan-
taci hypoalergenniho implantdtu. Pacient by
mél byt soucasné informovdn o tom, zZe stéle
nemdme k dispozici ovéfené klinické doporuce-
ni k feseni této komplikace. Ve snaze vyhnout
se alergizujicim kov(m u TEP kycle volime jam-
ku a drik z titanové slitiny, hlavicku keramickou
nebo oxiniovou. U TEP kolene existuji rovnéz
revizni implantdty se specidlnimi bariérovymi
vrstvami z Ti, Nb, pfipadné dalSich kovi (1, 33).
V pripadé diagnostické nejistoty nebo pokud
nem(zeme provést reimplantaci, mizeme kozni
vyrazku |écit topickymi kortikosteroidy, které
jsou v nékterych pripadech efektivni (12).
Jedno ze schémat pro doporuceny postup je
popsano v obrazku 2.

|-*

Symptomy podezielé z
Pozitivni anamnéza alergie I alergic
na kovy I ¢
A 2/ Ne I Ostatni pficiny
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Specialni laboratot _ I
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na detekei ,,hluboké . . I o Ne
(riziko alergic <0,1  jumm  w—
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%) Uleva po Regeni ostatnich
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QObr. 2 Algoritmus resent alergie na kovy v ortopedii volné dle Christensena (26). TEP - totdlni endoprotéza
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Koncentrace chloridu daného kovu potrebna k vyvolani toxicity (mM)
Test Al Cr Co Fe | Mo | Ni v
Osteoblast
Viabilita 5 >10 1 0,3 7 05 0,05
Proliferace 10 10 1 5 10 1,0 01
Morfologie 10 10 05 10 10 0,5 01
Prdmér + SD 83+29 10+0 08+03 51+4,9 90+1,7 0,7+03 01+01
Fibroblast
Viabilita 2 10 2 1 10 2 1
Proliferace 50 10 0,01 10 10 2 0,05
Morfologie 5 5 05 5 1 05 0,05
Prdmér + SD 19+26 83+29 08+10 53+4,5 7+£52 15+09 03+05

Tab. 2 Stanoveni koncentrace chloridu daného kovu potrebné k vyvoldni toxicity s kritériem 50% poklesu viability nebo proliferace danych buneék dle Hallaba, zkrdceno (20)

U pacientl s predoperacné prokdzanou
alergii na kovy obsazené vimplantatu (zvlasté
pokud uz probéhla alergicka reakce na jiném
kloubu) bychom méli automaticky indikovat
Jhypoalergenni” implantaty.

Podil kov(i na periprotetické osteolyze

Periproteticka osteolyza (PPOL) je chdpana
jako disledek chronické zanétlivé reakce in-
dukované mikro- a nanoprodukty vznikajicimi
pfi pouzivani TEP kycle a kolena. Nejvice se
sice piSe o otérovych Césticich polyetylenu,
avsak je nepochybné, Ze urcitou roli hraji
i kovy (11, 17). PPOL mize vzniknout kolem
vsech typl kloubnich nahrad, vcetné paru
keramika-keramika, i kdyz v porovnani s ostat-
nimi pary velmi vzdcné (38).

V pripadé PPOL pUsobi kovy pres aktivaci
RANK-ligandu (po predchozim zvysen{ exprese
TNF-, IL-6 a PGE2). Jejim prostrednictvim je
v periprotetické kostni multiceluldrni jednotce
naru$ena rovnovaha mezi osteoblasty a osteo-
klasty ve prospéch kost resorbujicich osteoklas-
th. U iontd Co, Cr a Mo je popsdna i aktivace
inflammasomil (38). Kovy také zhorsuji kostni
metabolismus — nejtoxictéji na osteoblasty
plsobi V, Mn, Fe a Ni, naopak nejméné toxické
jsou pro né Co a Cr (22). Cytotoxicky potencial
jednotlivych kovi je uveden v tabulce 2. V rdm-
ci snahy o konzervativni terapii osteolyzy byla
Etanercept (anti-TNF protildtka) (54), ¢i RANKL
inhibitor (50), avsak zatim jedinou efektivni
metodou z(istdva revize a reimplantace uvol-
néné endoprotézy.

Metaloza
Termin metaléza je pouze popisny
a oznacuje Siroké spektrum zabarveni peri-

y Foe?

B e IO o5 2

0Obr. 3 Peroperacni vzorky z revize TEP kycle pro aseptické uvolnéni jamky. Masivni otér polyetylenové vlozky, kdy doslo

ke kontaktu hlavicky s kovovou jamkou. Granulace odebrané z okoli jamky s masivni metalézou

protetické tkané od jemné Sedi az po jasné
cernou ¢i Sedocernou, ¢asto rozbredlou tkan.
Zdrojem metaldzy mlze byt povrchova koroze,
véetné Stérbinové koroze a otér. Nejvyraznéji
a nejcastéji se vsak objevuje pfi proslapani ci
fraktufe nékteré z artikulacnich komponent,
jak je uvedeno na obrazku 3. Obrovské mnoz-
stvi kovu indukuje reakci IV. typu a makrofagy
se preménuji v mnohojaderné Langhansovy
bunky a tvofi granulace. Metaléza se mize
klinicky projevit bolestmi, nékdy dokonce
i s tmavou pigmentaci kiize kolem postize-
ného kloubu (46), v pokrocilych pfipadech
s tvorbou pseudotumoru. U téchto pacientl
bychom méli monitorovat sérové hladiny
relevantnich kov( z ddvodu jejich rizika
intoxikace a protézu véas revidovat (15).

ALVAL a pseudotumory
Tyto jednotky jsou klasicky popisovany
u MoM endoprotéz, aviak mohou se vyskytnout
i u ostatnich artikulacnich parG. Typicky jsou
spojeny s bolestivymi projevy kolem TEP (45).
ALVAL popisuje periprotetickou zdnétlivou

reakci podobnou hypersenzitivni reakci IV.
typu probihajici kolem MoM implantatu (31).
Histologicky je charakterizovdna difuzni pe-
rivaskuldrni lymfocytarni infiltraci, doprova-
zenou plasmatickymi burikami, eozinofilnimi
granulomy, venulami s vysokym endotelem,
krvacenim, fibrinovou exsudaci, nekrézou
a makrofagy s kapkovitymi inkluzemi (57).

Pseudotumor je rozsahly cysticky Gtvar,
majici podobny imunologicky podklad jako
ALVAL, avsak s vyraznéjsim tkariovym obje-
mem, vétsi lymfocytarni infiltraci a nekrézou.
Kromé bolesti se mdze projevit hmatnou
rezistenci napriklad v tfisle, parézou nervu ¢i
spontanni luxaci kloubu (14).

Incidence. Incidence pseudotumor( u MoM
implantat( je uddvana 0,3 %. U ALVAL a/nebo
pseudotumor( se odhaduje na 0,6 % (56).

Diagnostika. Pri diagnostice ALTR bychom
vzdy méli nejdfive vyloucit komplikace, jako
jsou infekce, luxace, periproteticka zlomenina,
patologie svalovych dpond ¢i aseptické uvol-
néni. Zaciname klinickym a RTG vysetrenim,
standardné provadime krevni testy (krevni ob-
raz, CRP, IL-6). U pacient( s vys$si predtesto-
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vou pravdépodobnosti infekce (pfi pozitivité
testd prvni linie) je indikovdna punkce (nékdy
k ni pfistupujeme bez ohledu na vysledky
predchozich test(). V aspirdtu stanovujeme
pocet leukocytd a jejich rozpocet, déle pro-
vadime biochemické vysetreni. Rutinné kovy
v séru a vypotku nestanovujeme.

V souvislosti s MoM nahradami je dlilezité si
pripomenout, Ze hodnoty CRP a sedimentace
erytrocytd zde byvaji méné specifické, protoze
mohou byt zvysené jak u infekce, tak i u ALTR.
Rovnéz automaticka cytologie z punktatu
mdZe mit u MoM zkreslené hodnoty v celkovém
poctu leukocyt i v podilu polymorfonukleard,
proto je vhodné&j$i manualni odecet (9). Ze
zobrazovacich metod je pro reakci typu ALTR
za zlaty standard povazovana magnetickd
rezonance s tzv. MARS sekvenci (Metal Artifact
Reduction Sequence), kterd zvlddne zobrazit
i periprotetické tkané jinak zakryté artefakty
implantdtu (10, 36). Toto vy3etfent viak zatim
neni vzhledem ke své nakladnosti a horsi
dostupnosti pouzitelné pro rutinni screening.
Proto bylo navrzeno ultrazvukové vysetreni
jako levnéjsi screeningova metoda se 100%
sensitivitou zachytu pseudotumord (13).

Terapie. Symptomaticky pseudotumor ¢i
ALVAL jsou indikaci k revizi TEP a exstirpaci
pseudotumoru, v pripadé MoM s vyménou za
jiny artikulacni par (23).

Systémova toxicita

U pacientd se selhdvajici (ale i dobfe
fungujici!) endoprotézou m(lizeme najit
zvysené sérové hladiny kovl, z nichz je
protéza vyrobena. Tyto se ndsledné aku-
muluji zejména v myokardu, ledvinach,
jatrech, sleziné a v lymfatickych uzlindch
(22). Vysoké sérové hladiny kovil najdeme
typicky u selhdvajici MoM endoprotézy, avsak
paradoxné jesté vyssi hladiny byly popsany po
revizi selhané keramické endoprotézy s pou-
zitim kovové hlavicky (3), kde byl jeji otér
akcelerovan zbylymi keramickymi casticemi
rozptylenymi v reoperovaném kloubu (44).
Za systémovou toxicitu je nejvice zodpovédny
kobalt, konkrétné jeho dvojmocny iont (Co?)
(35). Naopak titanové slitiny jsou velmi malo
toxické a indukuji pouze mirnou zanétlivou
odpovéd (14). Mechanismus toxicity kobaltu
je slozity a vysvétluje se indukci tvorby
volnych radikald, peroxidaci lipidd, poruchou
mitochondrialni funkce, poruchou homeosta-
zy vapniku a Zeleza, interakci s erytropoézou,
poruchou transportu jodu do Stitné zlazy
a genotoxicitou (43). Klinicky se tedy intoxi-
kace projevuje kardiomyopatii, hypotyredzni
strumou, neurotoxicitou s poruchou sluchu,

zraku a poruchami centralni a periferni ner-
vové soustavy (4). Jsou popsdny jednotlivé
pripady kobaltem indukované polycytémie
a vzacné i hepatotoxicita (25). Sérové kon-
centrace kobaltu jsou v bézné populaci do
0,6 pg/l, u vétsiny pacientd s dobre fungujici
MoM endoprotézou v rozsahu 0,2 az 10 ug/L.
Prahem pro lokdlni komplikace (viz ARMD)
je dle rliznych zdrojl 4 az 7 pg/l a rizikové
hladiny pro intoxikaci zacinaji nad 20
pg/l. Zda se vsak, ze tato hodnota neni pro
klinickou praxi uzitecnd a klinické relevance
toxicity dosahuji az mnohem vy3si hladiny
(35). Proto je doporuceno klinicky sledovat
pacienty s hladinami nad 100 pg/l (43) a pFi
projevech intoxikace, které jsou zpocatku
reverzibilni, vcas protézu revidovat. Je
nutno podotknout, Ze systémovd intoxikace
kovy z totdlni endoprotézy je velmi vzacnym
jevem, proto se nedoporucuje jeji plosné
vyhledavani. Do roku 2014 bylo v systematic-
kém prehledu studii popsano pouze 8 pripadd
(3). U pacientd s rizikovym implantatem ¢i
rizikovou anamnézou je vsak odbér krve na
stanoven{ kovli z kloubnich nahrad indikovan.

Riziko karcinogeneze

Céstice a ionty Cr, Co, Ti, Ala V indukuji in
vitro tvorbu volnych radikald, které poskozuji
vlakna DNA a zpdsobuji mutace, aneuploidii
a chromozomalni aberace v zdvislosti na
jejich koncentraci (5). Povaha iontd chromu
zavisi na jejich valenci: korozivnimi procesy
se z implantdtu uvoliuje Sestimocny chrom,
ktery je klasifikovan jako karcinogen skupiny
1 dle IARC (International Agency for Research
on Cancer) a zplisobuje karcinom plic, avsak
je rychle v erytrocytech redukovan na chrom
tfimocny, ktery je méné skodlivy (49, 14).
Systematické prehledy klinickych studif (55)
ani data z ortopedickych registr(i (27, 42) ne-
prokazuji celkové zvysené riziko karcinogene-
ze u konvencnich endoprotéz z CoCr ¢i Ti slitin
s kloubnim parem kov-polyetylen, keramika-
-polyetylen, keramika-keramika. Avsak pri
identifikaci jednotlivych diagnéz bylo v jedné
z metaanalyz nalezeno vy3si riziko karcinomu
prostaty a maligniho melanomu (Standardized
Incidence Ratio (SIR) 1,12 resp. 1,43 s 95%
CI; 1,08-1,16 resp. 1,13-1,79) (42).

Data pro MoM endoprotézy jsou ponékud
odlisna v zavislosti na zdroji. Britsky a finsky
registr kloubnich nahrad u téchto implantatd
celkové zvysené riziko karcinogeneze ne-
prokazuji (24, 8). Nékteré studie vyssi riziko
v porovndni s konvencnimi endoprotézami ale
pripousti, Levasic¢ v kohortové studii nalezl
vy$siincidenci karcinomu prostaty u pacientt

s MoM endoprotézou (SIR = 1,35), stejné jako
u necementovanych implantdtd (SIR = 1,40)
a endoprotéz s Ti slitinou (SIR = 1,41) (34).
Z uvedeného tedy vyplyva, Ze endoprotézy
nejsou spjaty se zvysenym celkovym rizikem
karcinogeneze, ale existuje mirné vyssi riziko
karcinomu prostaty, zejména u MoM endopro-
téz, kterym je vhodné se vyhnout mimo jiné
také z tohoto dlvodu.

a

Zavér

Kovové implantdty jsou a jesté néjakou
dobu budou zdkladnimi materidly v endo-
protetice kycli a kolen. Pokud se nepouzije
implantdt s kloubnim parem kov-kov, je riziko
zavaznych, kovy indukovanych nezadoucich
udélosti pomérné vzacné. Pfesto je nutné na
tuto moznost v klinické praxi myslet a v pfipa-
dé podezreni na zavazné poskozeni kovového
povrchu je spravné vcas indikovat odbér krve
na jednotlivé kovy obsazené v implantatech.
Velmi nizké koncentrace uvoliujici se do
periprotetického prostoru mohou vyvolat
a udrzovat chronicky periproteticky zanét,
nékdy s projevy mirné ALTR. Podstatné je, ze
pri téchto nizkych koncentracich je prakticky
zcela mozné vyloucit kancerogenni efekt
a systémovou toxicitu. Diskuze vedou o aler-
gizujicim dcinku kovl uvolnénych z kloubni
nahrady.

) Studie byla podporena z prostfedki MZ
CR - RVO (FNOL, 00098892); LF_2019_001.
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The number of lymphocytes increases in the periprosthetic tissues with
increasing time of implant service in non-metal-on-metal total joint
arthroplasties: A role of metallic byproducts?

Martin Hobza?, David Milde®, Zuzana Slobodova¢, Jiri Gallo®

Background. The objective of the study was to determine the association between periprosthetic concentrations of
selected metals and changes induced in periprosthetic tissues (PT).

Methods. PT from 24 patients with a metal-on-polyethylene or ceramic-on-polyethylene total joint replacements
(TJRs) were examined. Samples underwent histological examination including quantification of cellular populations.
Determination of metals was performed according to the published methodology. Results were processed using cor-
relation analysis and Principal Component Analysis (PCA), respectively.

Results. Growing concentration of metals in the PT was found as a function of length of exposure (LoE). Differences
inTi, Co, Cr and V concentrations (per a = 0.05) depended on the type of alloy the implants were made from. On the
contrary, the implant composition did not reflect in the different numbers of immune cells per 1 high power field,
not even in distribution of the membrane type according to the Krenn classification. PCA revealed several clusters in
dependence on the LoE, type of the membrane and presence of immune cells. High representation of lymphocytes
in the PT was typical for clusters with the longest LoE while a higher representation of neutrophils was typical for a
shorter time to reoperation.

Conclusions. Correlation between the LoE and concentrations of metals in its surroundings was demonstrated.
However, the tissue image analysis cannot differentiate finer, potentially metal-induced tissue changes. Importantly,
the tissues become more similar with an increasing LoE. We draw a conclusion about predominantly non-specific
stimulation of the PT jointly by metal and polyethylene particles in non-metal-on-metal TJRs.

Key words: total joint replacement, aseptic loosening, metal debris, adverse local tissue response, Krenn
classification; lymphocytes
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BACKGROUND

Osteoarthritis of the hip and knee is the most frequent
joint disease in adults that can substantially deteriorate
the patient’s locomotion, independence and self-sufficien-
cy and quality of life. Total hip and knee arthroplasties
(THA, TKA) are the accepted standard for treatment
of end-stage hip and knee diseases. These implants are
designed for long-term use in the human body'. There
is strong evidence confirming eligibility of total joint ar-
throplasty in both the localisations to achieve and main-
tain long-term results>3. On the other hand, it is clear
that these interventions have limited survivorship?. The
reasons for their failure differ at least in part for both ana-
tomical locations. However, the main long-lasting problem
is aseptic loosening which means a complete loss of con-
nection between the implant and bone bed®. This is a con-
sequence of long-term maladaptation of the implant-bone

interface to chronic inflammation induced by prosthetic
byproducts released from THA/TKA in combination with
continual mechanical load®’.

A number of studies demonstrate that the surrounding
tissues response to prosthetic byproducts by inflammation
of low intensity®. This subsequently results in accumula-
tion of stimulated osteoclasts at the border between the
bone and implant. A vast body of evidence shows that
polyethylene micro- and nanoparticles are the main induc-
tors of debris-induced inflammation®. Recently, an atten-
tion has been drawn to metallic byproducts, particularly
in relation to premature failure of metal-on-metal (MoM)
prostheses’. Metals are released from all metallic implants
by the mechanism of corrosion or tribocorrosion”!,
Several studies reported concentrations of selected met-
als in the periprosthetic tissues, joint fluid, or peripheral
blood range!>"®. The character of the tissue response to
the presence of metals has been also studied'®!®. New
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terms, such as adverse local tissue reactions or adverse
reactions to metal debris, have been introduced for more
exact communication of the pathologist with an orthopae-
dic surgeon'®?°. Hypersensitivity to metallic byproducts
has been also examined in association with premature
failure of THA or TKA (ref.?!).

Importantly, it is assumed that non-MoM THAs and
TKAs, i.e. metal-on-polyethylene (MoP), ceramic-on-
polyethylene (CoP), or ceramic-on-ceramic (CoC), are
exposed to a load of metals too. The objective of this
study was to examine tissue samples from adjacent places
simultaneously for metallic content (i.e. concentration of
metals/1 g of the tissue) as well as for the histopathologi-
cal changes in non-MoM prostheses. We assumed that the
structure of the periprosthetic membranes as well as rep-
resentation of particular immune cells in this membrane
would change in reoperated patients with a different time
elapsed from the primary surgery and/or metallic load.
This analysis should provide a further piece of evidence
on the long-term behaviour of metallic implants inside
human bodies.

MATERIAL AND METHODS

Patients

Between April 2018 and April 2019 81 patients under-
went reoperations of THA or TKA (58 THAs, 23 TKAs)
at our department. Of these 24 were included into the
study. Patients were divided into a subgroup with an im-
plant from a cobalt-chromium (Co-Cr) alloy (n = 11) and
subgroup with an implant containing titanium or its alloy
(n = 13). The subgroup of patients with total joint arthro-
plasty containing Ti was reoperated after 13.5 years on
average with a range from 0.1 to 22.8 years, whereas the
subgroup of patients with total joint arthroplasty without
Ti was reoperated after 7.8 years on average with a range
of from 2.1 to 23.4 years. Periprosthetic tissues were col-
lected from a previously specified collection site during
revision THA (n = 16; 6 males and 10 females) and TKA
(n = 8; 4 males and 4 females). Patient characteristics are
shown in Table 1. Tissue collection was performed by the
same surgeon (JG).

Written informed consent about the use of peripros-
thetic tissues for the purpose of this study was obtained
from each subject prior to inclusion in the study. The
Ethics Committee for the Faculty of Medicine and
Dentistry, Palacky University Olomouc and the University
Hospital Olomouc approved the study in accordance with
the Helsinki Declaration (Ministry of Health, VES16-
31852A).

Sample collection

Tissue samples of 24 patients were collected immedi-
ately after opening of the joint from the internal surface of
the pseudocapsule. A superficial layer of pseudosynovial
tissue on an area of approximately 1 x 2 cm was taken for
histological examination. A similarly large sample was col-
lected from the vicinity of the previous sample for later de-
termination of concentration of selected metals. The first

sample was fixed with 10% formalin immediately after
collection and was subsequently sent for histopathological
examination. The second collection was deeply frozen.

Histopathological examination

The samples were oriented, additionally cut and pro-
cessed using a standard histological technique with em-
bedding to paraffin blocks after macroscopic assessment
at the Institute of Clinical and Molecular Pathology. Two
to three representative blocks were selected from each
sample after primary hematoxylin - eosin staining and
immunohistochemical methods were applied to prepared
sections with a thickness of 3 to 4 um.

Polyclonal antibodies Polyclonal Rabbit Anti-Human
CD117 (DAKO, polyclone, c-kit synonym, tyrosine kinase
receptor) and Monoclonal Mouse Anti-Human Mast Cell
Tryptase (DAKO, clone AA1), which represents the en-
zymatic equipment of all human mastocytes, were used
for purposes of the immunohistochemical examination.

Monoclonal Mouse Anti-Human CDla (DAKO,
clone 010) and Polyclonal Rabbit Anti-S100 (DAKO,
polyclone) antibodies were used for detection of dendritic
cells. CD1a are among MHC class I-related superficial
glycoproteins, and they indicate immature dendritic and
Langerhans cells and cortical lymphocytes with various
intensity. S100 protein indicates Langerhans and dendritic
cells, but also adipocytes, chondrocytes, melanocytes and
glial cells of the neural tissue.

Monoclonal Mouse Anti-Human CD3 (DAKO, clone
F7.2.38) antibody was used for detection of T lymphocy-
tes and monoclonal Mouse Anti-Human CD20 (DAKO,
clone L26) was used for detection of B lymphocytes.
Histiocytes were detected with Mouse Anti-Human CD68
(DAKO, clone PG-M1) antibody.

Immunohistochemistry was performed using an op-
timised protocol in the Ventana Benchmark XT auto-
mated system during final brown staining of the nuclei/
cytoplasm and/or membrane of positive cells.

Histopathological evaluation

All preparations were evaluated in an optical micro-
scope Olympus BX45 during 20x - 400x magnification
(Objective UPLFFLN40X - UIS2, UPlanFLN, 40x/0,75,
00/0,17/FN26.5). Quantification of particular cellular
types expressed by a specific antigen was formulated by an
absolute count in 20 fields at 400x magnification (HPF).
Determination of the membrane type was performed ac-
cording to the classification of Krenn et al.?

Determination of metals

The determination of Co, Cr, Ti and V in tissue sam-
ples was carried out by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) after microwave digestion with
a mixture of HNO, and H,0,. The detailed measurement
procedure including sample pretreatment and measures
taken to assure quality of results is described in detail in
our previous study'?
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Fig. 1. Pseudosynovial membrane around CoCr implants.

A. Type I membrane according to Krenn and Morawietz - early reaction: Inflammatory infiltration creates a narrow
rim of lymphocytes in perivascular localisation with a minimal count of lymphocytes between histiocytes. The figure
contains histiocytes and perivascular lymphocytes, giant cells are not present. Wear particles are minimally present, they
can be found in superficial areas of the sample. B. Type I membrane according to Krenn and Morawietz - late reaction:
Inflammatory infiltration is extensive here, dominated by histiocytes and giant cells. In addition to the perivascular
area, lymphocytes are present diffusely among histiocytes. Wear material is abundant in all the parts of the sample.
Pictograms:

+ histiocytes, <~ blood vessels, « lymphocytes, <= giant cells, A necrosis

Fig. 2. Pseudosynovial membrane around Ti implants.

A. Type I membrane according to Krenn and Morawietz - early reaction: The inflammatory infiltrate creates a well-defined rim
of histiocytes with addition of giant cells and lymphocytes in the perivascular area with sparse lymphocytes between histiocytes.
Wear material is less prominent and mostly situated in superficial areas. B. Type I membrane according to Krenn and Morawietz
- late reaction: Extensive inflammatory reaction dominated by histiocytes and giant cells. Lymphocytes are more present in deeper
parts of the sample comparing to the perivascular area and they become more dispersed among histiocytes. Wear material is richly
present in all the parts of the sample. Necrosis is found in the upper right corner.

Pictograms:

<+ histiocytes, <+ blood vessels, «= lymphocytes, <= giant cells, A necrosis

Statistical analysis multivariate dataset, an advanced statistical technique
For statistical data treatment, the following soft- (i.e., PCA) was applied to examine the true relationships

ware packages were used: NCSS 2007 (NCSS, LLC, among our data.

USA) where the Mann-Whitney test was evaluated, and

QC.Expert 3.2 (Trilobyte Ltd., Czech Republic) where

correlation analysis and principal component analy-

sis (PCA) were elaborated. Considering that we had a
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Fig. 3. Immunohistochemical staining of CD3+ T lymphocytes in the membrane.

A. CoCr implant - early revision: Lymphocytes are mainly in the perivascular area; B. CoCr implant - late revision:
Lymphocytes are present not only in the perivascular area, in addition they are dispersed among histiocytes. C. Ti
implant - early revision: Lymphocytes in the perivascular area with a small amount of lymphocytes between histocytes.
D. Ti implant - late revision: The superficial area contains small amount of lymphocytes among histocytes. Inserted
figure displays a deeper area, where the lymphocytes are more frequent with a disperse infiltration among histiocytes,
conversely, they are less present in the perivascular area.

RESULTS

Histopathological examination results

Results of the histological examination, i.e. determina-
tion of the membrane type according to Krenn et al.?? and
frequency of particular cellular populations per 1 HPF are
reported in Table 2.

A non-parametric test (Mann-Whitney, a = 0.05) con-
firmed that there was no statistically significant difference
in the levels of histiocytes, dendritic cells, T lymphocytes,
mastocytes, neutrophils or membrane type between both
the basic subgroups. Thus, no differences were confirmed
among the observed histological parameters and reported
subgroups, which leads to a conclusion that the analysis
of clear histological parameters does not reveal significant
differences between the subgroups of patients with the
titanium and non-titanium implants. Other histological
parameters were not subject to the statistical test due to
predominance of zero levels.

However, the morphological image of both the groups
is changing with the duration of implantation. The extent
and intensity of inflammatory infiltration was lower in
both the groups during a short period from implantation
and gradually increased with a growing period from im-
plantation (Fig. 1 and 2). Necrosis occurs more frequently
together with an increasing extent of the inflammatory
response. Histiocytes form narrow rims below the syno-
vial cover at first, then with the extending interval from
implantation they form lamellar to nodular infiltrations.
The number of giant cells rises as well as the content of
foreign material, which shows its highest volume in the
area of contact with the implant. The number of lympho-
cytes and their distribution also change in time (Fig. 3).
Infiltrations are only perivascular and in the vicinity of the
surface at first. With a growing period from implantation,
higher migration of lymphocytes is seen from perivascu-
lar localisations to the areas of inflammatory infiltration.
These changes are more expressed in the group with Ti
total joint arthroplasty (Fig. 3C and D).


Martin
Rectangle

Martin
Rectangle


Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2020; 164:XX.

Determination of the metal levels in periprosthetic
tissues

Results of a sample analysis for the presence of met-
als (Ti, V, Co and Cr) in the layer most adjacent to total
joint arthroplasty are reported in Table 3. With statistical
testing of consistency we evaluated the differences among
the levels of metals in patients, who had total joint arthro-
plasty in the evaluated joint from a titanium alloy, and
in patients with total joint arthroplasty with no Ti. The
non-parametric Mann-Whitney test confirmed the differ-
ences in Ti, Co, Cr and V (per o = 0.05). Difference in
the levels of titanium explains why we performed dividing
into two groups, separately for the following correlation
and PCA analysis.

Correlation analyses

For evaluation of relations among particular metals
(groups of metals) and histological findings, or for evalu-
ation of relation between the time between primary and
revision surgery (“length of exposure”; LoE) and concen-
trations of metals, we used a correlation analysis using the
Pearson correlation coefficient and testing of its statistical
significance (o = 0.05).

Testing within the group with implants without Ti:

Statistically significant correlation (for o = 0.05) be-
tween the length of exposure and Cr level (r = 0.727)
and further between the Co and Cr levels (r = 0.772) was
demonstrated. Correlation between Co and Cr is easily
explainable, since both the metals can be found in total
joint arthroplasty. Correlation between the LoE and Cr
level is also easily explainable - the longer the implant is
in the body, the more metal is released to the surrounding
tissue. Co-Cr implants have a small layer of Cr,O, on their
surface, therefore correlation between LoE and Cr level,
not the Co level, was confirmed.

Testing within the group with Ti implants:

Statistically significant correlations (for o = 0.05) be-
tween the LoE and Ti concentration (r = 0.577), LoE
and V concentration (r = 0.560) and for Ti and V (r =
0.714), respectively, were demonstrated. Both metals can
be found in titanium total joint arthroplasties and it is
a fact - as in total joint arthroplasties from a CoCrMo
alloy - that Ti and V concentrations in the surrounding
periprosthetic tissue are growing with the LoE.

Table 3. Metal concentrations in periprosthetic tissues.

Patient number Endoprosthesis Years of implant Ti \'% Cr Co

alloy type in situ (mg/kg) (mg/kg) (mg/kg) (mg/kg)

1 CoCr 2.1 0.35 0.02 24.59 6.50
2 CoCr 4.1 0.69 0.04 7.72 0.03
3 CoCr 14.7 0.53 0.01 3.46 0.83
4 CoCr 23.4 6.07 0.31 386.48 24.99
5 CoCr 0.3 2.26 0.04 4.45 1.19
6 CoCr 2.4 2.83 0.01 0.56 0.02
7 CoCr 7.6 2.20 0.01 6.67 6.60
8 CoCr 15.6 20.24 0.85 24.48 34.14
9 CoCr 11.2 2.69 0.01 9.53 14.50
10 CoCr 2.1 0.37 0.03 7.06 0.06
11 CoCr 2.7 30.81 1.28 6.77 0.92
12 Ti 2.6 34.88 0.64 4.69 3.09
13 Ti 22.7 3492.69 215.89 37.40 43.23
14 Ti 9.3 8.94 0.04 169.19 279.57
15 Ti 16.3 8.14 0.05 24.81 8.37
16 Ti 2.3 2.22 0.02 1.86 0.03
17 Ti 0.1 2.27 0.04 7.29 5.79
18 Ti 16.2 29.42 0.02 0.80 0.02
19 Ti 22.8 11.38 0.25 5.72 8.54
20 Ti 21.5 87.11 0.16 162.29 18.37
21 Ti 5.2 5.11 0.01 4.59 6.73
22 Ti 21.9 239.09 11.30 2.76 0.09
23 Ti 13.5 17.99 0.08 39.65 68.66
24 Ti 20.5 12.95 0.01 0.59 0.03
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Fig. 4. PCA analysis biplot for the CoCr implant group (n = 11). The first and second main com-
ponents explain 61.9 % of variability presented in the data. The largest influence is given by the
length of exposition, which can be identified as the main component (x axis); PCA - Principal

Component Analysis; n - number.
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Fig. 5. PCA analysis biplot for the Ti implant group (n = 12). The first and second main components
explain 61.1 % of variability presented in the data. The largest influence is given by the length of
exposition, which can be identified as the main component (x axis); PCA - Principal Component

Analysis; n - number.

Principle component analysis

We mapped each group separately with regard to a
small number of subjects and variability in the findings
between the titanium (n = 12; one patient with a very
short period of implant survival of 0.1 year was excluded
from the PCA analysis, since he did not fall to any cluster;
“there was no time for metals to be released into the sur-
rounding area”) and cobalt-chromium (n = 11 patients)
implants. The following variables were included to the
PCA: LoE, dendritic cells, T lymphocytes, mastocytes,
eosinophils, neutrophils, membrane type and metals (4.A:
Co and Cr; 4.B: Co, Cr, Ti, V). We identified several sub-

groups (cluster) in both the groups in dependence on
the LoE.

PCA analysis for the group with implants without Ti
(Co and Cr included in the PCA from metals):

PCA could determine several clusters, which differed
in the LoE, type of the membrane and presence of im-
mune cells. Results are shown in Fig. 4 and tell us: i)
short LoE, type IV membrane and higher presence of
neutrophils were determining for the first aggregation;
ii) moderate LoE (2.1-2.7 years) was determining for the
second cluster; membrane type was not determining, as
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well as any of evaluated cellular populations; iii) the lon-
gest LoE (5 and more years), high Co-Cr concentrations
were determining for the third cluster, membrane type
was not determining, T lymphocytes were predominant
among cells.

Group with titanium implants
(Ti, Vincluded in the PCA from metals):

Also in this group the PCA could determine several
clusters, which differed in the LoE, type of the membrane
and presence of immune cells. Results are shown in Fig.
5:1) short exposure, type IV membrane, low levels of met-
als and zero dendritic cells were determining for the first
cluster; ii) moderate to longer exposure and lower levels
of metals were determining for the second cluster; on the
contrary, no membrane type, not even any of evaluated
cellular populations were determining; iii) long period
of exposure, high levels of released metals in the tissues
and high T lymphocyte levels were determining for the
third cluster.

DISCUSSION

In this paper we evaluated the histological type of the
periprosthetic membrane including representation of im-
mune cells in relation to tissue concentrations of metals
released from the MoP or CoP total joint arthroplasty. We
found out that time that elapsed from the index surgery
(LoE) is the main determining factor. With its growing
length, the concentrations of metals originating from
the implant increase. Growing T lymphocyte frequency
or changing type of their distribution corresponded to
high concentrations of metals in the tissues and can be
therefore associated with late failure. On the contrary, the
membrane type according to Krenn was not determining
from the perspective of detected metal concentrations.

It has been previously demonstrated that joint arthro-
plasties from metallic alloys are not inert, and the sur-
rounding tissues response to released metallic particles
and ions by an inflammatory reaction?. This response
may result in failure of MoM implants® and it probably
even contributes to failure of MoP implants®. According
to our best knowledge a relation between the concentra-
tion of metals in periprosthetic tissues and the type of tis-
sue response in the MoP and CoP total joint arthroplasty
has not yet been published in the literature. Relations
of the histological finding with tissue metals have been
reported in more details in MoM THA, where multiva-
lent results have been published - on one hand, an un-
specified immune response with plenty of macrophages
in correlation with high tissue concentration of metals
and lymphocytic infiltration in the tissues associated with
low concentration of metals were demonstrated?. On the
other hand, Lohmann found an opposite relation, thus
low concentrations of metals with macrophage infiltra-
tion and high tissue concentrations of metals associated
with lymphocytic infiltration, which is more consistent
with our results’. No clear correlation in dependence on

concentration of metals has been found in a recent study
comparing the histopathological finding in relation to
concentrations of metals in MoM total joint arthroplas-
ties and resurfacing®. Growing concentration of metals
released in periprosthetic tissues with increasing length of
implant service has been found in both the groups of our
patients, which is in agreement with our previous work'2.
We did not measure the serum levels of metals, since no
correlation between the tissue and serum levels, not even
their significance for failure of total joint arthroplasty

were demonstrated'>", Increased levels of Cr and Co were
found in some of the samples from the Ti group, this is
given by the use of a CoCr head. Fretting corrosion at the
trunnion may be the source of these metals here?’. On the
contrary, low levels of V (and as well Nb - unpublished
data) in this group are given by their low percentage rep-
resentation in the alloy.

Tissue response to the presence of the implant and its
byproducts is gradually becoming unanimous after longer
exposition and takes a quite uniform character. Except for
the period of membrane formation and maturation, when
higher neutrophil concentration was present, the mem-
brane type according to Krenn?? did not determine its host
into one of the studied groups according to metal type and
tissue metal contents respectively. There are at least two
possible explanations. The first one is related to an unspe-
cific response to the presence of prosthetic byproducts,
from which only a part is formed by metals. The second
explanation could be associated with relative insensitivity
of the classification according to Krenn to the presence
of different types of byproducts (their concentrations)
in the tissues. This classification was originally designed
for differentiation of basic peri-implant pathologies®. In
its reviewed version??, it contains even an algorithm for
assessment of particles (according to material, size and
quantity), which should induce tissue changes. However,
based on it, the response to abrasion should include the
abrasion-induced type of membrane, membrane of the
combined type, and also membrane of the fibrous type?®>.
Since there is a certain discrepancy in this area and not
even our study could differentiate tissue changes more
finely in dependence on concentrations of metals, repli-
cation studies should be performed at different sites by
experienced pathologists.

Metal debris is not considered as the main initiator
of the inflammatory tissue response to prosthetic pres-
ence, but there is a stronger pathophysiologic connection
to T lymphocytes when compared with the reaction to
polyethylene particles as a foreign body. A non-specific
foreign body reaction primarily includes macrophages,
giant cells, fibroblasts and occasional lymphocytes and
small calibre blood vessels, whereas in type IV reaction
a main role is played by T lymphocytes in sustaining the
chronic inflammatory reaction®®. Higher frequency of
T lymphocytes was present in our study in the tissues
around titanium and also non-titanium non-MoM THAs
and TKAs. A high number of T lymphocytes in peripros-
thetic tissues rising with time point out to an increasing
contribution of specific immune response (delayed-type
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IV reactions) (ref.*"?) as well as the development of toler-
ance®?, apparently in dependence on increasing concentra-
tion of metals.

Importantly, the activation of T lymphocytes during
an immune response triggers a series of events/pathways
leading together to a reaction to stimuli. However, their
role is strictly integrated to a particular situation in the
tissue they work in*. In later revisions (i.e. with longer
LoE) we observed both a higher count of T lymphocytes
and change of their distribution in the area of inflamma-
tion. Higher accumulation of lymphocytes was already
previously reported in the tissues around MoM THA
(ref.3%), where the levels of metals are significantly much
higher than in case of MoP or CoP bearing pairs. In fact,
higher frequency of T lymphocytes is not only a domain
of MoM pairs, it was also observed in the tissues around
MoP total joint arthroplasties***’. Modular connections,
where fretting corrosion develops, are the main source of
metallic particles and ions in non-MoM total joint arthro-
plasties™®. A higher presence of CD4+ T lymphocytes was
seen in dual modular neck hip prostheses®. Despite the
fact that the way how metallic particles and ions stimulate
the immune apparatus of the host was described?#%#, it is
not clear if this is a way common for all metals and what
is the threshold amount of metals, which may induce this
“specific” response. The gap in our understanding of bio-
tribocorrosion may be filled in the future for example by
new tests allowing simultaneous assessment of tribocor-
rosion in the presence of cells and tissues*.

Our study is limited by a low number of cases from
two different localities and heterogeneous metal composi-
tion of implants, which is further decreasing the provided
sample size for each group. On the other hand, a variety
of environments for adverse reaction to metals has been
a subject of the study. We collected the samples in a stan-
dard way, but in a relatively low volume of the peripros-
thetic tissue, therefore, we cannot rule out that we would
come to different findings at another collecting site. We
studied this option in the previous paper and we drew a
conclusion that variability in the tissue response in one
host is relatively low*’. A certain bias may have devel-
oped even by the fact that the implants from the Ti group
had CoCr heads, which resulted in “admixture” of these
metals in the final analysed material. On the contrary, it
is less probable that concentrations of metals in a mem-
brane tightly adjacent to the implant could affect serum
concentrations of metals from other anatomical areas,
particularly if we take into account the fact that in the
previous study we demonstrated minimal serum concen-
trations of metals in those, who had MoP, CoP, or CoC
joint pairs, and no association between serum and tissue
concentration'?. During the tissue analysis, we were un-
able to control the effect of the following variables in the
tissue reaction: i) chronic mechanic stresses (including
hydromechanics of fluids), developing during each step;
ii) ageing of the periprosthetic tissues and implant-bone
connections; and iii) polyethylene debris. This provides
opportunity for future research, where a reaction to PE
debris is directly compared to reaction to metals given

10

as a function of their respective concentration, ideally
including a cytokine profile study in the same localities.

CONCLUSIONS

Current research shows that the use of TKA and THA
is associated with continual release of polyethylene par-
ticles and even metals, which significantly contributes to
the periprosthetic tissue reaction. We also start to un-
derstand more exactly the relation between the immune
apparatus and prosthetic byproducts, which stimulate
the sensors of innate and adaptive immunity. As a result,
pathological debris-induced inflammation subsequently
develops in some patients. This paper confirms the ability
of tissues to accumulate released metals from THA and
TKA and change their character in relation to the length
of exposure regardless of whether the implant is of cobalt-
chromium or titanium alloy. T lymphocytes play a special
role; their incidence grows in relation to concentration
of metals and length of the implant in sifu regardless of
material composition of total joint arthroplasty. In con-
trast, variability in concentration of metals is apparently
not reflected in frequency of other types of immune cells
(histiocytes, dendritic cells, mastocytes, eosinophils and
neutrophils). Classification of periprosthetic membranes
cannot predict concentrations of metals in these tissues.
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Aktualni postaveni peroralnich chrupavku
ovliviujicich latek v prevenci a terapii kloubnich
nemoci

Martin Hobza, Jifi Gallo
Ortopedicka klinika Lékarské fakulty Univerzity Palackého v Olomouci a Fakultni nemocnice Olomouc

Poruchy metabolismu chrupavky a zanétlivé zmény kloubni vystelky hraji zasadni roli ve vyvoji degenerativnich a dalsich
kloubnich onemocnéni. Na tyto procesy cili substance podavané peroralné k 1é¢bé kloubni symptomatologie pfi chondropa-
tiich a osteoartréze. Nékteré z nich stimuluji obnovu mezibuné¢né hmoty chrupavky, podili se na regulaci jejiho metabolismu
a do urcité miry tlumi zanétlivé procesy. Maji pomaly nastup ucinku, pisobi symptomaticky a nékdy je u nich uvadén i efekt
zpomalujici pribéh onemocnéni. Nejrozsitenéjsi a také nejvice prostudované jsou chondroitinsulfat a glukosaminsulfat,
mnohem méné informaci mame o klinickém efektu diacereinu, piascledinu ¢i metylsulfonylmetanu. Shoda ohledné jejich
klinické uzite¢nosti se stale hleda. Vétsina odbornych spole¢nosti zabyvajicich se terapii osteoartrézy podavani téchto latek
doporucuje. Jednotliva doporuceni se vsak lisi ve stupni ocenéni intervence. Obecné plati, ze s narstajici zavaznosti klesa
efekt podavani nutraceutik.

Klicova slova: chrupavka, osteoartréza, chondroitinsulfat, glukosaminsulfat, diacerein, piascledin, metylsulfonylmetan.

Chondroitin, glucosamine, diacerein, piascledine, and methylsulphonylmethane in the prevention and treatment
of joint diseases

Metabolic disorders and inflammatory processes in cartilage tissue have a pivotal role in the course of degenerative and other
joint diseases. These processes are aimed at by orally administered medication for treatment of osteoarthritis and joint symptoms.
Some of these substances stimulate recovery of the extracellular matrix in the cartilage, take part in its metabolic regulation and
supress inflammatory changes to a certain extent. These drugs have a slow onset of effect, alleviate symptoms and are thought
to have a disease-modifying effect. Chondroitin sulfate and glucosamine sulfate are most commonly used and best studied; less
information is available for diacerein, piascledine and methylsulfonylmethane. An agreement on their clinical usefulness is yet to
be found. Most of the clinical societies involved in osteoarthritis treatment recommend administering these substances. However,
significance of this intervention can differ in various guidelines.

Key words: cartilage, osteoarthritis, chondroitin sulfate, glucosamine sulfate, diacerein, piascledine, methylsulfonylmethane

Uvod

Kloubni chrupavka je povazovana za kli¢covou
strukturu umoznujici hladké asymptomatické
fungovani kloubu. Jeji zachovani ¢i regenerace
jsou proto povazovany za dulezity cil |é¢ebné
intervence. Kloubni chrupavku poskozuijf jednora-
zové vétsi Urazy (nitrokloubni zlomeniny) i mensi

opakované Urazy, metabolické nemoci & vrozené
vady. Zejména se viak v souvislosti s chrupavkou
uvadi osteoartréza, pfestoze nejde o onemocnéni
postihujici pouze chrupavku. Jde vsak o nejcas-
t&jsi kloubni onemocnéni v dospélosti.

Velmi atraktivnim a spolecensky zavaznym

tématem je prevence rozvoje degenerativnich

kloubnich nemoci. Je tfeba fici, Ze zatim nezna-
me zadnou latku, kterd by dokézala zabranit
vzniku osteoartrézy. Vasnivé se diskutuje o zpo-
malovacim Ucinku, protoze itento efekt ma
potencidlné vysokou klinickou i spolecenskou
hodnotu. V nasem sdélenf se pokusfime velmi
stru¢né shrnout aktudlnf poznatky o podavani
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Tab. 1. Priklady klinickych instrumentd urcenych ke sledovdni efektu konzervativni terapie osteoartrdzy vdhonosnych kloubd

Nazev mériciho nastroje

Zakladni vlastnosti

Lequesne index

Index zévaznosti osteoartrézy kycelniho kloubu pouzivany ke zhodnoceni efektu lécby. Resi bolest, vzdélenost,
kterou pacient ujde, a schopnost provadét bézné dennf ¢innosti.

WOMAC index Western Ontario and McMaster Universities Osteoarthritis Index hodnoti pacientem vypInény dotaznik pro osteoartrézu
kycle a kolenniho kloubu. Otazky se zabyvaji bolesti, ztuhlosti kloubu a funkci pfi béznych dennich aktivitach.
KOOS Knee Injury and Osteoarthritis Outcome Score je dalsi variantou dotazniku pro kolennikloub. Je ur¢en pro hodnoceni

po Urazech kolene, které mohou vyustit v posttraumatickou artrézu, ale mlze byt pouZit i u primarni osteoartrézy.

WOMAC - Western Ontario and McMaster Universities Osteoarthritis, KOOS — Knee Injury and Osteoarthritis Outcome Score

nékterych peroralnich latek ovliviujicich kloubnf
mikroprostredi.

Soucasné poznatky o hojeni
a regeneraci chrupavky

Chrupavka se jako pojivova tkédn sklada
7 ptevazujici extraceluldrni matrix, kterd vy-
tvafi charakteristické mechanické vlastnosti
chrupavky, z chondrocytd, které matrix synte-
tizujf, a regulujf tim metabolismus chrupavky,
a smeési povrchovych molekul, které garantujf
excelentni tribologické vlastnosti pfirozeného
a zdravého kloubu.

Mezibunécnd hmota se skladd z vody,
kolagennich vldken a amorfnf slozky tvorené
glykosaminoglykany (kyselina hyaluronova
(HA), chondroitinsulfat (CS), keratansulfat),
proteoglykany a strukturadlnimi glykoprotei-
ny. Proteoglykany se vazi na povrch moleku-
ly kyseliny hyaluronové, a tvori tak agregaty
proteoglykant (agrekan), které jsou schopny
vazat velké mnozstvi vody a chrupavce po-
skytuji charakteristickou pruznost, hladkost
a klouzavost.

PYi degenerativnim postizeni chrupavky do-
chdzi postupné k prevaze katabolickych déjd,
coz mé za nasledek nejen poruchy jej architek-
tury (az nakonec jeji ubytek), ale také narusenf
unikatnich a pro fyziologii kloubu nezastupi-
telnych vlastnosti. Osteoartrézu dnes vnimame
jako komplexni onemocnéni postihujicf cely
kloub, okolni mékké tkdné i pohybové retéz-
ce, v nichz je pohybovy segment zapojen (1).
Soucésti onemocnénije rovnéz rlizné intenzivni
zanétliva reakce, které se Ucastni celd frada me-
didtor a lytickych enzym (2, 3). V chrupavce
postupnée ubyvéa podil proteoglykant, a kle-
s& tedy mimo jiné jeji schopnost vézat vodu.
Chrupavka ztraci pruznost a pevnost a za¢ne
se rozvlaknovat, delaminovat a podléhat me-
chanickym vliviim, coz vyustuje v jeji postupny
Ubytek (obr. 1) Pravé na tyto patologické procesy
pldvodné méla cilit zde uvadéna Iéciva, dokonce
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jako prekurzory nebo zastupci extracelularnf
slozky. Situace je viak slozitéjsi.

SYSADOA, DMOADs
a sledovani klinického efektu

Dnesniklinickou praxi si neumime predstavit
bez systematického sledovani i¢inku lé¢ebnych
strategii. Historicky se v souvislosti s perordlné
uzivanymi latkami postupné navrhlo a opustilo
nékolik koncepci. Aktudlné se jim pfizndva statut
latek s pomalym ndstupem Ucinku, ktery by viak
meél byt déletrvajici (SYSADOA = Symptomatic
Slow Acting Drugs for Osteoarthritis). Efekt ta-
kové lécby mizeme sledovat pomoci rdznych
skorovacich systémd (tab. 1).

Cést vyzkumnikd je presvédcena o tom, ze
nékteré z perordlnich chrupavku ovlivaujicich
latek by mohly mit tzv. strukturu modifikujicf
efekt. To znamena, ze by mohly zpomalovat
nebo dokonce zastavit rozvoj osteoartrozy,
coz dokladaji pomoci modernich zobrazo-
vacfch metod (zvlasté NMR — nuklearni mag-
netické rezonance) anebo pomoci klinického
kritéria, jakym je napfiklad oddaleni potieby
implantace TEP (totdIni endoprotézy). Takové
latky by smély byt zafazeny do skupiny
DMOADs (Disease-Modifying OsteoArthritis
Drugs). Avsak do dnesnich dnl neni zndma
ani jedna, na které by se autority v dané ob-
lasti shodly.

Volba lé¢ebné a preventivni
strategie - doporucené
lécebné postupy

V dnesni dobé se pozaduje, aby lékaf ¢i
fyzioterapeut postupoval u kazdého pacienta
sohledem najeho individualitu, resp. s ohledem
na ,jeho konkrétni” osteoartrézu. Odborné spo-
le¢nosti mu nabizi roztfidény seznam léc¢ebnych
intervenci, které mohou byt s urcitym zjedno-
dusenim rozdéleny na konzervativni 1é¢bu, te-
dy rezimové opatteni, farmakologickou terapii
a vyuziti pomUcek a lé¢bu operacni.
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Obr. 1. Pyramida lécebnych intervenci

Latky potencialné ovliviujici kloubni mikro-
prostredia chrupavku patii do skupiny ,farmako-
logické terapie”, pfestoze jsou v fadé zemfi pova-
Zovany pouze za doplnky stravy (nutraceutika),
a nikoli [éc¢iva. Lécivé pffpravky obvykle obsahujt
jen jednu Uc¢innou latku (oproti mnohdy vice-
slozkovym doplikdm stravy), zato prochéazeji
procesem schvalenf pro klinické vyuziti, a majf
tak mimo jiné prikazné mnozstvi ucinné latky
v baleni. Pacienti si vétsinou tento rozdil neu-

vedomuji.

Latky k peroralnimu uziti

s potencialné pozitivnim
vlivem na chrupavku a kloubni
prostredi

Chondroitinsulfat

Chondroitinsulfat (CS) je jednou z hlav-
nich sloZzek mezibuné¢né hmoty chrupavky
a je obsazen v agregatech proteoglykand, kte-
ré uddvaji mechanické vlastnosti chrupavky.
Zastupcem je lécivy piipravek Condrosulf, ktery
je podévan v denni dévce 800 mg po dobu
3 mésicl. Nasleduje tiimési¢ni pauza, po které
je mozno lé¢bu opakovat. Vstiebané soucasti
CS se akumuluji v oblasti kloubni chrupavky,
inhibuji aktivitu katabolickych enzymd, stimu-
lujf biosyntetické déje, a tim zlepSuji mecha-
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Obr. 2. Artroskopicky obraz chondropatie pfi
osteoartréze kolena

nicko-elastické vlastnosti chrupavky. Nékteré
studie ukazujf, Zze CS inhibuje mediatory za-
nétlivého procesu pfi osteoartréze (3, 4). CS
ma tedy jak symptomatické Ucinky — tleva od
bolesti, omezeni poctu exsudativnich epizod
a zlepseni funkce kloubu, tak i Gc¢inky strukturu
ovliviujici, jak dokumentuje Hochberg ve své
metaanalyze (5). Data z dvouletého sledovanf
vice nez 1000 pacientd ukazujf snizeni Ubytku
kloubnf chrupavky na rentgenovém snimku
v porovnani s placebem o0 0,13 mm (95% Cl
= 0,06, 0,19) (P = 0,0002). Pelletierova studie
(6) s dvouletym sledovanim ubytku kloubni
chrupavky magnetickou rezonanci prokazuje
lepsi ucinnost CS v porovnéni s celekoxibem.
Z toho vyplyva zavér, ze CS ma nejen symp-
tomaticky, ale ¢aste¢né i strukturu ovliviuji-
ci (DMOADs) efekt. Rada daldich studif viak
zpochybnuje vyznam klinického efektu lécby
a zejména pfislusnost k DMOADs (7).

Glukosaminsulfat

Glukosaminsulfat (GS) je soli glukosami-
nu fyziologicky pfitomného v lidském téle.
Glukosamin je k dispozici v nékolika forméach:
glukosaminsulfat, glukosamin-hydrochlorid ne-
bo N-acetylglukosamin. V terapii osteoartrézy
se ukazuje jako nejlepsi jeho forma krystalické-
ho sulfatu (8). Na nasem trhu je k dispozici nap.
jako Dona nebo Gool. Denni dévka je 1500 mg
a terapie trvad 1-3 mésice. Komplexni mecha-
nismus Ucinku jesté neni zcela objasnén, avsak
vime, ze GS podporuje chondrocyty k tvorbe
mezibunécné hmoty a zdrover ma antiflogis-
tické Gcinky na kloub inhibici IL-1 3 (interleukin
1 beta), ¢Imz tlumi syntézu metaloproteinéz,
cyklooxygenézy-2 a dalsich proteolytickych
enzymu (9).

Pro preskripci je v klinické praxi dtlezité mit
na pameéti, ze uzivani glukosaminu spolu s warfa-

rinem muze potencovat Uc¢inek tohoto kumari-

nového preparatu, a zvysit tak INR (International
normalized ratio) na rizikové hodnoty, jak doku-
mentuji nékteré kazuistiky (10).

Existuji studie prokazujici analgeticky
efekt glukosaminsulfatu u gonartrézy (11),
dalsf studie naopak vyvraceji efektivitu GS
jak samostatné, tak ve spojeni s CS. Studie
GAIT z roku 2006 uvédi, ze jednotlivé Iéky ani
jejich kombinace neposkytuji pfilis ucinnou
lé¢bu bolesti artrotického kolena (12). Ukazala
vsak, ze skupina se stfednf az zavaznou boles-
ti mbze z kombinace téchto latek do urcité
miry profitovat. V jedné randomizované dvo-
jité zaslepené kontrolované studii dokonce
prokézali nizsi efekt kombinace CS a GS pfi
Sestimési¢n( |é¢bé bolesti artrotického kolene
v porovnani s placebem (13). Dalsi dvouleta
dvojité zaslepend kontrolovana studie proka-
zala prospésné ucinky kombinace CS a GS na
bolest, ale tyto vysledky opét nedoséhly stati-
stické vyznamnosti (7). Heterogenita vysledkd
v klinickych studiich se vysvétluje mimo jiné
i technologickym postupem pouzivanym pfi
vyrobé GS. Vyrobky Rottapharm/Madaus do-
sahuji ve vétsiné studif lepsich vysledkd neZli
vyrobky ostatnich firem (14). V soucasnosti
se vsak zdd, ze ani GS nesplnuje naroky latky,
kterd by vedla alespon ke strednimu efektu
terapie u pacientl s osteoartrézou kolena ci
kycle (15), pfipadné v jinych anatomickych
lokalitach.

Diacerein

Diacerein je vytazek z rebarbory, ktery
je v Ceské republice prodéavén jako Artrodar.
Doporucena denni davka je 50 mg dvakrat den-
né. Ucinek diacereinu je podobny jako u glukos-
aminsulfatu: inhibuje produkci a aktivitu IL-1 3,
déle pak podporuje produkci rlistovych faktord,
jako je TGF-B (transformuijici rGstovy faktor be-
ta), a tim stimuluje syntézu ldtek mezibunécné
hmoty chrupavky. Aktualizovand metaanaly-
za Cochrane z roku 2014 hodnotici terapeu-
ticky efekt diacereinu u celkem 2210 pacientd
s osteoartrézou prokézala pouze maly klinicky
efekt na lé¢bu bolesti a omezeny vliv na rych-
lost degenerace chrupavky (16). Oproti ostat-
nim chondroprotektivim ma diacerein ¢astejsi
vyskyt zavaznéjsich nezddoucich ucinkd, jako
je hepatotoxicita nebo silné prdjmy. Z tohoto
ddvodu vydal v roce 2014 Farmakovigilan¢nf
vybor Evropské |ékové agentury doporucent
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pro omezen( pouzivani diacereinu: ten by mél
byt pouzivan jen k terapii pomalu progredujicf
osteoartrézy kycle a kolene u pacientd mladsich
65 let, bez jaterniho onemocnént, Ié¢ba by mé-
la byt zapocata polovi¢ni dévkou a ukoncena
v pripadé vyskytu prajm ¢i zhorsenf jaternich
funkci (17).

Piascledine

Piascledine je pfipravek obsahujici ex-
trakt z avokédda a séjovych bobd ve forme
nezmydelnitelnych ldtek oznacovanych ja-
ko ASU (avocado-soybean unsaponifables).
Déavkovani je 300 mg denné po dobu 3 mé-
sicl, ucinek by mél pretrvévat jesté po dobu
dalsich dvou mésicl. ASU snizuji produkci
IL-1, stimulujf tvorbu kolagenu, zvysuji expresi
PAI-1 (inhibitor plazminogenového aktivatoru)
a podporuji tvorbu TGF-B, jak dokumentuji
in vitro studie (18, 19). Maheu v klinické stu-
dii dokonce prokazuje strukturu modifikujici
efekt na koxartrozu (20). Metaanalyza rando-
mizovanych kontrolovanych studif zahrnujici
664 pacientl s osteoartrézou favorizuje ASU
v(ci placebu v terapii bolesti s velikosti efektu
0,39 (95% Cl = 0,01-0,76, P = 0,04), prokazan
byl rovnéz i vliv na funkéni skore (21). Pouziti
Piascledinu pro lécbu osteoartrézy vdhonos-
nych kloubl mize byt doporuceno i vzhle-
dem k jeho dobré toleranci a absenci vyskytu
zavaznych nezddoucich ucinkd.

Metylsulfonylmetan

Metylsulfonylmetan (MSM) je latka, kterd je
piftomna v pojivové tkani. Jeji podavanije tudiz
velmi bezpecné, uvadi se, ze je mozné podavat
az 4g denné (22). Ma velmi zajimavou histo-
rii a v soucasnosti proziva ,boom" v prevenci
a terapii kloubnich i mimokloubnich nemoci
pohybového aparatu, zvlasté téch spojenych
s vetsi mechanickou zatézi.

Podle nékterych praci by MSM mohl ovliv-
novat az 4 transkrip¢nf faktory a skrze né se
podilet nejen na regulaci metabolismu pojiva,
zanétu ¢i aktivity proteolytickych enzymd, ale
dokonce i pfi Utlumu osteoklastogeneze (22, 23).
Na druhou stranu existuje jen malo kvalitnich
klinickych studii, které by podavani této latky,
at uz samostatné, nebo ve smési, doporucovalo
(24). Proto nelze podavani této latky vieobecné
doporucovat a bude nutné vyckat na dalsi kva-
litné vedené studie.

www.klinickafarmakologie.cz



Soucasné postaveni latek,
které potencialné cili
na kloubni chrupavku

Perordlni latky ovliviujici kloubni mikro-
prostredijsou vitanou moznosti terapie kloubnich
onemocnénizejména vzhledem k dobré snasen-
livosti a nizkému vyskytu nezadoucich Gcinkd i pfi
dlouhodobém podavani. Jak dokumentuji ¢etné
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Opotrebeni a drsnost artikulaéniho povrhu
u extrahovanych polyetylenti jamky Bicon-Plus

Wear and Roughness of Bearing Surface in Retrieved Polyethylene Bicon-Plus Cups

M. RANUSA', J. GALLO?, M. HOBZA?, M. VRBKA', D. NECAS', M. HARTL'

' Ustav konstruovani, Fakulta strojniho inZzenyrstvi, Vysoké uceni technické v Brné
2 Ortopedicka klinika, Lékarska fakulta, Univerzita Palackého v Olomouci a Fakultni nemocnice Olomouc

ABSTRACT

PURPOSE OF THE STUDY

By 7t December 2016, 4,755 Bicon-Plus cups in total were implanted in the Czech Republic. Some of them have been
continuously re-operated, while the most frequent reason of failure is polyethylene wear and aseptic loosening. The present
study is focused on surface analysis of retrieved polyethylene Bicon-Plus cups and the determination of the roughness of
their bearing surfaces.

MATERIAL AND METHODS

In this study, we had 13 high molecular weight polyethylene cups with the average time in situ of 8.11 years (3.6-13.7, SD
3.2) before the retrieval. The study population was composed of 3 men, 10 women, with the mean age of 53.31 years. An
optical scanning method, based on the principle of active triangulation, was used to determine wear rate. The rate of wear
was identified by means of an obtained scan subsequently processed with the use of the GOM Inspect software. The
roughness of surfaces was analysed with the application of Contour GT-X8 profiler using the principle of phase shifting
interferometry. Measurements of surface topography of the retrieved cups were performed on the entire bearing surfaces.
For the individual surface changes, a typical range of surface roughness, describing the particular wear character, was
determined. By means of morphology analysis of the tested implants, three areas were identified: unworn area; area
representing the worn part of the cup; and the area roughened by parallel grooving. The total surface roughness was
evaluated as an arithmetic mean of the measured values. Subsequently, the values were sorted based on frequency and
were classified into categories defining the particular wear mechanisms.

RESULTS

Wear rate of the retrieved acetabular cups was evaluated based on the wear direction vector and the size of linear wear.
The average linear wear was equal to 0.13 mm/year (ranging from 0.26 to 2.29 mm/year), and the mean value of total
volumetric material loss was 44.37 mmd/year (the range being from 51.80 to 1,119.7 mm?/year). Using the optical profilometer,
a map of roughness distribution of the individual cups was obtained. For each implant, 76 values of roughness were evaluated.
With the respect to average roughness, the samples were sorted to various categories describing: surface polishing; abrasive-
adhesive wear; surfaces with preserved grooving; substantial plastic deformation.

DISCUSSION

The results clearly showed an increase of wear depending on implant survival; however, the tendency is not linear. This
fact can be attributed to a larger amount of abrasive particles, causing an increase of wear or occurrence of surface wear in
terms of micro cracks and oxidation degradation of polyethylene. This study indicates that geometry, positioning, and cup
alignment during the implantation have a fundamental impact on the cup durability. Further correlation, which was observed
in the case of the cup with prevailing roughness in the range from 0.1 to 0.3 pm, is a relatively wide wear vector angle
determined with the use of the optical method. Considering the implants with the longest survival time with no loosening of
the acetabular cup, the mean angle of direction vector was 56.8° (SD 2.1°).

CONCLUSIONS

The present study provides the results of morphology analysis of the retrieved Bicon-Plus cups. In general, relatively high
wear rate, mainly of abrasive-adhesive character was identified. The dependence between wear and implant in situ longevity
was not clearly linear, which suggests the influence of other parameters on the polyethylene wear rate. An important role of
implant positioning on survival was also revealed. Moreover, it seems that it can be a more important parameter than the
characteristics of the patient.

Key words: total hip arthroplasty, Bicon-Plus cup, retrieval analysis, surface analysis, wear measurement, roughness,
deformation, survivorship.
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Bikonicka titanova Sroubovaci jamka byla uvedena
do praxe koncem roku 1993 (Bicon-Plus®; Plus Ortho-
pedics AG, Rotkreuz, Switzerland). Charakteristickym
konstrukénim rysem této jamky jsou tenky plast, lamelarni
zavity a dvojity konus, ktery v porovnéni s jednoduchym
koénusem, napriklad u jamky Alloclassic, Setii kost pfi
frézovani acetabula. Jamka md verzi standardni a tzv.
pordzni s rozsifenym povrchem zdrsnélého titanu. Podle
firemnich ddaji ji bylo implantovano nékolik set tisic.
V literatufe I1ze nalézt studie s 10- a viceletym sledovanim
tohoto implantatu s vybornymi klinickymi vysledky
a vynikajicim pfezitim k 10. roku od operace (20, 28,
37).V Ceské literatufe se ji vénovalo né€kolik autorskych
tyma (2, 5, 24). Implantat se stale pouZziva, a proto ma
smysl vénovat se vyzkumu jeho vysledka.

Jamku Bicon pouZivime na naSi klinice nepfetrZzité
od roku 1998 v primérni a revizni indikaci, v poslednich
letech s polyetylenem RexPol (s vysokym stupném si-
tovani). V posledni dobé se setkdvame s aseptickym
uvolnénim implantiti, které jsme operovali v prvni
dekadeé tohoto stoleti. Setkali jsme se také nékolikrat
s jeji frakturou. Méfeni otéru polyetylenu se vénujeme
dlouhodobé, vyvinuli jsme postupné kontaktni (9) i bez-
kontaktni metody (27) ke stanoveni jeho miry na extra-
hovanych jamkéch. Cilem této studie bylo zméfit opo-
tfebeni extrahovanych polyetylend u jamek Bicon-Plus
a stanovit drsnost jejich artikulaéniho povrchu.

MATERIAL A METODIKA

Pacienti

V letech 2010 az 2016 jsme reoperovali 51 jamek Bi-
con-Plus. Dlvod k reoperaci byl 46x asepticky (aseptické
uvolnéni véetné centrdlni migrace jamky (obr. 1), opo-
tfebeni polyetylenu, periprotetické zlomeniny) a 5x byla
kycel reoperovana pro infekci. Do studie s méfenim ex-

Tab. 1. Zdkladni klinické informace o pacientech
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Obr. 1. Aseptické uvolnéni jamky Bicon.

trahovaného polyetylenu jsme mohli zafadit 13 vyjmutych
komponent od 13 pacientd, kterym jsme extrahovali po-
lyetylenovou vlozku TEP kyc¢le s jamkou Bicon-Plus.
U ostatnich byl povrch polyetylenu pfi vyprostovani
z kovové casti jamky bud vyrazn€ poskozen, anebo se
jamku nepodafilo archivovat podle niZe uvedeného pro-
tokolu. Zakladni informace o pacientech shrnuje tabulka 1.

Cislo | Pohlavi Rok BMI Strana Datum VEk Primarni | Abdukéni |  Preziti Stabilita Divod revize
pacienta narozeni implantace| v dobé | diagnéza| dhel |implantdtu|implantdtu
implantace [°] [roky]
01 m 1947 24,24 pravda | 9.1.2003 55 PA 50,6 12,08 1 PPFF
02 7 1963 19,23 prava |15.4.2001 37 PD 35,5 10,5 1 asymptomatické,
uvolnéni dfiku
03 7 1957 27,55 leva | 5.4.2002 45 PA 35,7 10 1 bolesti
04 7 1952 24,01 pravd [30.9. 2002 50 PA 48 10,96 2 bolesti
05 m 1960 32,51 pravd [8.11.2005 45 AVN 46,4 6,25 0 bolesti
06 7 1936 34,38 pravd [13.1.2010 73 PA 46 4,04 2 bolesti
07 m 1940 30,86 levda | 4.1.2006 66 PA 48 7,46 1 bolesti
08 VA 1966 21,05 leva |15.1.2003 36 PD 34 7,68 2 fraktura plasté
jamky
09 7 1950 23,31 pravd | 3.3.2000 50 PA 51 13,67 0 bolesti
10 7 1960 26,77 pravd | 7.4.2010 49 PD 355 4,47 2 bolesti
11 7 1944 26,96 leva [13.1.2009 64 PA 63 5,16 2 bolesti
12 7 1933 22,04 pravd [14.2.2007 73 PA 40 3,58 2 bolesti
13 VA 1951 29,05 leva |3.10. 2001 50 PA 39 9,55 1 bolesti

m =muz, Z=2Zena; * 0 = obé komponenty stabilni, 1 = stabilni jamka, nestabilni diik, 2 = uvolnénd jamka; AVN = avaskuldrni nekroza hlavice
femuru; BMI = body mass index; PA = primdrni artréza; PD = postdysplastickd artrdza; PPFF = periprotetickd fraktura femuru.
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Polyetylenova viozka do jamky Bicon-Plus

Acetabularni vlozka z vysokomolekularniho polyetylenu
GUR 1020 (Ticona) byla vyrobena technologii ,,com-
pression molded* podle normy ISO 5834-2. Sterilizace
probihala gama zafenim (2,5 Mrad; 1 rad = 0,01 Gy)
v inertnim prostfedi dusiku. Zdmek vlozky fungoval
vyborné. Polyetylenova vlozka artikulovala s keramickou
hlavici.

Extrakce a archivovani

Extrahované polyetyleny byly ihned po vyjmuti z téla
mechanicky ocistény a sterilizovany v roztoku Sekusept
Aktiv (Ecolab GmbH, Diisseldorf, Némecko). Po vysuseni
a zabaleni byly jamky archivovany za standardni pokojové
teploty. Nésledné byly poslany do laboratofe spoluautort
k méteni otéru.

Metodika méreni otéru

Pro stanoveni otéru u artikula¢nich povrcht extraho-
vanych polyetylenovych vloZek byla pouzita optickd
skenovaci metoda (21). Méfeni bylo realizovano s vyuZitim
skeneru ATOS Triple Scan od spolecnosti GOM. Princip
metody je zaloZeny na aktivni triangulaci. Analyzovany
objekt je nasviceny uzkopismovym modrym svétlem,
pfi¢emZ7 se vyuzivd takzvand prouzkova projekce. Vy-
uzivana technologie se nazyva ,,blue light technology*.
Jednou z vyhod této technologie je nezavislost na
okolnich svételnych podminkach (10). Obrazce promitané
na objekt jsou snimdny dvéma kamerami, které jsou
uloZeny ve skenovaci hlavé. Ze ziskanych obrazii a na
zékladé znalosti thlu mezi snimacimi kamerami je
mozné pomoci triangulacnich algoritmi ziskat prostorové
soufadnice jednotlivych bodii na skenovaném objektu

Projektor

Pozice kamer

Promitany obraz | I o |

Uhel mezi kamerami ! - i}

Pracovni vzddlenost s

M&feny objekt L 1 A

Obr. 2. Schéma principu optického skenovani.

PUVODNI PRACE
ORIGINAL PAPER

_Maximalni
" odchylka

Smér decentrace
femoralni hlavice

_ Stied piivodni
| geometrie

Artikulaéni povrch . Neopotiebena

Obr. 3. Odchylkovd mapa opotiebeni extrahovaného implantdtu.

(obr. 2). Vysledkem skenovaciho procesu je tak ziskani
velkého poctu bodti na povrchu objektu. V pfipadé ske-
novani acetabularni jamky s primérem 28 mm je na
jejim artikulaénim povrchu ziskdno pfiblizné 200 000
bodi. Hustota bodl poskytuje moznost pfesnéjsi vizua-
lizace povrchu.

Nasledné jsou data polygonizovana za pomoci software
GOM Inspect, ¢imZ je ziskdna geometrie povrchu jamky.
Tuto geometrii je moZné dale editovat. V prvnim kroku
byla odstranéna vSechna poskozeni zpisobena chirurgem
pri explantaci, kterd do objemového ubytku jamky v téle
pacienta nesmi byt zapocitana. V dal$im kroku byla od-
stranéna nadbyte¢na data, jako je napiiklad okoli analy-
zované jamky. K analyze byl zachovany jen artikulacni
povrch explantitu a jeho blizké okoli. Nasledné jsou
povrchova data transformovana na objemové téleso.

Ziskana geometrie byla nésledné proloZena idealni
kouli, takzvanym primitivem, o nomindlnim priméru
odpovidajicim priméru neopotfebované Casti jamky.
Tim bylo moZné stanovit odchylky od idedlni geometrie
v jednotlivych smérech, a nasledné tak definovat ne-
opotfebovanou oblast acetabuldrni jamky a smér nartstu
opotrebeni. Na zdkladé definovaného neopotiebovaného
povrchu byla softwarové vytvorena rekonstrukce ptivodni
geometrie implantatu (obr. 3).

Model skenu extrahovaného implantitu byl nasledné
porovnan s rekonstruovanou ptivodni geometrii. Timto
postupem je mozné stanovit mnozstvi ubytku materialu
v téle pacienta, smér nartistu opotiebeni a velikost de-
centrace femoralni hlavice. Jednim z parametri, ktery
definuje rozsah opotiebeni, je smérovy vektor opotiebent,
Casto také oznacovany jako vektor decentrace, ktery je
uréen maximalni odchylkou opotiebené artikulacni
oblasti vici plivodni geometrii. Tento vektor svird s ver-
tikalni osou jamky (osa z) takzvany tuhel vektoru de-
centrace (obr. 4), (26).

Metodika méreni drsnosti

Pro stanoveni drsnosti povrchu extrahovanych jamek
byl vyuzit profilometr Contour GT-X8 od spole¢nosti
Bruker. Opticky profilometr pracuje na principu interfe-
rometrie s fizenou zménou faze. Profilometr vyuziva
vinovou délku svétla pro porovnani optickych drah
svétla mezi analyzovanym povrchem a referenénim po-

oblast implantatu
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Obr. 4. Stanoveni vektoru decentrace femordlni hlavice.

vrchem. Vyzafovany svételny paprsek je rozdélen,
pficemzZ jedna jeho ¢ast se odrazi od testovaného povrchu
po prichodu objektivem a druha ¢ast se odrazi od refe-
rencniho zrcadla. Na zakladé interference paprskl je
moZzné nasledn€ vyhodnotit topografii povrchu, pfi¢emz
vysledny interferogram (obrazec interferujicich paprskii)
je snimany CCD kamerou (obr. 5).

Metoda poskytuje méfeni topografie povrchu s rozli-
Senim az 0,1 nm. Pro skenovani povrchu byl pouZit ob-
jektiv s 20nasobnym zvétSenim snimané plochy o velikosti
0,22 mm?, coZ je dostate¢né pro tcely nami provadénych
méfeni. U acetabularni jamky o priméru 28 mm dochézelo
pfi méteni drsnosti v urcitych bodech ke kolizi mezi
jamkou a objektivem. Nutnosti tak bylo méfené jamky
roziezat na Ctyfi Casti a po méfeni data nasledné sloZit
do komplexni mapy popisujici topografii povrchu. Pro
definici jednotlivych méfenych bodt na povrchu jamky
byl navrZeny polohovaci pfipravek umoziujici natoceni
vzorku do konkrétni definované polohy, pficemz se
vyuziva takzvany polarni soufadnicovy systém.

Vysledkem méfeni na optickém profilometru je mapa
rozloZeni drsnosti u jednotlivych explantati. U kazdé
Ctvrtiny jamky bylo provedeno méfeni v 19 definovanych
mistech rovnomérn€ rozloZenych podle stanovené sou-
fadnicové mapy méfeni (obr. 6). Celkem tak bylo ziskano
76 hodnot drsnosti pro kazdy extra-
hovany implantit.

U jednotlivych povrchovych zmén

2
' 225 [mm]
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Obr. 5. Schéma principu optické profilometrie.

coZ naznacuje, Ze v disledku artikulace ndhrady dosSlo
k ur¢itému vyhlazeni povrchu (6, 13). Dalsi dvé oblasti
popisuji opotfebenou oblast jamky a oblast zdrsnénou
paralelnim ryhovanim zpisobenym kontaktem jamky
s povrchem hlavice. Z pozorovani opotfebené oblasti
bylo identifikovano zvInéni povrchu jamky a pfipadna
delaminace, kterd je prisuzovana plastické deformaci
(30). Méfena drsnost povrchu jamek byla popsana para-
metrem drsnosti Ra, tedy stfedni aritmetickou uchylkou
profilu. Jednotlivé hodnoty drsnosti u kazdého explan-
tovaného vzorku byly zarazené do rozmezi drsnosti
(obr. 6).

VYSLEDKY

Opotiebeni povrchu

Na zakladé méfeni za pomoci optické skenovaci
metody byl u tfindcti extrahovanych acetabuldrnich
jamek stanoven smérovy vektor opotiebeni, velikost li-
nearniho opotrebeni a celkovy objemovy ubytek materialu.
Vysledky té€chto parametrd jsou uvedeny v tabulce 2.

Tab. 2. Geometrickd analyza extrahovanych implantdti

bylo na zéaklad¢ struktury povrchu Cislo Velkost Linedrni | Linedrni Uhel | Objemové | Objemové
stanoveno typické rozmezi drsnosti | pacienta | implantatu | opotfebeni | opotfebeni| vektoru | opotfebeni |opotiebeni
popisujici konkrétni charakter opo- [mm] [mm/rok] | opotiebeni| [mm?] [mmd/rok]
tiebeni. Analyzou morfologie povrchu [°]

testovanych nahrad byly stanoveny 8; ggg ?gg 812 ggg ;;;99; gggg
tfi oblasti liSici se drovni drsnosti 03 4798-Antilix. 0:43 0:04 N 99,;31 9,@8
povrchu. Jednu z oblasti 1ze popsat 04 4/28 1,60 0.15 138 752.02 63.63
jako neopotiebenou. V této oblasti 05 6/28 0,66 0,11 - 170,98 27,36
jsou jasné viditelné stopy po vyrobnim 06 4/28 0,48 0,12 42,6 162,63 40,24
nastroji. PovétSinou se pfitom jevi 07 5/28 0,90 0.12 - 299,66 40.18
jako neopotiebované, piipadné bylo 83 < 28;22ngllux. ggg 8‘?(7) ggg ggggg 14225'7895
pozorovino jen jejich velmi omezené ™40 "5/28-Antilux. | 0,26 0.06 629 | 6946 | 1555
opotiebeni. Drsnost této oblasti do- 11 | 4/28-Antilux. | 047 0,09 20,8 152,98 29,66
sahuje hodnot niZSich, neZ bylo na- 12 7/28 0,31 0,09 33,1 51,80 14,46
méfeno u jamek pfed opotfebenim, 13 4/28 0,92 0,10 67,8 182,05 19,06
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Obr. 6. MéTeni drsnosti povrchu — pacient 03.

Meéfeni bylo u kazdého vzorku tfikrat zopakovéno a z na-
mérenych hodnot byl stanoven aritmeticky primeér. Pri-
mérnd rychlost linearniho otéru u méfenych jamek byla
0,13 mm/rok (smérodatna odchylka, angl. standard de-
viation (SD) = 0,06 mm/rok). Primérna hodnota obje-
mového otéru byla 44,37 mm?/rok (SD = 32,45 mm®/rok).
Ziskand data byla porovnana s klinickymi daty jednotli-
vych pacientd. Graf 1 popisuje zavislost rychlosti line-
arniho opotiebeni v zavislosti na dobé pieziti implantatu
v téle pacienta. Na elementdrni drovni Ize oCekavat, Ze
opotfebeni bude narlistat pfimo umérné s ¢asem, po
ktery je implantat pfitomny v téle pacienta. Na zdkladé
vysledki uvedenych v grafu 1 se vSak ukazuje, Ze za-
vislost mezi rychlosti otéru a délkou pouZzivani implantatu
linedrni neni. Podobné jsme stanovili zavislost mezi
rychlosti otéru, délkou implantitu in situ a body mass
indexem (BMI), (graf 2, 3).

Drsnost povrchu

Meéreni topografie povrchu na extrahovanych jamkéach
bylo realizované rovnomérné po celém artikula¢nim
povrchu. Celkova drsnost povrchu byla stanovena arit-
metickym primérem naméfenych hodnot. Nésledné byly
hodnoty sefazeny podle Cetnosti a byly zatazeny do ka-
tegorie definujici jednotlivé mechanismy opotfebeni
(tab. 3). Timto zptisobem je mozné definovat vzorky,
u kterych doslo k vyraznému vyhlazeni povrchu abrazivné
adheznim opotebenim (obr. 7a), povrchy se zachovanymi
ryhami po vyrobnim néstroji (obr. 7b) a vzorky s vyraznym
plastickym poSkozenim (obr. 7¢).

DISKUSE

U souboru 13 vzorki extrahovanych implantatti Bicon
s primérnou délkou preziti 8,1 roku (SD 3,2 roku) byly
analyzovany geometrické a topografické zmény artiku-
la¢nich povrcht. Ziskané vysledky byly nasledné hod-
noceny v porovnani s dostupnymi klinickymi daty pa-
cientd.

Rozsah drsnosti [pm)

Graf 1. Zdvislost linedrniho opotrebeni na dobé preZiti implantdtu
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Graf 2. Zdvislost objemového opotiebeni na BMI
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Tab. 3. Vlyhodnoceni drsnosti artikulacnich povrchi u extrahovanych jamek

Drsnost artikulujiciho povrchu [um]
Cislo Primérnd | 0,1-0,30,3-0,4 | 0,4-0,5]05-0,6 | 0,6-0,7]0,7-08 | 0,9-1 | 1<
pacienta drsnost | Vyhlaz.
[um] Znatelné ryhy po nastroji | \lyrazné ryhy po ndstroji
Plastické deformace, znatelné poSkozeni
01 0,33 58 % 17 % 12 % \lyhlazeni, stopy po obrdbéni, pitting
02 0,53 30 % 14 % 18 % \lyhlazeni, stopy po obrdbéni, pitting
03 0,42 46 % 13 % 9% Vlyhlazeni, stopy po obrdbéni, pitting
04 1,46 9% 14 % 55 % | Vyhlazeni, vwyrazné plastické deformace
05 0,42 43% | 18% 1% Viyhlazeni, stopy po obréabéni,
pocatek pittingu
06 0,46 30 % 37% | 24% Vlyhlazeni, stopy po obrabéni,
plastické deformace, trhliny
07 0,75 18 % 13 % 26 % Vlyhlazeni, stopy po obrabéni,
plastické deformace, trhliny
08 - Delaminace povrchu,
hranové poSkozeni
09 0,63 3% | 33% 28 % Vlyhlazeni, stopy po obrabéni,
delaminace povrchu
10 0,70 13% | 37% 28 % Viyhlazeni, stopy po obrébéni,
plastické deformace, delaminace,
hranové poSkozeni
11 0,45 20 % 25 % 24 % Viyhlazeni, stopy po obrébéni
12 0,37 25% | 53 % 9% Vlyhlazeni, stopy po obrabéni,
delaminace, hranové poSkozeni
13 0,51 % | 22% 21 % Vlyhlazeni, stopy po obrabéni

Jednou z porovnavanych velicin je rychlost linearniho
opotiebeni implantatu stanovena jako rychlost vnoreni
femoralni hlavice do polyetylenové jamky vyjadiend
v mm/rok, pfipadné mm3/rok. Z literatury i z vlastni
zkuSenosti vime, Ze hodnoceny implantdt ma vynikajici
preziti (tab. 4), (12, 16, 20, 29, 31, 37). V nasi praci
jsme zjistili primérnou rychlost otéru polyetylenu vyssi
nez 0,1 mm/rok a pfevazné abrazivné adhezni typ otéru.
Také dalSi autofi zméfili na rentgenovych snimcich
rychlost otéru vyssi nez 0,1 mm/rok (tab. 5), coZ by
méla byt hodnota sdruZend s vyS$i pravdépodobnosti
vyskytu periprotetické osteolyzy a aseptického uvolnéni
(4). Jinymi slovy, tento implantat se zjevné dokazal
ubranit rozvoji osteolyzy, prestoZe zdkladni podminka
rozvoje této reakce byla splnéna. Presto doporucujeme

pacienty s jamkou Bicon-Plus a star§im polyetylenem
pravidelné kontrolovat, a to zejména po desatém roce
od operace.

Z vysledki je jasné pozorovatelny narlst opotiebeni
s délkou preziti implantatu, kdy se vSak nejedna o zévislost
linearni (graf 1). Tento jev mlze byt zpisobeny vysSSim
poctem abrazivnich ¢astic zplsobujicich zvyseni tfeni,
pfipadné vyskyt povrchového opotiebeni ve formé mi-
krotrhlin a oxida¢ni degradace polyetylenu (6, 7). Procesy
opotfebeni miiZze ovliviiovat dile také rtiznd velikost
a tvar otérovych Castic (36). Je vsak tfeba zdlraznit, Ze
bylo analyzovano pouze 13 vzorkd, coZ nemusi byt pro
vyvozeni jasnych zavéri dostate¢né mnozstvi. Nejvyssi
odchylky od linearniho trendu nérGstu opotfebeni v po-
rovnani s dobou preZiti byly pozoroviny u pacientl

Obr. 7. Typy opotrebem na explantovanych vzorczch.
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Tab. 4. Prehled studii referujicich preZiti TEP Bicon-Plus

PUVODNI PRACE
ORIGINAL PAPER

Autor Podet kycli | Délka sledovani (roky) Preziti k 10. roku od operace Vyskyt AU \lyskyt PPOL
Zweymuller, 2007 232 10 99,3 % (96,9 — 99,8 %) *# 0 1/232; 0,43 %
Veen, 2016 125 7 99,2 % # ** 1/125; 0,80 % -
Topolovec, 2014 587 11 96,1 % (94,3 - 97,9 %) *# 13/587; 2,21 % 13/587; 2,21 %8§
MiloSev, 2012 200 10 98,4 % (96,6 — 100 %) *# 1/200; 0,5 % 0§
Korovessis, 2011 153 11 97,5 % (94,0 - 99,0 %) * 4/153; 2,61 % 6,54 %
Schmolders, 2016 81 13,5 96,8 % (90,5 —98,9 %) *# 4/81; 4,94 % 12/81; 14,81 %
Ottink, 2015 218 14,4 97 % (0,95 -0,99 %) *# 7/218; 3,21 % -

AU = aseptické uvolnéni, PPOL = periprotetickd osteolyza, # = reoperace z jakéhokoliv diivodu, * = v zdvorce je uveden 95% interval
spolehlivosti, ** = preZiti k 7. roku, § = osteolyza hodnocena jen u revidovanych pacientu.

Tab. 5. Rychlost otéru polyetylenu u jamky Bicon-Plus

Autor Pocet | Délka sledovani | Kloubni Primér Metoda méreni Linearni otér | Linedrni otér
kycli (roky) par hlavicky (mm) (mm/R)
Zweymuller, 2007 232 10 Ker-PE ? Hall 1,33 = 0,66 0,13
Ottink, 2015 218 14,4 Ker-PE 32 mm Rogan-Delft software 1,80 0,12
Korovessis, 2011 153 11 Ker-PE 28 mm | Diagnostic PRO Advantage - 0,059 = 0,06

Ker = keramika; PE = polyetylen; R = rok; ? = neni explicitné uvedeno.

s men$im abdukénim dhlem ndhrady, pficemz vSak
i u téchto jamek je hodnota abdukéniho dhlu v rozsahu
30°-50°, kdy by na zaklad¢ studii (14, 15, 35) mélo do-
chazet k nejmensimu opotiebeni artikulacni vlozky.
UloZeni mimo optimalni rozsah je spjato s vySSi rychlosti
otéru, pripadné s poSkozenim jamky frakturou.

Mnohem méné vime o redlném rozlozeni a velikosti
sily plisobici na kloub pfi zatéZi a o zplisobu zatéZovani
jednotlivymi pacienty. Tento fakt do velké miry ovliviiuje
preziti nahrady v dusledku opotiebeni, pfipadné jejiho
uvolnéni. Doposud vsak nebyla publikovéana prace, kterd
by porovnavala redlné parametry zatéZovani kloubni
soustavy pii béznych aktivitach v souvislosti s objemovym
opotfebenim implantitu. Jedna se pouze o simulace
jednotlivych stavli za pomoci numerickych metod. Tato
studie se snaZi poukdzat na fakt, Ze geometrie, poloha
a zpusob uloZeni jamky pfi jeji implantaci maji zasadni
vliv na jeji Zivotnost. Dal§imi parametry, které rovnéz
nelze opomenout, je konkrétni materidlova kombinace,
pripadné velikost implantatu (33).

Nésledné byla data rozSifena o porovnani topografie
artikula¢niho povrchu. U téchto vysledkl je nutné
poukdzat na vzorky, kde byla zaznamendna nejvétsi
Cetnost drsnosti v rozsahu 0,1-0,3 um (tab. 3). Tato
hodnota drsnosti je vykazovana u povrchi, kde doslo
v disledku probéhlé artikulace k vyraznému vyhlazeni
povrchu oproti drsnosti dosazené pii vyrobé jamky. Jde
pritom o mechanismus abrazivné adhezniho opotiebeni
s pfitomnosti vyznamnych paralelnich ryh od kovové
femordlni hlavice (25). V naSem souboru v§ak polyetylen
artikuloval s keramickou hlavickou. Toto opotiebeni
bylo pozorovdno vyhradné u pacientli, kde nedoslo
k uvolnéni jamky, a ve vicero pfipadech ptredchazelo
vzniku mikrotrhlin — pittingu (obr. 7d) ¢i odlupovani
vétsich povrchovych vrstev (obr. 7¢). Tento jev je moZné
pozorovat u implantétil s primérnou dobou preZziti 10,5
roku (SD 2,5 roku). AvSak plastickd deformace a dela-

minace materidlu mohou souviset také s uvolnénim
jamky. U tohoto typu selhdni je moZné predpokladat
zmény sméru zatéZovani, které mohou zpiisobovat tento
disledek a pfipadné vést aZ ke kolizi okraje jamky
s kr¢kem femoralni hlavice, coZ se projevilo u nékterych
naSich pacientii (konkrétn€ u pacientir ¢. 08, 10, 12).
Zména rozloZeni tlaku vlivem natoceni vlozKy je popsdna
v n€kolika studiich (11, 23).

Dalsi korelaci, ktera je identifikovana u jamek s pre-
vazujici drsnosti v rozsahu 0,1-0,3 pum, je pomérné
velky thel vektoru opotfebeni stanoveny za pomoci
optické metody. U implantati s nejdelsi dobou preZiti,
u kterych soucasné nedosSlo k uvolnéni acetabularni
jamky, byl stanoveny primérny thel smérového vektoru
56,8° (SD 2,1°). Tyto vysledky jsou unikdtni, a nemiZe-
me je proto porovnat s literdrnimi tidaji. Z hlediska bio-
tribologickych procesii vyplyvajicich z pozorovani je
preziti implantdtu spojené tedy i se strukturou povrchu.
V béZznych podminkach, kdy je implantit uloZeny do
téla v rozmezi doporucovanych abduk¢nich uhld, a za
predpokladu stability implantatu dochazi k rovnomérnému
opotfebeni a vyhlazovani povrchu.

Metody schopné testovat parametry konkrétniho
souboru extrahovanych implantatd miZeme v uvedeném
kontextu chépat jako nezbytné analytické nastroje pro
zpétné hodnoceni procesii opotiebeni TEP kycle. Z hle-
diska geometrie ndhrady hraje dale velmi podstatnou
roli i velikost prumérové vile. Studie (1) se zabyvala
vlivem velikosti viile na koeficient tfeni mezi povrchy,
kdy byl pozorovan trend sniZujiciho se tfeni se sniZujici
se vili mezi komponentami. Stejné chovani bylo popsano
i v dalsi literatute (3), kdy byl zaznamenan pokles opo-
tiebeni u dvojic s mensi vili. Tento efekt byl pozorovan
jak v pripad€ 36 mm, tak 54 mm implantatu. S ohledem
na vliv priméru tak autofi konstatovali, Ze velikost imp-
lantatu by méla byt co mozna nejvétsi pti zachovani co
mozné nejmensi primérové vile. V této souvislosti je
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tfeba také zminit problematiku mazani, kterd ma bezpo-
chyby na opotiebeni implantati zasadni vliv. Z tohoto
pohledu je rozhodujici pfedevSim tloustka mazaciho
filmu (32) a adsorpce proteinil na tfeci povrchy (22).
Pfitom bylo v literatufe poukdzino na fakt, Ze utvareni
proteinového mazaciho filmu mezi komponentami
nahrady je ovlivnéno jak materidlovou kombinaci (18,
19), tak geometrii (34), a pfedevSim pak velikosti
nahrady a pramérovou vuli (17). RovnéZ je tieba vzit
v tvahu sloZeni synovidlni kapaliny, ktera se 1i$i v zavis-
losti na mnoha faktorech, jako je pohlavi, vék, zdravotni
stav apod. (8).

Pokud jde o limitace provedené studie, je tfeba zminit

zejména maly soubor analyzovanych implantat. Déle
by bylo nepochybné vhodné doplnit povrchové analyzy
o stanoveni oxida¢niho indexu extrahovanych polyetylent.
Tuto metodu vSak v soucasné dobé nemame k dispozici.

ZAVER

V této praci predkladdme vysledky morfologické

analyzy extrahovanych jamek Bicon-Plus. Zjistili jsme
relativné vysokou rychlost otéru, ktery byl pfevazné ab-
razivné adhezniho typu. Zavislost mezi otérem a délkou
implantatu in situ nebyla jednoznacné linedrni, coz
ukazuje na vliv dalSich parametri na rychlost opotiebeni
polyetylenu. Presto doporucujeme pacienty s timto im-
plantatem pravidelné sledovat, zv1asté po 10. roce od
operace. DuleZity vliv na celkové preZiti implantdtu ma
také jeho poloha po implantaci. Zda se dokonce, Ze jde
o vyznamnéj$i parametr, nezli jsou charakteristiky
pacienta. Z optickych méfeni je moZzné pozorovat vliv
smérového vektoru opotfebeni na topografii povrchu.
Pti vyssich thlech byla celkova stanovena drsnost mensi,
coz se projevilo hlavné na stabilité¢ jamky, a tim i na
jejim preZziti po implantaci.
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ABSTRACT

Wear analysis of total hip replacements (THRs) is considered one of the most relevant research areas
helping to improve the longevity and overall design of THRs. The coordinate machine method (CMM) and
Fourier profilometry are the most common methods for measuring THR wear. This article presents optical
scanner digitalization as a new method for measuring the wear of polyethylene (PE) acetabular cups. The
aim of this article is to explore the potential of this method for the PE wear measurements. Optical scans
for the purposes of this study were produced using an ATOS Triple Scan 3D optical scanner. The optical
scanner is efficient and it can measure a large number of points for polygonization and for further
development of the preworn models. In this study, the scanner first generated point clouds on a sample of
13 retrieved ultra-high-molecular-weight polyethylene (UHMWPE) acetabular cups. Next, volumetric
models of the cups were created by polygonizing the point clouds. Reverse engineering was used to
develop models of the original acetabular cups using the geometry of the unworn parts of the retrieved
cups. A comparison of the two models then showed the total volume of the PE debris. The optical
scanning method was validated against the gravimetric method using three new acetabular cups that
were worn out on a hip pendulum simulator. Validation shows that the optical scanning method is a valid
method for wear analysis of the retrieved UHMWPE acetabular cups.
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Introduction

Total hip replacement (THR) is currently the most effective
treatment of a number of hip afflictions that helps to alleviate
pain and improve quality of life. This surgical procedure con-
sists of removing the damaged joint surfaces and replacing
them with artificial ones—an acetabular cup articulating sur-
face with femoral head on a femoral stem. The most common
combination of bearing materials is a polyethylene (PE) acetab-
ular cup articulating with a metal or ceramic head.

Along with a growing number of THRs, there is a growing
need for revision surgeries due to prosthesis failure. Projected
estimates made for the United States show that by 2030 the
demand for primary THA will grow by 174% for primary sur-
gery and 137% for revision surgery compared to the levels in
2005 (Kurtz, et al. (1)). By far, the main reason for a revision
surgery is aseptic loosening followed by infection and disloca-
tion. Aseptic loosening is causally associated with liberation of
huge amount of prosthetic wear particles from the bearing
surfaces. These particles stimulate the receptors of innate
immunity to trigger a foreign body host response driven pre-
dominantly by macrophages and fibrocytes (Gallo, et al. (2)).
That is why manufacturers and researchers are motivated to
develop bearing materials with increased resistance to wear.

In order to measure the amount and rate of prosthetic wear,
various in vivo and in vitro methods have been developed offer-
ing clinicians as well as researchers the ability to determine

damage to the prosthetic cup liner (Patel, et al. (3)). In vivo
wear measurement methods rely on the assumption that a defi-
nite relationship exists between a quantifiable X-ray penetra-
tion of the prosthetic head in the cup and the true amount of
wear. However, this article focuses only on in vitro methods.
Gravimetric methods are suitable for evaluation of the cups
tested under repetitive load cycle in special hip joint simulators
when the pretest weight of a cup is known. The gravimetric
method is also suitable for assessment of artificially worn com-
ponents in experimental settings. The approach is defined by
international standards ISO 14242 (Affatato, et al. (4)). The
accuracy of this method is a minimum of 0.1 mg according to
ISO 14242-2 (5).

However, this method is not useful for the analysis of
extracted hip implants because the weight of the original cup in
a preworn stage is not known. Therefore, development of alter-
native methods allowing the measurement of volumetric wear
in a retrieved cup without knowledge of its weight before its
use is needed (Bills, et al. (6)).

One of these methods is the analysis of surface geometry by a
coordinate measurement machine (CMM). It is the most com-
mon method for measuring the geometry in manufacturing prac-
tice for control of the shape and dimensions of product elements.
Use of this method has also become a correct standard method
for the measurement of THR volumetric wear during in vitro
tests (Bills, et al. (7); Martell, et al. (8)). A precise description of
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this method is clearly summarized in ISO 14242-2 (5), where a
particular focus is dedicated to the maximum axial position error
of measurement, which is described as D = 4 + 4] x 107°
(D = volumetric position error in micrometers, and / = measur-
ing length of the work envelope in millimeters). A location
change of specimen must affect the volume by no more than
0.05%, and the point mesh spacing should be <1 mm. This stan-
dard offers a fundamental basis for the volumetric wear analysis
with defined uncertainty of THR measurement (ISO 14242-2 (5)).

There are many studies describing the uncertainty and
postprocessing algorithm related to this method. Kothari,
et al. (9) published one of the first studies discussing the use
of a CMM method to evaluate 22 retrieved THR components.
Three hundred and twenty-five points were measured on the
surface of a sample. The analysis was carried out in vitro and
the examined implants were from metal material (Kothari,
et al. (9)). The declared accuracy of this method was £5 pum,
with the definition described in geometrical product specifica-
tion for CMM system declaration by ISO 10360-2 (10). Becker
and Dirix (11) evaluated the precision of this method in the
study comparing two CMM methods with a standard preci-
sion of 2.6 um and a high precision of 1.2 um. Lord, et al.
(12) assessed metal-on-metal THR components, analyzing 32
femoral heads and 22 acetabular cups. The aim was to evalu-
ate the effectiveness of the CMM method against a conven-
tional gravimetric method. To determine the volumetric wear,
a program using mathematical software was created. This
program aimed to identify the origin of the spherical compo-
nents from as wide an area of the articulating surface as possi-
ble. Then the worn area was localized. Results of this study
were verified by the gravimetric method. A validation proce-
dure compared the mathematical and the gravimetric method.
In Lord, et al. (12), three stages of mean absolute error—0.53,
0.50, and 0.24 mm’—were reported for metal components.
Another study examined distribution of the scan lines. The
results deal with the impact of the scanning method (polar,
planar, etc.), distances between the scan lines, and distribu-
tion of points along a single scan line (Bills, et al. (6)).

An innovative surface analysis methodology is the optical
method. A noncontact analysis provides simplification of
measurements and postprocessing analysis. On the other
hand, it offers new possibilities for postprocessing the scanned
geometry. The main method used for complex analysis of
THR geometry is based on reflectivity of the surface. Reflec-
tion of the incident beam is processed by an active or passive
triangulation.

One of the studies focused on the use of a noncontact
scanning method using Fourier profilometry (Rossler, et al.
(13)). The study deals with a sinusoidal grating projector
that creates an optical pattern on the object. This pattern is
deformed by refraction on the surface, which is reflected in
changes of its phase. The image is recorded by a digital cam-
era. Information about the geometry and topographic depth
is obtained by the image processing and by the mathematical
algorithm computing the phase shift toward the reference
plane. A relative percentage difference of this method
compared to the gravimetric method is approximately
6.3% depending on the rate of volumetric wear (Rossler,
et al. (13)).

Another approach, called scanning profilometry, uses
only a one-strip projection. For the analysis of all surfaces,
the object is rotated. The sensitivity and accuracy of this
method depends on the size of the angle of object rotation.
As a result, the whole profile is created by connecting the
individual linear scans. The third coordinate is determined
from the equal compared reference plane and the plane of
refraction. The relative percentage difference of this method
compared to the gravimetric method is about 10%
(Pochmon, et al. (14)).

Zou, et al. (15) studied the macrostructure surface of acetab-
ular cups. To establish an accurate method for digitizing a con-
vex hemispherical shape, a laser probe fited on a CMM
machine is used. The principle of this optical method is based
on triangulation. The surface was digitized at 0.1-mm intervals
in X and Y directions divided into six scans. Then discrete
points were merged into one surface data. Reproducibility of
the method shows a volumetric difference of 1.411 mm’
(Zou, et al. (15)).

Yun, et al. (16) used 3D optical scanning for validation of the
reliability of a power point method to recognize volumetric
wear in vivo from radiographs. This method is applied on 17
retrieved PE acetabular cups. A 3D laser scanner used for the
analysis of the cup has a resolution of 2.0 megapixels and preci-
sion less than 0.01 mm. Data are postprocessed using special
software (Geomagic, Morrisville, NC). The mean wear volume
achieved by the 3D laser scanning method is 1,146.72 =+
576.59 mm®. The main message is to show that the power point
method correlated well with the 3D scanning method
(Yun, et al. (16)).

The aim of this article is to demonstrate the optical method
as a method suitable for determination of volumetric wear and
material loss. This method is applicable for retrieved PE acetab-
ular cups at various stages of wear. The data obtained from the
3D digitizing process by the optical scanner are processed and
evaluated using computer-aided design (CAD). Using a post-
processing algorithm, it is possible to determine the amount of
volumetric wear. A particular focus is given to validation of this
method by the standard gravimetric method. This method
ranks among the most innovative methods in the respective
field to determine the volumetric wear of PE acetabular cups.
Information on volumetric wear can be used to suggest an
effective modification of geometry that would lower the friction
and wear by effectively moving the lubrication regime
away from the boundary regime toward the mixed and hydro-
dynamic lubrication regimes (Dougherty, et al. (17);
Choudhury, et al. (18)).

As indicated above, the CMM and the gravimetric method
are the two most widely used methods for determining the vol-
umetric wear on acetabular cups in vitro. These methods are
very precise and have high confidence levels. In recent years,
these methods have been supplemented with optical methods
to obtain a more comprehensive and time-efficient analysis.
The main advantage of the approach described in this article is
its ability to reconstruct the unworn geometry of the cup. The
analysis of geometry is made on the basis of a large number of
points forming the point clouds. This advantage opens new
opportunities for analytic and statistical approaches for deter-
mination of volumetric wear.



Table 1. Characteristics of the patients enrolled in the study.
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Patient Gender Weight (kg) Body msindex Age (years) Side Date of revision Duration (months)  Type of patient® Reason for revision
1 M 66 24.24 67 Right January 27, 2015 145 B Periprosthetic fracture, wear
2 F 48 19.23 48 Right  October 10, 2011 126 B Aseptic loosening®

3 F 75 27.55 55 Left ~ November 5,2012 120 B Aseptic loosening-stem
4 F 63 24.01 61.5 Right September 11,2013 1315 B Aseptic loosening

5 M 103 3251 52 Right January 30, 2012 75 A Painful hip

6 F 88 3438 77 Right January 22,2014 48.5 B Aseptic loosening

7 M 100 30.86 73 Left ~ May 14,2013 89.5 A Aseptic loosening-stem
8 F 58 21.05 43 Left  October 20, 2010 922 B Fracture of the cup

9 F 56 2331 63 Right  October 30, 2013 164 B Aseptic loosening

10 F 72 26.77 53 Right September 24,2014 53.6 A Aseptic loosening

1 F 77 26.96 69 Left  March 12,2014 61.9 A Aseptic loosening

12 F 60 22.04 77 Right September 14,2010 43 B Aseptic loosening

13 F 68 29.05 59 Left  April 20,2011 114.6 B Aseptic loosening

The Charnley classification tries to estimate the level of walking capacity, with class A having no disturbance in locomotion, class B with bilateral hip disease (or hip and
knee) and normal findings in other weight-bearing joints, and class C with severe compromise of locomotion due to multiple joint involvement.

bBoth components.

Materials and methods
Components

The new method of wear evaluation was demonstrated on 13
acetabular cups with a diameter of 28 mm (Table 1). All
extracted acetabular cups were part of the Bicon-plus cup (Plus
Endoprothetik AG, Rotkreuz, Switzerland; later Smith and
Nephew). Ultra-high-molecular-weight polyethylene
(UHMWPE) was made of RCH-1000 Chirulen (Quadrant PHS
Deutschland GmbH, Vreden, Germany) according to ISO 5834-
2 and ASTM F648. The UHMWPE liner was gamma radiation
sterilized (cobalt-60) while sealed in a threefold pouch in a nitro-
gen atmosphere. The dose adopted was between a minimum of
25 kGy and a maximum of 37 kGy (Milosev, et al. (19)). There is
a consistent agreement in clinical studies that the UHMWPE
represents an improvement in wear over conventional PE (Wil-
liams, et al. (20)). The extracted cups were produced in two
designs. The first design was a standard acetabular cup and the
second design was an acetabular cup with an elevated rim (the
so-called antiluxation modification). Retrieved prostheses were
obtained at revision surgeries between 2010 and 2015. All surger-
ies were performed by one surgeon. The component’s survival
time in situ was on average 97.29 months (range = 43-145,
SD = 37.83 months). After prosthesis extraction, all of the PE
liners were mechanically cleaned, immersed in a disinfectant for
24 h, and then sterilized routinely for 2 h. All retrieved cups were
obtained under standard conditions with written informed
patient consent, and the study was approved by the local Ethics
Committee (as a part of project NT11049-5, Ministry of Health,
Czech Republic).

New acetabular cups with a diameter of 28 mm were used as
reference samples for validation of the method. The new ace-
tabular cups were Durasul Low Profile Cups produced by
Zimmer (size 50/28). Validation was replicated on three inde-
pendent samples to eliminate measurement and manufacturing
random errors.

Optical scanning method

Acetabular cups were measured using an 3D ATOS Triple Scan
optical scanner (Fig. 1). This optical system is based on active
fringe projection and triangulation. The ATOS Triple Scan uses

blue light technology in three viewing angles between the stereo
camera and projector. With this approach, the measurements
are not dependent on environmental factors and therefore it is
not necessary to maintain constant environmental conditions
during the measurements. A fringe pattern is projected on the
object to be measured and the image is acquired using a two-
camera system (Fig. 2). The final scan is composed of multiple
partial scans that are aligned according to the reference points
detected by software.

For measurement of the acetabular cups, the reference
points with a diameter of 0.8 mm were positioned on the sur-
face of the cups outside their evaluated areas (GOM (21)). The
measurement was carried out with MV170 lenses with a mea-
surement volume of 170 x 130 x 130 mm calibrated in a small
object arrangement. The lenses complied with VDI/VDE2634-
3 (22). Further parameters of the measuring equipment are
shown in Table 2.

The scanner was calibrated according to the procedures as
defined by the producer. Results of calibration are shown in
Table 3.

The surface of PE acetabular cups was too transparent for
scanning and it was necessary to apply a layer of TiO, coating.
An airbrush system was used to apply an approximately 3 um
coating (Palousek, et al. (23)). The acetabular cup was fixed in
the middle of a rotary measurement table. The scanner was
focused on the center of the acetabular cup at a scanning

Figure 1. Measuring by ATOS Il Triple Scan 3D optical scanner.
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Figure 2. Principle of ATOS 3D optical system.

distance of 490 mm. Each individual scan consists of a large
number of isolated points, technically described as a point
cloud. Approximately six partial scans were used for the final
scan to be used in postprocessing.

Polygonization and definition of coordinate system

After the measurement, the data were postprocessed using the
software GOM Inspect (GOM mbH). First, the scan was poly-
gonized. For the purpose of further analysis, only the articulat-
ing surface and its close surroundings were necessary;
redundant data were removed. Next, the polygonized object
was reconstructed by removing and filling in damage caused
by the surgeon during extraction of THR components (Fig. 3).
Surgical damage was identified after analyzing and considering

Table 2. Parameters of GOM ATOS Il Triple Scan 3D scanner (Palousek, et al. (23)).

Parameters ATOS Triple Scan

2x8
170 x 130 x 130

Camera pixels (Mpx)
Measuring volume (mm)

Measuring distance (mm) 490
Lamp LED
Focal length camera lenses (mm) 40
Focal length projector lens (mm) 60
Point distance (mm) 0.055
Reference points diameter (mm) 0.8

Camera position Small object

Table 3. Results of calibration.

Parameters Results of calibration
Deviation of calibration (pixels) 0.033
Optimized deviation of calibration (pixels) 0.020
Calibration of projector (pixels) 0.118
Optimized calibration of projector (pixels) 0.019
Angles of cameras (°) 27.2

Temperature (°C) 24
Type of calibration object CP40-170-40346

the procedures used for extracting of THR implants. After
these modifications, the polygonized geometry was smoothed
with a surface tolerance of 3 um to remove the surface rough-
ness and possible coating defects that could distort the
measurements.

A reference coordinate system for cup geometry was created
using three fitting elements: a line, a point, and a plane.

The line represented the direction of the wear path (also
described as a wear scar) and was used to identify the unworn
parts of the samples. The 3D model was created on the basis of
the nominal value of the acetabulum diameter. The direction of
the wear scar was obtained by an initial comparison of the mea-
sured data with the nominal data of the new acetabular cup
using the best-fit function of GOM Inspect. This comparison
rendered a map of deviations that enabled us to infer the final
direction of the wear scar (Fig. 4).

The point was defined by the center of a sphere with a diam-
eter corresponding to the original dimensions of the acetabular
cup. The sphere itself was created using the Gaussian best-fit
method on a cloud of points of the unworn region. A selection
of points defining the unworn region is made manually accord-
ing to the deviations from the ideal model. Cups with higher
wear volumes have a clearly identifiable line between the worn
and unworn regions. The selected points were then evaluated
with three sigma statistical criteria enabling use of 99.73% of
the points.

The plane was defined by the rim of the acetabular cup. A
selection of points was performed automatically. A different
method of point selection was used for antiluxation cups where
the definition points were located only on the outer edge of the
rim.

Polygonal data with the defined coordinate system were then
used to determine the wear vector as a vector originating from
the center of the unworn cup geometry to the most worn point
on the inner surface of the cup. The center of the unworn
region is defined by the point in the center of the coordinate
system as described above. The center of the worn region is
defined by the best-fit function applied to the selection of data
in the direction of the wear scar. This can be calculated using
the basic linear algebra equation for the angle between the two
vectors (Fig. 5; Uddin (24)).

The surface of the original acetabular cup was defined by fit-
ting the primitives on unworn parts of the extracted acetabular
cup as described above (Fig. 6d). The original unworn model
was created on the basis of the dimensions of the primitives
from the unworn parts of the samples by means of reverse engi-
neering (Fig. 6e). This method assumed that the original
unworn surface was truly spherical and without roughness after
machining.



Figure 3. Reconstruction of extracted acetabular cup (GOM Inspect).

Surface and volume creation

Polygonal data were exported to STL (STereoLitography) for-
mat for further postprocessing with Geomagic Design X (3D
Systems GmbH) software (Fig. 6b). First, the surface model was
generated from the polygonal data using the Geomagic auto-
surface tool. The quality of this transformation was evaluated
by comparing the rendered surface model with the polygonal
data. This comparison showed a maximum deviation of 2 pum,
which is a negligible uncertainty (Fig. 7).

Next, the scanned geometry was trimmed and closed with a
cylindrical geometry. Dimensions of the geometry were speci-
fied with respect to the extent of the volumetric wear. The
cylindrical geometry had to include the whole articulation sur-
face showing any material loss. The resulting surface model
was suitable for transformation to the volumetric model using
Geomagic tools (Fig. 6¢).

In the next step, the volumetric model was compared with
the model of the original acetabular cup. The resulting compar-
ison shows the volume of material released to a human body
during the life cycle of the cup (Fig. 6f).

Validation of method

The 3D scanning method was validated by a gravimetric com-
parison. Wear of the extracted cups was simulated simply by
removing the material from new cups. The method specification

B500 [mm]
Area of unworn surface P50
3.75
I 300
e 225
Direction of
wear scar
1.50
0.75
0.00
m-0.18

Figure 4. Definition of wear scar direction and coordinate system.
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and preparation of specimen can be found in ISO 14242-2 (5).
The samples were cleaned of the PE particles to avoid loosening
of the particles during scanning.

A Kern ABS 320-4N analytic balance was used to determine
the weight loss. Reproducibility of the balance was 0.2 mg and
the linearity was £0.3 mg. The resolution was 0.1 mg, which
results in the volumetric uncertainty of 40.106 mm® for PE
analysis. Gravimetric measurements were performed at temper-
atures between 22 and 23°C at a constant humidity level. Gravi-
metric measurements were taken five times in order to reduce a
random error. The average of the measurements was used for
the gravimetric comparison.

The volume of the acetabular cup was multiplied by the den-
sity of UHMWPE (0.940 g/cm®; McKellop, et al. (25)). The vali-
dation samples consisted of three noncemented new acetabular
cups with a size of 50/28.

Wear was carried out on a hip pendulum composed of two
main parts: a base frame with an acetabular cup and a pendu-
lum with a femoral head. The pendulum was allowed to oscil-
late freely in the flexion—extension plane. The simulator setup
is described in detail elsewhere (Vrbka, et al. (26)). The parame-
ter of weight loss was defined as the decisive parameter for vali-
dation. The articulating surface of the metal (CoCrMo) femoral
head was scratched to increase the material loss (Fig. 8). One
test of volumetric wear lasted 1.5 h with a frequency of approxi-
mately 0.48 Hz. The test was performed without lubrication.
Weights on pendulum arms ensured a total load of 2,080 N.
The weight loss of the cups was measured in six cycles. The
average weight loss after the sixth cycle was 0.075 g (80 mm?>).
This material loss simulates the wear rate as discussed in previ-
ous research (Dumbleton, et al. (27)).

Axis of cup 4 2

i 225 [mm]

Wear vector 4 15
angle, 0

Maximum
wear

o

Wear vector
line

Original
acetabular cup

L oS
X
0
075
L5
225
u

Figure 5. Determination of wear vector.
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Figure 6. Process of evaluation of volumetric wear.

Figure 7. Comparison of 3D scan and reconstructed geometry.
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Figure 8. Validation test by hip pendulum.

The sample was weighed before and after testing. In order to
mount the acetabular cup on the hip pendulum, it was neces-
sary to fix the outer rim into the epoxy resin mixture. All tests
were performed with this fixation; each cup was thoroughly
cleaned before weighing and scanning.

Results
Validation of 3D scanning method by gravimetric method

The material loss of the cups was measured in six cycles using
both the gravimetric and 3D optical methods. Each cycle lasted
15 min and the process was replicated on three cups. Validation
results are shown in Figs. 9a-9c. As can be seen, the mean dif-
ference between the reference gravimetric method and the opti-
cal scanning method was
® —0.0040 g (range —0.0352 to 0.0089 g) for cup 1 (Fig. 9a).
e —0.0021 g (range —0.0159 to 0.0051 g) for cup 2 (Fig. 9b).
e —0.0029 g (range —0.0286 to 0.0067 g) for cup 3 (Fig. 9¢).
A significant difference in volumetric wear values measured
with the gravimetric method and optical scanning method was
present after the first 15-min cycle. This difference may have
occurred due to the plastic deformation process. Polygonal
data for each measurement were created on average from
191,500 points. This number of points ensures a high quality of
surface transformation with deviations less than 0.002 mm as
shown in Fig. 7. A volume calculation based on surface data
was carried out using the CAD system calculation algorithm.
The calculation was replicated using three independent soft-
ware systems. The difference was less than 0.1 mm?; hence, the
deviation of the calculation algorithm is considered negligible.
In order to demonstrate the time efficiency of the method,
the duration of each step in the measurement process was
recorded. Results are shown in Table 4.

Analysis of extracted acetabular cups

This study analyzed 13 extracted acetabular cups using the
optical scanning method based on the principle of fringe
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Figure 9a. Comparison of validation test results of 3D scan and gravimetric method—Cup 1.

projection and triangulation. The cups were scanned using the
ATOS III Triple scan to create digital representations of articu-
lating surfaces of cups. Results of measurements and the analy-
sis of 13 extracted UHMWPE bearing cups are shown in
Table 5.

The nominal inner diameter of the extracted acetabular cups
was 28 mm. The outer diameter varied; however, this had no
influence on the results. Acetabular cups exhibited a mean vol-
umetric wear of 395.53 mm’ (range = 51.80-1,119.70 mm?>).
The mean wear rate was 44.37 mm’/year (range = 9.98-
125.85 mm®, SD = 32.45 mm’). Each measurement was repli-
cated twice in order to eliminate scanning errors. Small differ-
ences between the measurements had no impact on
quantification of volumetric wear. This can be supported by the

repeatability analysis of measurement. The results were sup-
ported by a study of survival of replacements produced by
Bicon-plus where the mean linear wear of the Bicon-plus PE
was 1.8 mm, which corresponds to 0.12 mm/year (Ottink, et al.
(28)). Another study validates the results of the scanning
method with a widely used radiographic method where the vol-
umetric wear of the failed replacement ranged from 730 to
813 mm? (Ilchmann, et al. (29)).

A new acetabular cup produced by the same producer as the
extracted cups (Endoplus GmbH) was used as a reference sam-
ple for repeatability of the optical scanning method. Results of
the repeatability test are shown in the graph below (Fig. 10).
Repeatability was evaluated on the basis of the software-deter-
mined value of the inner diameter using the best-fit function.
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Figure 9b. Comparison of validation test results of 3D scan and gravimetric method—Cup 2.
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Figure 9¢c. Comparison of validation test results of 3D scan and gravimetric method—Cup 3.

The method was set to the Gaussian statistic method using
point filtration three sigma. Measurements were replicated
10 times. Results of measurement were obtained only from the
articulating surface; the rim and the outer diameter were not
taken into account when determining the volumetric wear.
Roughness and roundness of the measured object were
neglected. The mean variation of the inner diameter was
0.005 mm (range = 28.624-28.643 mm, SD = 0.005 mm).

Discussion

The results show that the 3D optical method is suitable for
measuring the THR wear of PE acetabular cups and thus it rep-
resents an effective alternative to the CMM method, which has,
in some cases, reached the limits of its use.

One of the major limitations of the CMM method is a lim-
ited number of measured points collected for designing the
geometry. Collecting a larger number of surface points using
the CMM method is relatively time consuming. However,
larger numbers of collected points are crucial for credible
reconstruction of the unworn geometry and hence for a more
precise analysis of wear. Previous studies showed that the mesh
definition and performance of the meshing algorithms can sig-
nificantly influence the obtained results (Bills, et al. (6); Lord,
et al. (12); Carmignato, et al. (30)).

Table 4. Time efficiency of scanning method.

This limitation of the CMM method can be solved by the
optical scanning method, which allows for collecting a larger
number of points in a shorter time. Approximately 191,500
points collected on a single 28-mm acetabular cup can help to
create a better surface visualisation. The resulting close point
spacing solves the problem of curvature of the elements (Lu
and McKellop (31)) and the problems related to the latitudinal
and longitudinal mesh pattern (Bills, et al. (6)). Moreover, the
ability to produce fully three-dimensional wear contours allows
us to locate the wear scar with high reliability. The direction of
the wear scar helps to define the unworn area of the acetabular
cup. A right selection of points in the unworn area can then
have a significant influence on the obtained result.

It is therefore important to carefully select the measured
points of the unworn area to create the original geometry and
to define the diameter. One of the options is to use GOM
Inspect software. This approach was used in this study, taking
advantage of compatibility of the results with the CAD software
for further analysis. Another option is to use a fitting histogram
for a precise selection of the unworn area points (Uddin (24)).

Table 5. Quantification of volumetric wear explanted acetabular cup.

Operation Approximate time (min)
Cleaning of acetabular cup 10

Application of titanium coating 15

Placement of a reference points 10

Scanning process 12
Polygonization 5

Repair of geometry 10 (depends on rate of damage)
Transformation on surface 20
Transformation on volume 8

Total 90

Material
Duration  Size of Type of Material loss per

Patient (months) implants implant loss (mm?3) year (mm?)
1 145 4/28 PE insert standard 1,119.7 92.66
2 126 5/28 PE insert standard 528.97 50.38
3 120 4/28 PE insert antiluxation 99.81 9.98
4 131.5 4/28 PE insert standard 752.01 68.63
5 75 6/28 PE insert standard 170.98 27.36
6 48.5 4/28 PE insert standard 162.63 40.24
7 89.5 5/28 PE insert standard 299.66 40.18
8 92.2 4/28 PE insert antiluxation 966.92 125.84
9 164 3/28 PE insert standard 584.86 42.80
10 536 5/28 PE insert antiluxation 69.46 15.55
1 61.9 4/28 PE insert antiluxation 152.98 29.66
12 43 7/28 PE insert standard 51.80 14.46
13 114.6 4/28 PE insert standard 182.05 19.06
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Figure 10. Repeatability of 3D scanning measurement.

Another advantage of the optical 3D method is the ability to
define the wear vector on the basis of decentration of the worn
region position against the original, software-generated geome-
try (Fig. 5). Parameters of the resulting wear vector can be then
compared with the results obtained by medical methods (Dai,
etal. (32)).

Data collected through the optical scanning method can be
also suitable as input parameters for finite element prediction
models (Uddin and Zhang (33)).

Despite the clear advantages of the optical scanning method,
this method poses some challenges and limitations. The main
limitation is the precision of the optical 3D scanner, which was
established by repeatability of the measurement and parameters
of the device. The optical scanning precision as established for
the purposes of this study did not reach the levels of accuracy
of the CMM method. The maximum accuracy of CMM is
approximately £1 um. An evaluation of measurement method
uncertainty, following ISO/IEC98-3 (34), is fundamental for
both establishing a metrological traceability and allowing a
proper comparison to the reference gravimetric method. The
CMM method finds its application for the analysis of small
amounts of material loss. Therefore, it is often used for metal
femoral heads, which have a wear rate of approximately 1-
40 mm” (Bills, et al. (6); Lu and McKellop (31)). The method of
measurement is defined by standard ISO 14242-2 (5).

The lower precision of the optical scanning method makes
the method inadequate for the analysis of hard components.
On the other hand, the accuracy of the optical scanning method
is fully acceptable when it comes to the analysis of PE
components.

When evaluating the quantitative wear of PE acetabular cups
by volume loss, it is also necessary to consider the cold flow
phenomenon. This process takes place in the first few months
of implant use and results in plastic deformation of PE cup
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without generation of wear debris (McKellop (35)). This phe-
nomenon and effect of radial clearance of hard prostheses can
be analyzed and specified by the finite element method (Shan-
kar and Nithyaprakash (36)).

The analysis of PE components using the optical scanning
method poses the problem of the correct selection of the
unworn area of the components, which is important for further
reconstruction of the original geometry as stated above. The
optical scanning method takes into account neither the prob-
lem of the surface roughness nor the problem of nonsphericity
of the cups. This issue is particularly evident in the initial
phases after implanting the acetabulum when the material loss
is relatively low as simulated during the first cycle of our valida-
tion, where there was a significant difference in volumetric wear
values measured with the gravimetric method and optical scan-
ning method, probably due to the plastic deformation process.

Because there is a wide selection of THRs on the market,
some cups are nonspherical in their original geometry as pro-
duced by the manufacturers; other cups are originally spherical
but can be deformed later. Nonsphericity of the cups is one of
the limitations of the presented method and opens up the pos-
sibilities for further research aimed at developing an evaluation
algorithm to correct the manufacturing tolerance and the non-
spherical shape of the cup.

Despite these shortcomings, the 3D optical method is a
fast and effective measurement method that simplifies fur-
ther data processing. It is particularly suitable for the analy-
sis of PE acetabular cups where the volumetric wear is
more significant than in the case of metal and ceramic bear-
ing components.

Conclusion

This article presents a new method of determining volumetric
wear using an optical 3D scanner. This method was demon-
strated on 13 extracted UHMWPE acetabular cups with various
ranges of wear.

The study consists of three parts: (1) description of the opti-
cal method used for volumetric wear analysis, (2) validation of
the methodology, and (3) application of methodology on the
extracted acetabular cups.

1. The optical 3D scanner was used to investigate the vol-
ume loss of an acetabular cup. This method is less time
consuming than the conventionally used CMM method.
Another advantage of the method is the ability to
develop a complex geometry built on a large number of
points. This approach enables us to reconstruct the most
accurate original geometry. A comparison of the
extracted cup scans with models of their original geome-
try reconstructed on the basis of these scans can deter-
mine the volumetric wear for PE acetabular cups with
satisfying results. The obtained data can be further proc-
essed by CAD software.

2. The optical scanning method was validated with the
gravimetric method as defined by the standard ISO
14242-2 (5). The mean difference between the methods
in quantifying the volume for three cups was —0.0040,
—0.0021, and —0.0029 g. Repeatability of the scanning
method was 0.005 mm on the evaluated diameter.
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3. This method was demonstrated on a series of 13
extracted UHMWPE acetabular cups with known clini-
cal history. Here, all components showed volumetric
wear that exceeds the uncertainty of measurement. This
method allows for an efficient analysis of acetabular cups.

Basically, there are contact and noncontact methods of volu-
metric wear measurement. Selection of the most suitable wear
measurement method usually depends on various characteris-
tics of the measured samples. This article introduces a new
optical scanning method using the ATOS Triple Scan and eval-
uates its advantages and disadvantages in the context of the
conventional CMM method.

Previous research shows that CMM enables more accurate
measurements suitable for metal and ceramic components. This
article suggests that the scanning method enables more efficient
data collection and a more variable geometry processing, which
is particularly useful for PE extracted acetabular cups.
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Abstract: Prosthetic joint infection (PJI) is a feared complication of total joint arthroplasty associated
with increased morbidity and mortality. There is a growing body of evidence that bacterial
colonization and biofilm formation are critical pathogenic events in PJI. Thus, the choice of
biomaterials for implanted prostheses and their surface modifications may significantly influence the
development of PJI. Currently, silver nanoparticle (AgNP) technology is receiving much interest in
the field of orthopaedics for its antimicrobial properties and a strong anti-biofilm potential. The great
advantage of AgNP surface modification is a minimal release of active substances into the surrounding
tissue and a long period of effectiveness. As a result, a controlled release of AgNPs could ensure
antibacterial protection throughout the life of the implant. Moreover, the antibacterial effect of AgNPs
may be strengthened in combination with conventional antibiotics and other antimicrobial agents.
Here, our main attention is devoted to general guidelines for the design of antibacterial biomaterials
protected by AgNPs, its benefits, side effects and future perspectives in P]I prevention.

Keywords: prosthetic joint infection; biomaterial-associated infection; anti-adhesive; anti-biofilm;
antibacterial surface treatment; silver nanocoating; silver nanoparticles

1. Introduction

Prosthetic joint infection (PJI) is a feared complication of modern orthopaedic surgery that
substantially increases morbidity and even mortality following total joint arthroplasty (TJA) [1,2].
Generally, PJI leads to implant removal and long-term antibiotic therapy with a permanent, increased
risk for PJI development in affected patients [3].

Current estimates suggest that up to 3% of primary hip and knee arthroplasties [4], up to 15.4%
of revision hip and 25% of knee arthroplasties are complicated by PJI respectively [5]. According to
some authors, these numbers are not only underestimated but they are also on the rise [6]. The annual
cost of infected revisions in hospitals of the United States of America (USA) could increase from
$566 million in 2009 to $1.62 billion by 2020 [7]. As a result, therapy of PJI continues to be associated
with enormous costs.

Materials 2016, 9, 337; d0i:10.3390/ma9050337 www.mdpi.com/journal/materials


http://www.mdpi.com/journal/materials
http://www.mdpi.com
http://www.mdpi.com/journal/materials
Martin
Text Box
Příloha č. 4


Materials 2016, 9, 337 2 of 30

The first postoperative months are the most typical period of PJI manifestation [8] with the
incidence rate of late PJI in hip and knee arthroplasty at about 0.07% per prosthesis-year and a higher
risk in knee arthroplasties when compared to hip [9].

The leading causes of PJIs are S. aureus and coagulase-negative staphylocci followed by
streptococci and enterococci (all of these account for approximately 10% of PJI cases) [10,11].
Importantly, the prevalence of methicillin-resistant S. aureus (MRSA) in PJI is increasing, especially in
the USA [12]. In addition, polymicrobial infections can occur in up to 15% of cases [13] despite the fact
that some authors reported a substantial increase in the yearly occurrence of polymicrobial infections
over the period of six years (2004 to 2010) with a greater increase in the proportion of gram-negative
bacteria during the same period [14].

2. Pathogenesis of PJI

The distribution of PJI in time strongly points to the causative link towards surgery and the
early postoperative period. A basic prerequisite for PJI development is the size of the bacterial load
influencing the operating wound, immune response and the implant. The last two decades were under
strong dominance of Gristina’s concept of “race for the surface” [15]. Accordingly, host and bacterial
cells compete in determining the ultimate fate of the implant, when host cells colonize the implant
surface first, the probability of attachment of bacterial cells is very low and vice versa. However,
Gristina’s model is not able to predict PJI in “less clear” situations when the host cell coverage of
an implant surface is incomplete and thus offering some places for bacteria adhesion. In addition,
some prosthetic surfaces, either articulating or non-articulating, preclude host cell adhesion and
development of a protective host film. This model can also be criticized for static conditions because
fluid waves occurring many times per hour are typical for TJA. Finally, immune and host tissue
responses contribute to the protection of an implant surface to a greater extent than only in terms of
simple mechanistic competition for an implant surface. Despite the fact that not all the critical pathogen
and host steps/factors have been elucidated to date [16], for instance an infection dose no doubt plays
an important role. A higher bacterial load of S. aureus could alter the host immune response and
accelerate biofilm formation [17] while a low level of “appropriate” bacterial contamination might even
serve as a potent immunomodulatory factor preventing the development of PJI (“implant infection
paradox”) [18]. Some evidence also suggests the role of genetic susceptibility [19,20]. Taken together,
instead of Gristina’s metaphor, a specific local immunologic and tissue constellation type of pathogen
as well as bacterial load interplay with each other and influence the implant-tissue interactions, either
towards non-infective or infective statuses.

The most destabilizing factor is the basic yet highly successful survival strategy of bacteria
in general: their ability to adhere and survive on virtually all natural and synthetic surfaces
(Figure 1) [21,22]. The bacterial cell membrane contains various types of adhesins for a wide range of
biomaterial surface receptor sites, members of the family of Microbial Surface Components Recognizing
Adhesive Matrix Molecules (MSCRAMMSs) [23]. Environmental and surface characteristics of a
biomaterial such as surface roughness, hydrophobicity and electrostatic charge play only conditional
roles [24]. A reservoir of receptors for bacterial adhesive ligands mediating adhesion of free-floating
bacteria to the surface of the biomaterial, offers a conditional protein film covering the implant
immediately after its placement into the host body [25]. The spectrum of binding molecules depends
at least partly on the particular type of biomaterials attracting an exact set of host proteins and
lipids [26-28].
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Molecular and cellular forces

Figure 1. Free-floating bacteria (1) come close to the implant surface, here they interact via a set
of chemical and physical mechanisms with a biomaterial surface covered by host cells/proteins.
The majority of bacterial pathogens express specific surface adhesion molecules called adhesins
(bacteria may have multiple adhesins for different surfaces); bacterial adhesion can be described
as having an initial reversible, predominantly physically driven phase (2) and a time-dependent and
irreversible molecular and cellular phase (4). The former is realized by Brownian motion, van der Waals
attraction forces, gravitational forces, surface electrostatic charge and hydrophobic interactions (3);
the latter employs a selective bridging function of bacterial surface polymeric structures, which include
capsules, fimbriae or pili and slime; intermolecular interactions are facilitated by a protein film covering
an implant immediately after its placement into the host body (5). Firm sticking of bacteria to the
biomaterial surface allows them to create colonies (6) with biofilm formation, which is associated with
a continuous release of free floating bacteria and signaling molecules (7).

Conceptually, the process of bacterial adhesion can be divided into two basic phases: reversible,
and irreversible [29,30]. The former is mechanically and biologically less stable than the latter.
The explanation lies partly in the origin of nonspecific interactions between the implant surface
characteristics and bacterial surface adhesins, followed by molecular and cellular interactions closely
associated with expression of biofilm specific gene clusters in reversibly attached bacteria [31]. At least
four distinct classes of surface proteins have been identified to participate on firm adhesion of S. aureus
micro-colonies to a biomaterial and to each other [32]. The adhesion phase is followed by gene
expression for secretion of protective slime. This process makes bacteria extremely resistant to both
the host immune system and antibiotic diffusion [30,33]. The transition between the reversible and
irreversible phases of biofilm formation coupled with a phenotypical change, is the last window of
opportunity for clinically reasonable preventative measures. Other parameters of biofilm formation
are described in detail elsewhere [34], as well as the ability of bacteria to combine different pathogenic
strategies [35].

In the host site, the details of tissue integration of a biomaterial are still poorly understood [36,37].
It is believed that immune as well as tissue resident cells recognize an implant surface and orchestrate
the processes, leading to periprosthetic bone/soft-tissue regeneration and remodeling, preventing
the development of biofilm in the majority of patients [38,39]. However, neither osseointegration
nor fibrous tissue encapsulation of large non-fixation parts of an implant can eliminate long-term
survivorship of bacterial micro-colonies. Moreover, the peri-implant fibrous barrier impedes contact
between the host immunity sentinel cells and bacterial molecules. This interaction is critical
for host immune responses dependent on recognition of bacterial pattern-recognition receptors
(PRRs; also microbe associated molecular patterns = MAMPs). Importantly, it has been demonstrated
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that implantation of a medical device impairs the innate local host response and may facilitate the
development of PJI [40,41].

As the majority of operating rooms are contaminated within the first few hours of service [42,43],
most surgeries are not performed in a bacterial-free environment. All patients are exposed to the
same environment within a particular operating room. The question therefore arises as to why some
patients go on to have infections and others do not. There is a growing body of evidence that PJI
results from a relatively unclear and perhaps unique combination of environmental and genetic factors.
The environmental ones could be linked to immune and non-immune factors affecting host response
to bacterial load (age, gender, malnutrition, weight, diabetes mellitus, smoking efc.); the factors related
specifically to implant facilitating for instance, adhesion of bacteria and those related to the surgeon
and surgery (operating skills, operating room parameters, surgical time etc.). The host genetics strongly
influences an individual’s susceptibility to infectious diseases and there is some evidence available for
genetic susceptibility to PJI [19].

As a result, there is a strong need for intrinsic implant surface antibacterial functionality that
can protect the implant surface from a perioperative attack of pathogenic bacteria as well as help to
overcome implant-induced defects in the local immune response.

3. Rationale and Basic Concepts of PJI Prevention

Strategies relying on a decreased bacterial load and creating a bacteria-free environment around
an implant during the perioperative period are widely implemented in clinical practice [44,45]. There
is sufficient evidence supporting systemic [46] and in some cases local antibiotic prophylaxis [47].
However, the optimal protocol for individual clinical situations is not known yet. At present,
antibiotics are administered to all the patients undergoing TJA regardless of the individual risk
for PJI development, at least in terms of the beginning, the type of antibiotic and the duration of
antibiotic prophylaxis. With regard to the latter, the 24 h regime does not cover the time needed for
early wound stabilization, or the period of time the suction drain is in contact with joint and deep
tissues. In addition, the increasing occurrence of antibiotic resistance has been recognized to be a
global problem. There is also some evidence for selecting antibiotic-resistant staphylococci in relation
to wide-range antibiotic prophylaxis [48].

Attempts at formulating evidence-based standards for good clinical and logistic practice in
orthopaedic operating rooms have been made [45,49]. There is a growing pressure on surgeons to
improve their surgical skills in order to minimize the surgery-related factors. Educational programs
aimed at educating/training orthopaedic surgeons (and all staff) in perioperative strategies of P]I
prevention are under way [50].

Finally, strategies based on identification of risk patients and optimization of their conditions
to decrease the probability of PJI development have been proposed. Even though modifiable PJI risk
factors have been identified and well-described [50,51], it is often not possible to avoid operating “risk”
patients who are not “optimized”. For instance, significant obesity precluded the indication for total
hip or knee arthroplasty in some countries several years ago. However, it is unethical to reject surgery
in these patients today, despite the fact that they have an increased risk for PJI [52]. Research testing is
assessing whether the risk for PJI could be decreased after preoperative immunization of the patients
at-risk, by a vaccine that targets either the most frequent pathogen as S. aureus, or the key molecules of
bacterial adhesion and biofilm formation [53].

Taking into account the weaknesses associated with all the current preventative strategies, leaders
in the field recommend a multistep preventative concept (Figure 2) covering simultaneously all the
well-known targets, including the “anti-infective implant” [54-56].
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Figure 2. Prevention of PJI consists of a list of measurements optimizing host status/preparedness
for surgery (identification of host risk factors, determination of host comorbidities; local antibacterial
activities); reducing bacterial load during the surgery (intravenous antibiotic prophylaxis, operating
room environment/traffic/management, surgical experience, measurements/tools preventing
deliberation of bacteria from the surgeon/operating room personnel, protection of the implant
from bacterial contamination/adhesion) and minimizing the chance for postoperative bacterial
contamination (wound care strategy, rapid optimization of postoperative immune and metabolic
conditions, early ambulance, experienced physiotherapy, eradication of local infections and
haematogenous sources of bacteria).

4. Indications for Implants with Antibacterial Surface Treatment

In accordance with the evidence-based medical rules, it would be relevant to calculate the
number of PJIs prevented, by usage of implants with an antibacterial surface. Theoretically, all the
patients undergoing TJA are at risk for PJI. Revision cases carry an increased risk, partly due to
the prolonged operating time during revision surgeries, in conjunction with a suboptimal local
tissue environment [57]. Moreover, there is some evidence that the risk of PJI across the board in
orthopaedic surgery, is on the rise [6]. As a result, one could argue that all patients should benefit
from implants coated with a proven anti-infective surface. On the other hand, the risk for PJI is not
homogenously distributed among arthroplasty patients [50]. Therefore, it might be convincing to
implant “biofilm resistant” prostheses only in patients at an increased risk of PJI [51,58]. However,
a validated tool for screening patients for an increased risk of PJI does not currently exist. Taken
together, the preventative strategy involving all the patients undergoing primary and revision TJA
seems to be more justifiable than a more restrictive approach targeting the high-risk patients. However,
prior to implementation of such devices, it is necessary to demonstrate the significant reduction of PJI
in a well-done, population-based, cost-benefit analysis [38]. An important consideration in designing
implants with antibacterial coating relates to the characterization of reasonable and justifiable costs.

5. Recommendations for Construction of Implants with Anti-Infective Surfaces

A wide spectrum of substances and technological approaches has been proposed and tested for
antibacterial features in orthopaedics (Table 1). In order to fully discuss and evaluate surface treatment
technologies it is essential to review the strict criteria related generally to the process of innovation in
this field. The requested parameters are as follows:

1. biocompatibility (the ability of a material to work efficiently with an appropriate host response
in specific applications) [59];
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2. strong evidence of anti-infective efficiency (the anti-bacterial efficiency should be demonstrated
in vitro, in vivo and also in an appropriate model of PJI) [60-62];

3. fixation properties cannot be compromised (the antibacterial coating must not compromise
long-term stable implant osseointegration or cement fixation);

4.  durability of the anti-infective effect (while clear recommendations are lacking the
epidemiological viewpoint suggests that at least two years would be appreciated) [63,64];

5. mechanical characteristics of the antibacterial coating (resistance to mechanical stresses and
strains either during surgery or postoperatively) [65].

Table 1.
orthopaedic implants.

Examples of anti-infective strategies proposed for treating of surfaces used in

Strategy Features Examples References
Anti-adhesive polymers [66-68]
Albumin [69]
Prevention in adhesion Super-hydrophobic surfaces [70-72]
and adsorption Nano-patterned surface [73-77]
Hydrogels [78-81]
Silicon nitride ceramics [82,83]
Silver, silver-oxide [84-86]
Silver nanoparticles [87-94]
Gold nanoparticles [95,96]
Titanium dioxide [97-99]
Inoreanic Selenium ions [100-102]
& Copper ions/nanoparticles [103,104]
Zinc ions [105,106]
Iodine coating [107]
Bioactive glass [108,109]
Methods to kill Graphene oxide [110,111]
bacteria Coated or covalently linked antibiotics [112-116]
Chitosan derivatives [117-120]
Organic Signaling, inhibiting and [121-123]
antimicrobial peptides
Cytokines [124]
Enzymes [125,126]
Other Non-antibiotic bactericidal substances [127]
Multilayer coating [128-132]
Combined Synergy material intensification [133-135]
Positively charged polymers [136]
Multi-functional and Passive Nanostructured “smart” materials [68,137-140]
smart coating Active Concept: sensors Fon}omed to [141-146]
nanocontainers
. Lytic bacteriophages [147]
Alternative approach Surface-adaptive anti-biofilm nanocarriers [148]

Recently, a new classification of the implant-related antibacterial strategies has been proposed
distinguishing:
1. passive surface finishing/modification (PSM);
2. active surface finishing/modification (ASM);
3.  perioperative antibacterial local carriers or coatings (LCCs) [56].

If the active substance is released from the surface of the implant, over time it may lead to
its exhaustion and thereby, a loss of efficiency. It is therefore extremely relevant to design surface
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modifications with minimal but effective release of active substances into the surrounding tissue,
thereby achieving a long, or even indefinite period of effectiveness. This approach may ensure
antibacterial protection throughout the life of the implant. A specific set of problems are related to
fluid dynamics and adhesion of host proteins, lipids, cells to “active” implant surfaces, limiting their
antibacterial efficacy.

6. General Remarks on Prosthetic Implant Surface Modifications

Polyethylene, a modern generation of zirconia treated ceramic, stainless steel, cobalt-chrome and
titanium alloys are the most commonly used materials in TJA implants. In TJA, each material /surface
modification has its specific role (e.g., an articulating or a fixation surface) and can occupy a different
place in the bulk implant (Figure 3). These parameters together, define the requirements for particular
surface modifications in specific implant sites.

Fixation
surface

Articular \

surface
Substitute
4 material

- Fixation

surface

Figure 3. Total joint arthroplasty has several types of surfaces according to their locations and
functions; ideally the whole implant should be covered via application of an antibacterial strategy;
however, in practice the antibacterial strategy for a particular kind of surface has to respect its critical
characteristics (for example the strategy for an articulating surface, let’s say a polyethylene one, has to
be different from a non-articulating metallic one).

A number of principles from basic research have been proposed for translation into technologies
potentially suitable for antibacterial treatment of orthopaedic implants [149]. It is easy to distinguish
between technologies offering anti-adhesive properties, those working as antimicrobial agents
and those combining the above-mentioned approaches. Anti-infective surfaces can be classified as
“contact killing” and antimicrobial agent eluting respectively [150].

Antibacterial surface technologies can employ metals (silver, zinc, copper, zirconium etc.),
non-metal elements (e.g., selenium), organic substances (antibiotics, anti-infective peptides, chitosan,
other substances) and their combinations. Antibacterial activity of the majority of metal coatings is
closely linked to the ionic or nano-form, rather than to the bulk material [151]. Nanostructured surfaces
and coatings (either of inorganic or organic origin) are therefore of great interest. Consequently,
the nanoscale surface patterning methods have been applied to fabricate different nanopatterns
(e.g., ordered stripes, pits, pillars or squares). Several studies have demonstrated that nanopatterning
in conjunction with other surface treatment can inhibit bacterial adhesion [152,153].

In terms of functionality, one may divide surfaces as mono-functional and multi-functional.
The latter are expected to target multiple biological tasks simultaneously (Figure 4), orchestrating
early /long-term tissue adaptation to an implant, facilitating osseointegration and regulating the
anti-infective immune response, all in addition to the “intrinsic” antibacterial surface effect [154].
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Smart surface could be a completely different methodology designed to be a self-responsive multitask
micro-machine that releases antimicrobial (and other) substances, after stimulation by microbial
(or other) signals [155].

Contact killing

Bietelipelibilliye,

Anti-adhesive /

coating
/t/ﬁ(
Y

s G

Stimulation of
tissue integration

Wear
resistance

Anti-oxidative properties

Figure 4. A particular implant surface has to address several implant-related tasks simultaneously
and continuously (in the ideal case), therefore engineers have to solve the problem of how to bind
(attract, fix) often contradictory functionalities via specific modifications/treatments in the particular
surface location.

7. Why Silver Nanoparticle Technologies on the Implant Surfaces?

Currently, AgNP technology is receiving much interest in its use on implant surfaces, mainly for
its antimicrobial properties and strong anti-biofilm potential together with relatively low cytotoxicity to
mammalian cells. AgNPs effectively inhibit the growth of bacteria including highly resistant strains
at very low concentrations in units of mg/L [92,156-162], whereas such concentrations do not exhibit
an acute cytotoxic effect, which was proved at the concentrations higher than 20 mg/L [163-165].

Moreover, in the case of AgNPs, bacterial resistance has not been reported up to now, despite the
fact that resistance to ionic silver has been observed. The multilevel antimicrobial (broad target attack)
mode of AgNPs ensures that resistance cannot be easily acquired by single point mutations in contrast
to antibiotics. Having a very low risk of development of bacterial resistance it is therefore relevant
to know the antibacterial effects of AgNPs. This is an extremely valuable effect especially today,
when we are facing growing antibacterial resistance observed in antibiotics and other antibacterial
substances. Some experts even refer to the current state as to a “worldwide calamity” or “antibiotic
resistance crisis”. Therefore, a joint multilevel and global interdisciplinary action including substituting
antibiotics by non-antibiotic approaches could decrease the range and rate of bacterial resistance.

Moreover, AgNPs have a strong anti-biofilm potential [162,166-179]. Therefore, these are
potentially very attractive for surface protection of orthopaedic implants since PJI is biofilm driven
in the majority of clinical cases. As a result, silver is the most prevalent metal used in biomedical
applications for antibacterial coating of prosthetic metal implants [180-190]. Both uncoated and
coated AgNPs on various surfaces, such as titanium surfaces or catheter surfaces, thoroughly inhibit
both planktonic and biofilm-forming bacteria [94,167,191,192]. Saleh et al. reported that biofilm and
planktonic E. coli and P. aeruginosa cells showed very similar tolerance to AgNPs upon exposure [191].
Agarwala et al. reported high antimicrobial activity on catheters loaded with AgNPs towards
planktonic as well as biofilm-forming cells [167]. Similarly, Zhong et al. and Harraser et al. reported
that AgNP-loaded titanium can kill planktonic and adherent bacteria during 1, 4 and 12 days with



Materials 2016, 9, 337 9 of 30

similar effectiveness [94,192]. On the other side, several studies showed that biofilms decreased
susceptibility to AgNPs compared to planktonic cells [193,194]. Choi et al. found that biofilms were
four times less susceptible to AgNP exposure than planktonic cells were [194]. Starch-coated NPs
reduced P. aeruginosa and S. aureus biofilm growth but completely inactivated planktonic cells at
the same AgNP concentrations [195]. It is known that both planktonic and biofilm-forming bacteria
produce extracellular polymeric substances (EPS), which has been proved to lower the diffusion rate of
NPs [196]. EPS production is much greater in biofilms compared to planktonic bacteria and therefore
may provide some protection to biofilm-forming cells from NPs.

8. Synthesis of Silver Nanoparticles on the Implant Surface

There are several approaches to synthesize the AgNPs on the implant surface. In the study [87],
TiO; (titanium dioxide) nanotubes (NT) on a titanium (Ti) surface were prepared by anodization of
the Ti surface and consequently AgNTs were generated on the NT surface by ultraviolet reduction
of silver ions. The TiO,-NTs loaded with Ag (silver) exhibited a strong antibacterial activity against
methicillin-resistant S. aureus (MRSA, ATCC43300) in vitro for 30 days.

The cathodic arc silver plasma immersion ion implantation process can serve as another method
of preparation and immobilization of AgNPs on a Ti surface. The immobilized AgNPs offered good
defense against multiple cycles of bacteria (S. epidermidis) attacks in vitro and the mechanism was
independent of silver release [197].

Also Pulse DC magnetron sputtering can be utilized for a generation of AgNPs on a Ti surface,
where nanostructured Ti-Ag coatings with different Ag contents (1.2% to 21.6%) are able to kill S. aureus
effectively during the first few days and remain moderately antibacterial after immersion for 75 days.
Compared to pure Ti, the Ti-Ag coatings show good cytocompatibility as indicated by good osteoblast
adhesion, proliferation, intracellular total protein synthesis and alkaline phosphatase activity [198].

AgNPs with the size of 50 nm can also be incorporated into a dopamine-modified
alginate/chitosan (DAL/CHI) polyelectrolyte multilayer to modify titanium alloy surfaces.
The polyelectrolyte multilayer coating enhanced wet ability of titanium alloy and promoted the
fibroblast proliferation significantly, which could be attributed to the excellent biocompatibility of
DAL/CHI [199]. Despite the slight fall of L.929 cell activity after AgNP incorporation, AgNP-DAL/CHI
multilayer inhibited the growth of both E. coli and S. aureus [199].

Hexagonal closed-packed TiO, nanotubes with the diameter of 30-100 nm were prepared
by anodization of a Ti foil, where the size of nanotubes was dependent on the parameters of
anodization [200]. The size and shape of the generated AgNPs (12-40 nm) on TiO, nanotubes by UV
(ultraviolet) irradiation depends mainly on the size of TiO, nanotubes and silver ion concentration.
The highest antibacterial activity was obtained for TiO, nanotubes with the opening diameter of about
100 nm and AgNPs with an average size of 20 nm, whereas good cell viability using osteoblast MG63
cells was remained [200]. The Ti/TiO; nanotubes/AgNPs composites can also be prepared with the
assistance of quaternary ammonium salt (QAS, 3-trimethoxysily-propyldimethyloctadecyl-ammonium
chloride). The Ag nanoparticle loaded and QAS coated TiO; nanotube substrates demonstrated
long-term antibacterial effect and displayed good biocompatibility [201].

9. Antibacterial Effect of Silver Nanoparticles

The effects of silver, either as a metal (AgNPs) or in compounds is known to be non-specific,
influencing many bacterial structures and metabolic processes at the same time (Figure 5). Among
these are the following: inactivation of bacterial enzymes [202,203], disruption of bacterial metabolic
processes [204-206] and the bacterial cell wall, accumulation in the cytoplasmic membrane and increase
of its permeability [167,203,207], collapse the plasma membrane potential [206], interaction with DNA
(deoxyribonucleic acid) [202] and generation of reactive oxygen species [208-210], which damage
biomacromolecules [211]. Thanks to their multi-level mode of action, AgNPs destroy or inhibit the
growth of pathogenic microorganisms including highly resistant bacterial strains at low concentrations
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from a few to several tens of mg/L [92,160,162,167,175,207]. Importantly, no relevant data describing
bacterial resistance to AgNPs or inactivation of antibacterial action of AgNPs (nanoparticles) have been
reported yet. Bacterial resistance to silver is driven only with the ionic form of silver and apart from
others, was deeply researched by Silver ef al. [212,213]. Bacterial resistance to ionic silver originated
from clinical environments [214] and also from naturally occurring strains [215]. Besides reduction
of Ag+ to a less toxic oxidation state, the probable Ag+ resistance mechanism involves an active
efflux from the cell, by either P-type ATPases (adenosine triphosphatase) or chemiosmotic Ag+/H+
antiporters [216-218].

Figure 5. Silver nanoparticles simultaneously target bacteria via the destruction of their wall,
inactivation of their enzymes, disrupting of critical metabolic pathways and interaction with
bacterial DNA.

In recent years, a synergistic effect between AgNPs and various antibacterial agents has been
investigated. Potara et al. studied antimicrobial activity of chitosan-coated AgNPs against two strains
of S. aureus [219] and revealed that minimum inhibitory concentrations (MICs) of the composites
were ten times lower than those of AgNPs and chitosan alone respectively. Another capping agent,
myramistin increased activity of AgNPs against E. coli up to 20 times [220]. Combined treatments
with a lactoferrin/xylitol hydrogel and silver-based wound dressings acted synergistically against the
forming of biofilms of clinical wound isolates of methicillin-resistant S. aureus and P. aeruginosa [221].
Synergy of AgNPs and antimicrobial peptides polymyxin B and gramicidin S was reported also against
different Gram-negative bacteria [222].

Recently several studies have indicated that AgNPs may strengthen the antibacterial effects
of conventional antibiotics (beta-lactam antibiotics, macrolides, lincosamides, aminoglycosides)
either additively or synergistically [223-229]. The synergistic effect of antibiotics and AgNPs was
reported even at concentrations below their own effectiveness (i.e., below MICs) [225,230-233].
Brown ef al. showed a synergistic effect of AgNPs functionalized with ampicillin, even against
multiple-antibiotic-resistant isolates of P. aeruginosa, E. aerogenes and methicillin-resistant S. aureus [234].
Also Smekalova et al. and Panacek et al. proved enhancement of the antibacterial effect of antibiotics
in combination with AgNPs against several animal and human pathogens and resistant bacterial
strains [235-237]. These findings clearly showed that it is possible to find an effective combination
of antibiotics and AgNPs or another antimicrobial with a multi-level mode of action, resulting
in a synergistic antimicrobial effect allowing efficient inhibition of bacterial pathogens including
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highly resistant bacterial strains using significantly lower doses as compared to an antibiotic alone.
Replacement of frequently used antibiotics by AgNPs or a combination of these antibiotics with
AgNPs represent a promising tool on how to kill bacteria without the development of antibiotic
resistance [238].

10. Potential Side Effects of Silver Nanoparticles

The main problem by using AgNPs on biomaterials is that they are considered toxic not only
for bacteria, but also to human host cells. Toxicity of silver nanoparticles to mammalian cells is
considerably lower in comparison with antibacterial effective concentrations also due to the fact that
eukaryotic cells have an antioxidant cellular mechanism that protects them [239,240]. The extended
use of AgNPs can lead to a number of health problems from argyria [241] to silver accumulation in
human liver and kidney. Although silver and its derivatives are already in clinical use, evidence of
serious health problems [242] and high toxicity are rare [243].

A number of in vitro studies have been performed exploring the effects of AgNPs on a variety
of cell types [88,239,244-253]. The most common mechanisms of toxicity from nanosized silver
particles, as well as silver ions released from them [245,254] are: oxidative stress [246,255], Trojan-horse
mechanisms [256,257] and DNA damage [163].

The question arises as to what determines if silver nanoparticles are toxic or not. In general,
toxicity is determined by many factors, either on the side of the nanoparticles or on the side of the
body that they are in contact with. Regarding nanoparticles, these are mainly size, shape [258], charge,
surface modification, tendency to release ions, dose and exposure time. The role of the particle size
is more important than concentration or dose [259,260] because smaller nanoparticles have a higher
surface/volume ratio leading to higher oxidation and dissolution, accompanied by higher silver ion
release [261]. Therefore, smaller AgNPs may show higher toxicity due to their larger specific surface
area and associated faster Ag+ release compared to larger AgNPs [260]. However, that does not
necessarily mean higher toxicity in a particular material and situation. Silver ion release is controlled
by surface modification/stabilization and can be further influenced by other compounds presented
in biological environment. Moreover, Ag+ release is also dependent on the formation of a protective
oxidized silver layer that prevents full oxidation and dissolution of AgNPs [262]. Likewise, it is known
that spherical nanoparticles are less toxic than wires [263] and negatively charged NPs exhibit low
toxicity [264,265].

On the host side, the potential toxicity of AgNPs is determined by patient health status, routes
of exposure, gender and other factors. In some organs (liver, kidney), silver is accumulated soon
after application, while in others (brain, lung) higher concentrations are detected after a prolonged
period [266-269]. Pauksch et al. [270] investigated the effect of AgNPs on human osteoblasts and it
turned out that AgNPs were toxic at concentrations higher than 10 ug/g. The authors suggested that
there is a gap between the toxic and antibacterial doses of AgNPs. This statement was confirmed by
Necula et al. [271] who tested the antibacterial efficacy and toxicity towards the human osteoblastic
cell line. They demonstrated that the antibacterial dose is by an order of magnitude lower than that
having a toxic effect on human cells. These observations support the promising usage of presence of a
therapeutically useful window for the application of AgNPs in orthopaedics.

11. Protocol for Testing of Silver Nanoparticle Coating Technologies Intended for Usage
in Orthopaedics

There is no doubt that nanotreatment of biomaterial surfaces offers new opportunities for PJI
prevention. On the other hand, the main obstacles preventing broader usage of such technologies are
cytotoxicity and resultant decreased biocompatibility. It should be cautioned that nanotechnologies
can also induce unintended inflammatory responses related to activation of immune cells such as
dendritic cells, macrophages and others. Concern also exists over the mechanical properties of implant
nanocoatings since damage may occur during surgical implantation, especially in cementless implants
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inserted via press-fit methods. In addition, creating a coating-substrate interface robust enough to
sustain the mechanical stresses involved in surgical implant insertion and ultimate loading once in vivo
remains a challenge. Lastly, the risk of remote effects of absorbed nanosilver is still a potential problem.

Therefore, a set of in vitro tests (followed by in vivo experiments) is required to characterize in
detail antibacterial efficacy, as well as biocompatibility and safety of such material modifications.
The latter means to examine the cytotoxicity, cancerogenicity, interactions with osteoblasts and other
cells and the potential of adverse stimulation of an immune response. As a result, specialists in
nano-toxicology (esp. nano-genotoxicology, cytotoxicity, immunotoxicity), in vitro pharmacokinetics,
pharmacodynamics and kinetics of particles are needed to collaborate in the development, preclinical
testing and approval of any material modifications for clinical usage.

11.1. Demonstration of Antibacterial Efficacy

A critical step in progress lies in the demonstrating that newly developed biomaterials, or surface
modifications possess antibacterial efficacy [272]. To date there is no widely accepted methodology
available that could precisely and reproducibly demonstrate antibacterial behaviour of the proposed
anti-infective technologies. Major criticisms are levelled at the static “closed” testing system, whereas
in vivo, the implant has to face a dynamic, continuously changing, mechanically unstable and
predominantly fluid environment [273]. As a result, the majority of studies to date have used
inappropriate and insufficient protocols.

Controllable, standardized testing conditions that closely mimic the human in vivo environment
are needed in order to overcome the aforementioned issues [273]. PJIs develop under low shear
conditions and a multidirectional low-pressure fluid flow. A variety of testing tools have been
proposed that attempt to simulate conditions of continuous or intermittent fluid-displacement in both
the low and high shear conditions [274]. Protocols for cultivation of particular species (multispecies)
biofilms under controllable, constant and reproducible conditions have been also described [275].
Finally, representative in vitro and in vivo models to test bacterial adhesion and biofilm formation on
biomaterials for each particular clinical situation (i.e., total joint arthroplasty, internal, external fixation)
should be further developed and appropriately validated. Given the large variability of antibacterial
strategies, it is likely that testing methods must be better tailored to match the specific proposed
strategy at hand [150].

11.2. Testing of Cytotoxicity

Although many studies presented new nanoparticle surface treatments proving in vitro
safety [271], others demonstrated the potential danger of such materials [276]. Nanoparticles have
different effects on human health depending on the bulk material from which they have been
produced [277]. In addition to the elemental composition, factors like nanoparticle dose, size, shape,
exposure time and surface chemistry can affect its biological behaviour. Regarding the shape, silver
nanowires showed the strongest cytotoxicity and immunological responses, whereas spherical silver
particles had negligible effects on cells when tested in human cells [278]. Liu ef al. found that 5 nm
AgNPs were more toxic than 20 and 50 nm AgNPs in four cell lines (A549, HepG2, MCF-7, SGC-7901),
indicating a size-dependent effect on cell viability [253]. It should be noted that some cell lines (PC-12
and NIH-3T3) exhibit greater sensitivity to AgNPs than another mammalian cell lines [279]. The rate
of ion release and its variation in different media should be taken in consideration as well. All this
concludes that cytotoxicity testing should be always suited exactly for the proposed implant coating
(i.e., exact nanoparticle size, concentration, shape, fixation method etc.) and its intended use in a
specific tissue. In addition, a level of cytotoxicity can be dependent on the assay technique and a
difference between extraction-based and direct contact assays has been found [280].

When testing new materials or surface modifications, the cytotoxicity testing is performed first
and other tests (anti-bacterial, immunoreactivity efc.) are advanced only after the biomaterial is
classified as biologically not harmful. Cytotoxicity testing is rapid, sensitive and inexpensive. Another
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big advantage of cytotoxicity testing is the standardization of the procedure, ISO 10993 and the FDA
(Food and Drug Administration) blue book memorandum (#G95-1) and its suitability for the testing
of biomaterial from any part of the medical device (i.e., TJA, internal, external fixation). This test is
commonly performed using a mouse fibroblasts cell-line as target cells, following the exposure with
the material (direct contact) as well as the extract of the material. Cells are very sensitive to biologically
harmful extractables in certain quantities resulting in visible signs of toxicity, such as changes in cell
morphology, vacuolization, or detachment. A different way of testing the nanotoxicity was described
by Liu et al. via evaluation of induction of apoptosis [281].

Regarding novel anti-infective treatments with silver nanoparticles, a recent study reported that
the BALB/c 3T3 cell line is 1000 times more sensitive for testing the toxicity of silver NPs than the
in vivo animal models [282]. Although some studies showed a dose-dependent cytotoxic effect of
nano-silver, new types of nano-silver were proven to be not cytotoxic [283], or it was shown that
combination of a low amount of nano-silver with antibiotics provides an effective antibacterial action
with negligible cytotoxic effect [236].

11.3. Testing of Immunoreactivity

Sensitization testing represents another part of the testing battery for new biomaterials,
establishing the potential of a biomaterial to elicit immunogenic and allergenic responses
(immunoreactivity). Currently, the most commonly used tests for novel materials and those
medical devices that contact deep tissue, is the guinea pig maximization test (GPMT) where the
extract of a biomaterial together with an adjuvant, is intradermally injected in model animals
(Biological Evaluation of Medical Devices). Alternatively, a mouse local lymph node assay (LLNA)
requiring less material than GPMT but needed to harvest the lymph nodes from sacrificed animals
may be used with some precautions, such as a high number of false positives.

However, all animal tests are expensive and take days (weeks) to get results. It is therefore of
great interest to replace or drastically reduce the utilization of tests based on experimental animals
with suitable cell-based assays which exhibit required reliability, accuracy and importantly correlate
to human reactivity. Several studies have shown great potential in the use of the MUTZ-3 human
dendritic-cell cell-line for assessing in vitro sensitizing potency of chemicals and biomaterials, using a
genomic biomarker signature [284-286]. Besides the MUTZ-3 assay, other tests are investigated for
their potential to predict sensibilisation in humans as well [287]. However, it is likely that new testing
methods must be validated and standardized to match the requirements for accuracy and ability, to be
sensitive to the whole spectrum of molecules, with allergenic potential including nanosilver.

12. Time to Translation?

In the field of orthopaedics, there are no implants protected with silver nanotreatment available for
clinical usage to date. At least two manufacturers already produce TJA treated by galvanic deposition
of elementary silver on request (Implantcast GmbH-Medizintechnik, Buxtehude, Germany; Stanmore
Implants, Borehamwood, UK). Initial clinical experiences with these “tailored” implants have been
promising [288]. In addition, at least one study examined clinical usage of thermal-sprayed silver
oxide in hydroxyapatite coating for total hip implants [84].

The situation is a little better in the field of indwelling medical devices protected by surface
treatment with AgNPs. Again, in contrast to extensive experimental research, only several clinical
studies have been conducted to demonstrate reduction of infections associated with the AgNP coating
in these devices (left within a bodily organ for a limited time). For instance, the usage of external
ventricular drainage catheters treated with AgNPs decreased the infection rate [289] while the venous
catheters tailored with AgNPs failed to lower infection rates [290]. However, together these data
preclude making any conclusions in support of their widespread clinical usage.

Examination of global grants and published studies of this topic suggests a striking discrepancy
between proposed strategies of antibacterial surface treatment and ultimate completion of in vitro and
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in vivo experimentation. In fact, we believe that very little progress has actually been made in the
translation of the aforementioned modalities into clinically useful technologies. Barriers to translational
medicine in this area are not only related to economic, medicolegal and biotechnological issues but with
major problems in the demonstration of the safety of clinical trials. Concerns about long-term durability
of such new implants as compared to traditional implants are also realistic. Leaders in this field have
recently proposed that in order for some of these obstacles to be overcome, we must improve efficiency
and effectiveness amongst all the partners involved. Patients will benefit from these technologies
only by improving collaborative efforts among governments, regulatory agencies, industry leaders
and health care payers [291]. While pressures exist worldwide to diminish the incidence of PJIs,
surprisingly there is not a single large clinical study examining the role of broad-range implementation
of implants containing antibacterial surface treatments.

13. Future Developments

The ideal implant surface modification using whatever approach, should provide antibacterial
protection throughout the life of the implant with minimal side effects. In relation to AgNPs and
their usage in modification of implants, there are three crucial future developments. The first one is
synthesis of AgNPs with defined optimal size, ensuring high antibacterial activity and concurrently
low cytotoxicity to mammalian cells; that means good biocompatibility with tissues without acute or
long-term adverse effects. The second is the development of a new coating technique, or improvement
and optimization of a current one ensuring reliable formation of compact, continuous and durable
layer of AgNPs. The third concerns the elimination of an inhibitory effect of human lipids and proteins
preventing AgNPs from implementing their intended antibacterial effect. These substances cover
surfaces of TJA immediately after an implant is placed into the human body. To meet this challenge,
recent advances in the field of surface chemistry, fluid mechanics, fluid mechanobiology, bio-inspired
materials and/or endogenous mechanisms of immune stimulation should be utilized.

Another important issue related to antibacterial efficiency of AgNPs is connected with the
possible development of bacterial resistance to silver NPs. It can be expected that with increasing
use of AgNPs in killing bacteria or in the prevention of bacterial colonization in clinical medicine,
the bacterial resistance to AgNPs could develop. As a result, strategies combining AgNPs with other
antibacterial substances/approaches (either composite or nanocomposite layers), in order to achieve
additive/synergistic effects are highly reasonable and should be investigated.

Finally, further investigation should be carried out in the field of strategies combining AgNPs
with approaches restoring /maintaining local tissue homeostasis and modulating the immunologic
surveillance and patrolling. This concept might comply with a wide variety of clinical situations
ranging from residual low dose bacterial load during the surgery, to late haematogenic spreading
of infection.

14. Conclusions

There is no doubt that prevention is the best response to the growing problem of orthopaedic
implant infections. Engineers believe they are able to develop reliable, durable, non-toxic and
safe biomaterials preventing bacterial adhesion and formation of biofilm on surfaces. Strategies
incorporating nanopatterning and other nanotechnologies show great promise. Research in the
field of antibacterial surface treatment has demonstrated in vitro and in vivo effectiveness of the
technologies based on AgNPs, combining a strong antibacterial effect with relative inertness to the
inner environment of a patient. On the other hand, issues relating to the mechanical properties of
these technologies and the potential for detrimental side effects, such as toxicity and interference with
osseointegration require further investigation.
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Abbreviations

The following abbreviations are used in this manuscript:

Ag silver
AgNP silver nanoparticle
ATPase adenosine triphosphatase
DAL/CHI dopamine-modified alginate/chitosan
DNA deoxyribonucleic acid
EPS extracellular polymeric substances
FDA Food and Drug Administration
GPMT guinea pig maximization test
LCC local carriers or coating
LLNA local lymph node assay
MAMP microbe associated molecular pattern
MIC minimum inhibitory concentration
MRSA methicillin-resistant Staphylococcus aureus
MSCRAMM Microbial Surface Components Recognizing Adhesive Matrix Molecule
NP nanoparticle
NT nanotube
PJI prosthetic joint infection
PRR pattern-recognition receptor
QAS 3-trimethoxysily-propyldimethyloctadecyl-ammonium chloride
QAS quaternary ammonium salt
Ti titanium
TiO, titanium dioxide
TJA total joint arthroplasty
USA United States of America
uv ultraviolet
References
1.  Berend, K.R;; Lombardi, A.V,, Jr.; Morris, M.].; Bergeson, A.G.; Adams, J.B.; Sneller, M.A. Two-stage treatment

of hip periprosthetic joint infection is associated with a high rate of infection control but high mortality.
Clin. Orthop. Relat. Res. 2013, 471, 510-518. [CrossRef] [PubMed]

De Angelis, G.; Mutters, N.T.; Minkley, L.; Holderried, F.; Tacconelli, E. Prosthetic joint infections in the
elderly. Infection 2015, 43, 629-637. [CrossRef] [PubMed]

Bedair, H.; Goyal, N.; Dietz, M.]J.; Urish, K.; Hansen, V.; Manrique, J.; Hamilton, W.; Deirmengian, G.
A history of treated periprosthetic joint infection increases the risk of subsequent different site infection.
Clin. Orthop. Relat. Res. 2015, 473, 2300-2304. [CrossRef] [PubMed]

Voigt, J.; Mosier, M.; Darouiche, R. Systematic review and meta-analysis of randomized controlled trials of
antibiotics and antiseptics for preventing infection in people receiving primary total hip and knee prostheses.
Antimicrob. Agents Chemother. 2015, 59, 6696-6707. [CrossRef] [PubMed]

Kamath, A.F; Ong, K.L,; Lau, E.; Chan, V,; Vail, T.P,; Rubash, H.E.; Berry, D.].; Bozic, K.J. Quantifying the
burden of revision total joint arthroplasty for periprosthetic infection. J. Arthroplast. 2015, 30, 1492-1497.
[CrossRef] [PubMed]


http://dx.doi.org/10.1007/s11999-012-2595-x
http://www.ncbi.nlm.nih.gov/pubmed/22983683
http://dx.doi.org/10.1007/s15010-015-0806-6
http://www.ncbi.nlm.nih.gov/pubmed/26096951
http://dx.doi.org/10.1007/s11999-015-4174-4
http://www.ncbi.nlm.nih.gov/pubmed/25670654
http://dx.doi.org/10.1128/AAC.01331-15
http://www.ncbi.nlm.nih.gov/pubmed/26259793
http://dx.doi.org/10.1016/j.arth.2015.03.035
http://www.ncbi.nlm.nih.gov/pubmed/25865815

Materials 2016, 9, 337 16 of 30

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Witso, E. The rate of prosthetic joint infection is underestimated in the arthroplasty registers. Acta Orthop.
2015, 277-278. [CrossRef] [PubMed]

Kurtz, S.M.; Lau, E.; Watson, H.; Schmier, ].K.; Parvizi, ]. Economic burden of periprosthetic joint infection in
the united states. J. Arthroplast. 2012, 27, 61-65. [CrossRef] [PubMed]

Lindgren, V.; Gordon, M.; Wretenberg, P.; Karrholm, J.; Garellick, G. Deep infection after total hip replacement:
A method for national incidence surveillance. Infect. Control Hosp. Epidemiol. 2014, 35, 1491-1496. [CrossRef]
[PubMed]

Huotari, K.; Peltola, M.; Jamsen, E. The incidence of late prosthetic joint infections: A registry-based study of
112,708 primary hip and knee replacements. Acta Orthop. 2015, 86, 321-325. [CrossRef] [PubMed]

Tande, A.].; Patel, R. Prosthetic joint infection. Clin. Microbiol. Rev. 2014, 27, 302-345. [CrossRef] [PubMed]
Gallo, J.; Kolar, M.; Dendis, M.; Loveckova, Y.; Sauer, P.; Zapletalova, J.; Koukalova, D. Culture and pcr
analysis of joint fluid in the diagnosis of prosthetic joint infection. New Microbiol. 2008, 31, 97-104. [PubMed]
Aggarwal, VK.; Bakhshi, H.; Ecker, N.U.; Parvizi, J.; Gehrke, T.; Kendoff, D. Organism profile in periprosthetic
joint infection: Pathogens differ at two arthroplasty infection referral centers in europe and in the united
states. J. Knee Surg. 2014, 27, 399-406. [CrossRef] [PubMed]

Bemer, P,; Plouzeau, C.; Tande, D.; Leger, J.; Giraudeau, B.; Valentin, A.S.; Jolivet-Gougeon, A.; Vincent, P.;
Corvec, S.; Gibaud, S.; et al. Evaluation of 16s rRNA gene pcr sensitivity and specificity for diagnosis
of prosthetic joint infection: A prospective multicenter cross-sectional study. J. Clin. Microbiol. 2014,
52, 3583-3589. [CrossRef] [PubMed]

Benito, N.; Franco, M.; Coll, P; Galvez, M.L.; Jordan, M.; Lopez-Contreras, J.; Pomar, V.; Monllau, J.C.;
Mirelis, B.; Gurgui, M. Etiology of surgical site infections after primary total joint arthroplasties. J. Orthop. Res.
2014, 32, 633-637. [CrossRef] [PubMed]

Gristina, A.G.; Naylor, P.; Myrvik, Q. Infections from biomaterials and implants: A race for the surface.
Med. Prog. Technol. 1988, 14, 205-224. [PubMed]

Nishitani, K.; Sutipornpalangkul, W.; de Mesy Bentley, K.L.; Varrone, ]J.J.; Bello-Irizarry, S.N.; Ito, H.;
Matsuda, S.; Kates, S.L.; Daiss, J.L.; Schwarz, E.M. Quantifying the natural history of biofilm formation
in vivo during the establishment of chronic implant-associated staphylococcus aureus osteomyelitis in mice
to identify critical pathogen and host factors. J. Orthop. Res. 2015, 33, 1311-1319. [CrossRef] [PubMed]
Vidlak, D.; Kielian, T. Infectious dose dictates the host response during S. Aureus orthopedic biofilm infection.
Infect. Immun. 2016. [CrossRef] [PubMed]

Yue, C.; Zhao, B.; Ren, Y.; Kuijjer, R.; van der Mei, H.C.; Busscher, H.J.; Rochford, E.T. The implant infection
paradox: Why do some succeed when others fail? Opinion and discussion paper. Eur. Cells Mater. 2015,
29, 303-310.

Zhou, X,; Yishake, M.; Li, J.; Jiang, L.; Wu, L.; Liu, R.; Xu, N. Genetic susceptibility to prosthetic joint infection
following total joint arthroplasty: A systematic review. Gene 2015, 563, 76-82. [CrossRef] [PubMed]
Navratilova, Z.; Gallo, J.; Mrazek, F.; Lostak, J.; Petrek, M. Mbl2 gene variation affecting serum mbl is
associated with prosthetic joint infection in czech patients after total joint arthroplasty. Tissue Antigens 2012,
80, 444-451. [CrossRef] [PubMed]

Busscher, H.J.; van der Mei, H.C. How do bacteria know they are on a surface and regulate their response to
an adhering state? PLoS Pathog. 2012, 8, €1002440. [CrossRef] [PubMed]

Costerton, W.; Veeh, R.; Shirtliff, M.; Pasmore, M.; Post, C.; Ehrlich, G. The application of biofilm science
to the study and control of chronic bacterial infections. J. Clin. Investig. 2003, 112, 1466-1477. [CrossRef]
[PubMed]

Eichenberger, E.M.; Thaden, ].T.; Sharma-Kuinkel, B.; Park, L.P; Rude, T.H.; Ruffin, F.; Hos, N.J.; Seifert, H.;
Rieg, S.; Kern, W.V,; et al. Polymorphisms in fibronectin binding proteins a and b among staphylococcus
aureus bloodstream isolates are not associated with arthroplasty infection. PLoS ONE 2015, 10, e0141436.
[CrossRef] [PubMed]

Chen, Y.; Busscher, H.J.; van der Mei, H.C.; Norde, W. Statistical analysis of long- and short-range
forces involved in bacterial adhesion to substratum surfaces as measured using atomic force microscopy.
Appl. Environ. Microbiol. 2011, 77, 5065-5070. [CrossRef] [PubMed]

Chagnot, C.; Zorgani, M.A.; Astruc, T.; Desvaux, M. Proteinaceous determinants of surface colonization in
bacteria: Bacterial adhesion and biofilm formation from a protein secretion perspective. Front. Microbiol.
2013, 4, 303. [CrossRef] [PubMed]


http://dx.doi.org/10.3109/17453674.2015.1042320
http://www.ncbi.nlm.nih.gov/pubmed/25909277
http://dx.doi.org/10.1016/j.arth.2012.02.022
http://www.ncbi.nlm.nih.gov/pubmed/22554729
http://dx.doi.org/10.1086/678600
http://www.ncbi.nlm.nih.gov/pubmed/25419771
http://dx.doi.org/10.3109/17453674.2015.1035173
http://www.ncbi.nlm.nih.gov/pubmed/25813645
http://dx.doi.org/10.1128/CMR.00111-13
http://www.ncbi.nlm.nih.gov/pubmed/24696437
http://www.ncbi.nlm.nih.gov/pubmed/18437847
http://dx.doi.org/10.1055/s-0033-1364102
http://www.ncbi.nlm.nih.gov/pubmed/24414388
http://dx.doi.org/10.1128/JCM.01459-14
http://www.ncbi.nlm.nih.gov/pubmed/25056331
http://dx.doi.org/10.1002/jor.22581
http://www.ncbi.nlm.nih.gov/pubmed/24436163
http://www.ncbi.nlm.nih.gov/pubmed/2978593
http://dx.doi.org/10.1002/jor.22907
http://www.ncbi.nlm.nih.gov/pubmed/25820925
http://dx.doi.org/10.1128/IAI.00117-16
http://www.ncbi.nlm.nih.gov/pubmed/27091926
http://dx.doi.org/10.1016/j.gene.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25747542
http://dx.doi.org/10.1111/tan.12001
http://www.ncbi.nlm.nih.gov/pubmed/22994203
http://dx.doi.org/10.1371/journal.ppat.1002440
http://www.ncbi.nlm.nih.gov/pubmed/22291589
http://dx.doi.org/10.1172/JCI200320365
http://www.ncbi.nlm.nih.gov/pubmed/14617746
http://dx.doi.org/10.1371/journal.pone.0141436
http://www.ncbi.nlm.nih.gov/pubmed/26606522
http://dx.doi.org/10.1128/AEM.00502-11
http://www.ncbi.nlm.nih.gov/pubmed/21642399
http://dx.doi.org/10.3389/fmicb.2013.00303
http://www.ncbi.nlm.nih.gov/pubmed/24133488

Materials 2016, 9, 337 17 of 30

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Thevenot, P; Hu, W,; Tang, L. Surface chemistry influences implant biocompatibility. Curr. Top. Med. Chem.
2008, 8, 270-280. [PubMed]

Roach, P; Eglin, D.; Rohde, K.; Perry, C.C. Modern biomaterials: A review—Bulk properties and implications
of surface modifications. J. Mater. Sci. Mater. Med. 2007, 18, 1263-1277. [CrossRef] [PubMed]

Wilson, CJ.; Clegg, R.E.; Leavesley, D.I; Pearcy, M.]. Mediation of biomaterial-cell interactions by adsorbed
proteins: A review. Tissue Eng. 2005, 11, 1-18. [CrossRef] [PubMed]

Stoodley, P; Ehrlich, G.D.; Sedghizadeh, P.P; Hall-Stoodley, L.; Baratz, M.E.; Altman, D.T.; Sotereanos, N.G.;
Costerton, ].W.; Demeo, P. Orthopaedic biofilm infections. Curr. Orthop. Pract. 2011, 22, 558-563. [CrossRef]
[PubMed]

Costerton, ].W.; Stewart, P.S.; Greenberg, E.P. Bacterial biofilms: A common cause of persistent infections.
Science 1999, 284, 1318-1322. [CrossRef] [PubMed]

Laverty, G.; Gorman, S.P.; Gilmore, B.F. Biomolecular mechanisms of staphylococcal biofilm formation.
Future Microbiol. 2013, 8, 509-524. [CrossRef] [PubMed]

Foster, T.].; Geoghegan, J.A.; Ganesh, VK.; Hook, M. Adhesion, invasion and evasion: The many functions of
the surface proteins of staphylococcus aureus. Nat. Rev. Microbiol. 2014, 12, 49-62. [CrossRef] [PubMed]
Fux, C.A,; Costerton, ].W.; Stewart, P.S; Stoodley, P. Survival strategies of infectious biofilms. Trends Microbiol.
2005, 13, 34-40. [CrossRef] [PubMed]

Arciola, C.R.; Campoccia, D.; Ehrlich, G.D.; Montanaro, L. Biofilm-based implant infections in orthopaedics.
Adv. Exp. Med. Biol. 2015, 830, 29-46. [PubMed]

Spaan, A.N.; Surewaard, B.G.; Nijland, R.; van Strijp, J.A. Neutrophils versus staphylococcus aureus:
A biological tug of war. Annu. Rev. Microbiol. 2013, 67, 629—-650. [CrossRef] [PubMed]

Gardner, A.B; Lee, S.K.; Woods, E.C.; Acharya, A.P. Biomaterials-based modulation of the immune system.
BioMed Res. Int. 2013, 2013, 732182. [CrossRef] [PubMed]

Pajarinen, J.; Lin, T.H.; Sato, T.; Yao, Z.; Goodman, S. Interaction of materials and biology in total joint
replacement—Successes, challenges and future directions. J. Mater. Chem. B Mater. Biol. Med. 2014,
2,7094-7108. [CrossRef] [PubMed]

Busscher, H.J.; van der Mei, H.C.; Subbiahdoss, G.; Jutte, P.C.; van den Dungen, ].J.; Zaat, S.A.; Schultz, M.].;
Grainger, D.W. Biomaterial-associated infection: Locating the finish line in the race for the surface.
Sci. Transl. Med. 2012, 4, 153rv10. [CrossRef] [PubMed]

Yue, C.; van der Mei, H.C.; Kuijer, R.; Busscher, H.J.; Rochford, E.T. Mechanism of cell integration on
biomaterial implant surfaces in the presence of bacterial contamination. J. Biomed. Mater. Res. A 2015,
103, 3590-3598. [CrossRef] [PubMed]

Higgins, D.M.; Basaraba, R.J.; Hohnbaum, A.C.; Lee, E.].; Grainger, D.W.; Gonzalez-Juarrero, M. Localized
immunosuppressive environment in the foreign body response to implanted biomaterials. Am. . Pathol.
2009, 175, 161-170. [CrossRef] [PubMed]

Zimmerli, W.,; Sendi, P. Pathogenesis of implant-associated infection: The role of the host.
Semin. Immunopathol. 2011, 33, 295-306. [CrossRef] [PubMed]

An, YH.; Friedman, R.J. Prevention of sepsis in total joint arthroplasty. J. Hosp. Infect. 1996, 33, 93-108.
[CrossRef]

Humpbhreys, H. Surgical site infection, ultraclean ventilated operating theatres and prosthetic joint surgery:
Where now? J. Hosp. Infect. 2012, 81, 71-72. [CrossRef] [PubMed]

McHugh, SM.; Hill, A.D.; Humphreys, H. Laminar airflow and the prevention of surgical site infection.
More harm than good? Surgeon 2015, 13, 52-58. [CrossRef] [PubMed]

Mejia, E.; Williams, A.; Long, M. Decreasing prosthetic joint surgical site infections: An interdisciplinary
approach. AORN J. 2015, 101, 213-222. [CrossRef] [PubMed]

Thornley, P.; Evaniew, N.; Riediger, M.; Winemaker, M.; Bhandari, M.; Ghert, M. Postoperative antibiotic
prophylaxis in total hip and knee arthroplasty: A systematic review and meta-analysis of randomized
controlled trials. CMA] Open 2015, 3, E338-E343. [CrossRef] [PubMed]

Wang, J.; Zhu, C.; Cheng, T.; Peng, X.; Zhang, W.; Qin, H.; Zhang, X. A systematic review and meta-analysis of
antibiotic-impregnated bone cement use in primary total hip or knee arthroplasty. PLoS ONE 2013, 8, e82745.
[CrossRef] [PubMed]

McMurray, C.L.; Hardy, K.J.; Verlander, N.Q.; Hawkey, PM. Antibiotic surgical prophylaxis increases nasal
carriage of antibiotic-resistant staphylococci. J. Med. Microbiol. 2015, 64, 1489-1495. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/18393890
http://dx.doi.org/10.1007/s10856-006-0064-3
http://www.ncbi.nlm.nih.gov/pubmed/17443395
http://dx.doi.org/10.1089/ten.2005.11.1
http://www.ncbi.nlm.nih.gov/pubmed/15738657
http://dx.doi.org/10.1097/BCO.0b013e318230efcf
http://www.ncbi.nlm.nih.gov/pubmed/22323927
http://dx.doi.org/10.1126/science.284.5418.1318
http://www.ncbi.nlm.nih.gov/pubmed/10334980
http://dx.doi.org/10.2217/fmb.13.7
http://www.ncbi.nlm.nih.gov/pubmed/23534362
http://dx.doi.org/10.1038/nrmicro3161
http://www.ncbi.nlm.nih.gov/pubmed/24336184
http://dx.doi.org/10.1016/j.tim.2004.11.010
http://www.ncbi.nlm.nih.gov/pubmed/15639630
http://www.ncbi.nlm.nih.gov/pubmed/25366219
http://dx.doi.org/10.1146/annurev-micro-092412-155746
http://www.ncbi.nlm.nih.gov/pubmed/23834243
http://dx.doi.org/10.1155/2013/732182
http://www.ncbi.nlm.nih.gov/pubmed/24171170
http://dx.doi.org/10.1039/C4TB01005A
http://www.ncbi.nlm.nih.gov/pubmed/25541591
http://dx.doi.org/10.1126/scitranslmed.3004528
http://www.ncbi.nlm.nih.gov/pubmed/23019658
http://dx.doi.org/10.1002/jbm.a.35502
http://www.ncbi.nlm.nih.gov/pubmed/25966819
http://dx.doi.org/10.2353/ajpath.2009.080962
http://www.ncbi.nlm.nih.gov/pubmed/19528351
http://dx.doi.org/10.1007/s00281-011-0275-7
http://www.ncbi.nlm.nih.gov/pubmed/21603890
http://dx.doi.org/10.1016/S0195-6701(96)90094-8
http://dx.doi.org/10.1016/j.jhin.2012.03.007
http://www.ncbi.nlm.nih.gov/pubmed/22579078
http://dx.doi.org/10.1016/j.surge.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25453272
http://dx.doi.org/10.1016/j.aorn.2014.03.017
http://www.ncbi.nlm.nih.gov/pubmed/25645038
http://dx.doi.org/10.9778/cmajo.20150012
http://www.ncbi.nlm.nih.gov/pubmed/26457293
http://dx.doi.org/10.1371/journal.pone.0082745
http://www.ncbi.nlm.nih.gov/pubmed/24349353
http://dx.doi.org/10.1099/jmm.0.000182
http://www.ncbi.nlm.nih.gov/pubmed/26445858

Materials 2016, 9, 337 18 of 30

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Mlingworth, K.D.; Mihalko, W.M.; Parvizi, J.; Sculco, T.; McArthur, B.; el Bitar, Y.; Saleh, K.J. How to minimize
infection and thereby maximize patient outcomes in total joint arthroplasty: A multicenter approach:
Aaos exhibit selection. J. Bone Jt. Surg. Am. Vol. 2013, 95, e50. [CrossRef] [PubMed]

Florschutz, A.V,; Fagan, R.P.; Matar, W.Y.; Sawyer, R.G.; Berrios-Torres, S.I. Surgical site infection risk factors
and risk stratification. J. Am. Acad. Orthop. Surg. 2015, 23, S8-S11. [CrossRef] [PubMed]

Maoz, G.; Phillips, M.; Bosco, J.; Slover, J.; Stachel, A.; Inneh, L; Iorio, R. The otto aufranc award: Modifiable
versus nonmodifiable risk factors for infection after hip arthroplasty. Clin. Orthop. Relat. Res. 2015,
473, 453-459. [CrossRef] [PubMed]

Ma, Z.; Guo, F; Qi, ].; Xiang, W.; Zhang, ]. Meta-analysis shows that obesity may be a significant risk factor
for prosthetic joint infections. Int. Orthop. 2015. [CrossRef] [PubMed]

Alijanipour, P.; Heller, S.; Parvizi, J. Prevention of periprosthetic joint infection: What are the effective
strategies? J. Knee Surg. 2014, 27, 251-258. [CrossRef] [PubMed]

Rezapoor, M.; Parvizi, J. Prevention of periprosthetic joint infection. J. Arthroplast. 2015, 30, 902-907.
[CrossRef] [PubMed]

Getzlaf, M.A.; Lewallen, E.A.; Kremers, H.M.; Jones, D.L.; Bonin, C.A.; Dudakovic, A.; Thaler, R.; Cohen, R.C.;
Lewallen, D.G.; van Wijnen, A.J. Multi-disciplinary antimicrobial strategies for improving orthopaedic
implants to prevent prosthetic joint infections in hip and knee. J. Orthop. Res. 2016, 34, 177-186. [CrossRef]
[PubMed]

Romano, C.L.; Scarponi, S.; Gallazzi, E.; Romano, D.; Drago, L. Antibacterial coating of implants in
orthopaedics and trauma: A classification proposal in an evolving panorama. J. Orthop. Surg. Res. 2015,
10, 157. [CrossRef] [PubMed]

Tsaras, G.; Osmon, D.R.; Mabry, T.; Lahr, B.; St Sauveur, J.; Yawn, B.; Kurland, R.; Berbari, E.F. Incidence,
secular trends, and outcomes of prosthetic joint infection: A population-based study, olmsted county,
minnesota, 1969-2007. Infect. Control Hosp. Epidemiol. 2012, 33, 1207-1212. [CrossRef] [PubMed]

Zhu, Y,; Zhang, F.; Chen, W,; Liu, S.; Zhang, Q.; Zhang, Y. Risk factors for periprosthetic joint infection after
total joint arthroplasty: A systematic review and meta-analysis. J. Hosp. Infect. 2015, 89, 82-89. [CrossRef]
[PubMed]

Ratner, B.D.; Schoen, EJ. The concept and assessment of biocompatibility. In Biomaterials Science:
An Introduction to Materials in Medicine, 3rd ed.; Ratner, B.D., Hoffman, A.S., Schoen, E]J., Lemons, J.E.,
Eds.; Elsevier: Amsterdam, The Netherlands, 2013; Volume 1, pp. 588-592.

Bernthal, N.M.; Stavrakis, A.L; Billi, F.; Cho, ]J.S.; Kremen, T.J.; Simon, S.I.; Cheung, A.L.; Finerman, G.A.;
Lieberman, J.R.; Adams, ].S.; ef al. A mouse model of post-arthroplasty staphylococcus aureus joint infection
to evaluate in vivo the efficacy of antimicrobial implant coatings. PLoS ONE 2010, 5, €12580. [CrossRef]
[PubMed]

Scherr, T.D.; Lindgren, K.E.; Schaeffer, C.R.; Hanke, M.L.; Hartman, C.W.; Kielian, T. Mouse model of
post-arthroplasty staphylococcus epidermidis joint infection. Methods Mol. Biol. 2014, 1106, 173-181.
[PubMed]

Gatin, L.; Saleh-Mghir, A.; Massin, P.; Cremieux, A.C. Critical analysis of experimental models of
periprosthetic joint infection. Orthop. Traumatol. Surg. Res. 2015, 101, 851-855. [CrossRef] [PubMed]
Corvec, S.; Portillo, M.E.; Pasticci, B.M.; Borens, O.; Trampuz, A. Epidemiology and new developments in
the diagnosis of prosthetic joint infection. Int. J. Artif. Organs 2012, 35, 923-934. [CrossRef] [PubMed]
Kapadia, B.H.; Berg, R.A.; Daley, ].A; Fritz, ].; Bhave, A.; Mont, M.A. Periprosthetic joint infection. Lancet
2016, 387, 386-394. [CrossRef]

Ratner, B.D.; Hoffman, A.S. Physicochemical surface modifications of materials used in medicine.
In Biomaterials Science: An Introduction to Materials in Medicine; Ratner, B.D., Hoffman, A.S., Schoen, E]J.,
Lemons, ].E., Eds.; Academic Press (Elsevier): Waltham, MA, USA, 2013; Volume 1, pp. 259-276.
Follmann, H.D.; Martins, A.E; Gerola, A.P; Burgo, T.A.; Nakamura, C.V.; Rubira, A.F; Muniz, E.C.
Antiadhesive and antibacterial multilayer films via layer-by-layer assembly of tmc/heparin complexes.
Biomacromolecules 2012, 13, 3711-3722. [CrossRef] [PubMed]

Neoh, K.G.; Kang, E.T. Combating bacterial colonization on metals via polymer coatings: Relevance to
marine and medical applications. ACS Appl. Mater. Interfaces 2011, 3, 2808-2819. [CrossRef] [PubMed]


http://dx.doi.org/10.2106/JBJS.L.00596
http://www.ncbi.nlm.nih.gov/pubmed/23595076
http://dx.doi.org/10.5435/JAAOS-D-14-00447
http://www.ncbi.nlm.nih.gov/pubmed/25808971
http://dx.doi.org/10.1007/s11999-014-3780-x
http://www.ncbi.nlm.nih.gov/pubmed/25024028
http://dx.doi.org/10.1007/s00264-015-2914-4
http://www.ncbi.nlm.nih.gov/pubmed/26272459
http://dx.doi.org/10.1055/s-0034-1376332
http://www.ncbi.nlm.nih.gov/pubmed/24792971
http://dx.doi.org/10.1016/j.arth.2015.02.044
http://www.ncbi.nlm.nih.gov/pubmed/25824026
http://dx.doi.org/10.1002/jor.23068
http://www.ncbi.nlm.nih.gov/pubmed/26449208
http://dx.doi.org/10.1186/s13018-015-0294-5
http://www.ncbi.nlm.nih.gov/pubmed/26429342
http://dx.doi.org/10.1086/668421
http://www.ncbi.nlm.nih.gov/pubmed/23143357
http://dx.doi.org/10.1016/j.jhin.2014.10.008
http://www.ncbi.nlm.nih.gov/pubmed/25575769
http://dx.doi.org/10.1371/journal.pone.0012580
http://www.ncbi.nlm.nih.gov/pubmed/20830204
http://www.ncbi.nlm.nih.gov/pubmed/24222466
http://dx.doi.org/10.1016/j.otsr.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26454411
http://dx.doi.org/10.5301/ijao.5000168
http://www.ncbi.nlm.nih.gov/pubmed/23138706
http://dx.doi.org/10.1016/S0140-6736(14)61798-0
http://dx.doi.org/10.1021/bm3011962
http://www.ncbi.nlm.nih.gov/pubmed/22998803
http://dx.doi.org/10.1021/am200646t
http://www.ncbi.nlm.nih.gov/pubmed/21732600

Materials 2016, 9, 337 19 of 30

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Muszanska, A.K.; Rochford, E.T.; Gruszka, A.; Bastian, A.A.; Busscher, H.].; Norde, W.; van der Mei, H.C;
Herrmann, A. Antiadhesive polymer brush coating functionalized with antimicrobial and rgd peptides to
reduce biofilm formation and enhance tissue integration. Biomacromolecules 2014, 15, 2019-2026. [CrossRef]
[PubMed]

An, YH.; Stuart, G.W.; McDowell, S.J.; McDaniel, S.E.; Kang, Q.; Friedman, R.J. Prevention of bacterial
adherence to implant surfaces with a crosslinked albumin coating in vitro. J. Orthop. Res. 1996, 14, 846-849.
[CrossRef] [PubMed]

Zhu, H.; Guo, Z.; Liu, W. Adhesion behaviors on superhydrophobic surfaces. Chem. Commun. 2014,
50, 3900-3913. [CrossRef] [PubMed]

Stallard, C.P.; McDonnell, K.A.; Onayemi, O.D.; O’Gara, J.P.; Dowling, D.P. Evaluation of protein adsorption
on atmospheric plasma deposited coatings exhibiting superhydrophilic to superhydrophobic properties.
Biointerphases 2012, 7, 31. [CrossRef] [PubMed]

Poncin-Epaillard, F; Herry, ] M.; Marmey, P.; Legeay, G.; Debarnot, D.; Bellon-Fontaine, M.N. Elaboration of
highly hydrophobic polymeric surface—A potential strategy to reduce the adhesion of pathogenic bacteria?
Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 1152-1161. [CrossRef] [PubMed]

Shida, T.; Koseki, H.; Yoda, I.; Horiuchi, H.; Sakoda, H.; Osaki, M. Adherence ability of staphylococcus
epidermidis on prosthetic biomaterials: An in vitro study. Int. |. Nanomed. 2013, 8, 3955-3961.

Singh, A.V,; Vyas, V,; Patil, R.; Sharma, V.; Scopelliti, PE.; Bongiorno, G.; Podesta, A.; Lenardi, C.; Gade, W.N;
Milani, P. Quantitative characterization of the influence of the nanoscale morphology of nanostructured
surfaces on bacterial adhesion and biofilm formation. PLoS ONE 2011, 6, €25029. [CrossRef] [PubMed]
Ivanova, E.P; Truong, V.K,; Wang, J.Y.; Berndt, C.C.; Jones, R.T.; Yusuf, L1; Peake, I.; Schmidt, H-W.; Fluke, C.;
Barnes, D.; et al. Impact of nanoscale roughness of titanium thin film surfaces on bacterial retention.
Langmuir ACS ]. Surf. Colloids 2010, 26, 1973-1982. [CrossRef] [PubMed]

Truong, V.K,; Lapovok, R.; Estrin, Y.S.; Rundell, S.; Wang, J.Y.; Fluke, C.J.; Crawford, R.J.; Ivanova, E.P.
The influence of nano-scale surface roughness on bacterial adhesion to ultrafine-grained titanium.
Biomaterials 2010, 31, 3674-3683. [PubMed]

Filova, E.; Fojt, ].; Kryslova, M.; Moravec, H.; Joska, L.; Bacakova, L. The diameter of nanotubes formed on
ti-6al-4v alloy controls the adhesion and differentiation of saos-2 cells. Int. . Nanomed. 2015, 10, 7145-7163.
Pandit, V.; Zuidema, J.M.; Venuto, K.N.; Macione, J.; Dai, G.; Gilbert, R.].; Kotha, S.P. Evaluation of
multifunctional polysaccharide hydrogels with varying stiffness for bone tissue engineering. Tissue Eng. A
2013, 19, 2452-2463.

Zhao, C,; Li, X,; Li, L.; Cheng, G.; Gong, X.; Zheng, J. Dual functionality of antimicrobial and antifouling of
poly(n-hydroxyethylacrylamide)/salicylate hydrogels. Langmuir ACS J. Surf. Colloids 2013, 29, 1517-1524.
Zan, X.; Kozlov, M.; McCarthy, T.].; Su, Z. Covalently attached, silver-doped poly(vinyl alcohol) hydrogel
films on poly(l-lactic acid). Biomacromolecules 2010, 11, 1082-1088.

Drago, L.; Boot, W.; Dimas, K.; Malizos, K.; Hansch, G.M.; Stuyck, J.; Gawlitta, D.; Romano, C.L. Does
implant coating with antibacterial-loaded hydrogel reduce bacterial colonization and biofilm formation
in vitro? Clin. Orthop. Relat. Res. 2014, 472, 3311-3323.

Bock, R.M.; McEntire, B.].; Bal, B.S.; Rahaman, M.N.; Boffelli, M.; Pezzotti, G. Surface modulation of silicon
nitride ceramics for orthopaedic applications. Acta Biomater. 2015, 26, 318-330.

Webster, T.J.; Patel, A.A.; Rahaman, M.N.; Sonny Bal, B. Anti-infective and osteointegration properties of
silicon nitride, poly(ether ether ketone), and titanium implants. Acta Biomater. 2012, 8, 4447-4454. [PubMed]
Eto, S.; Kawano, S.; Someya, S.; Miyamoto, H.; Sonohata, M.; Mawatari, M. First clinical experience with
thermal-sprayed silver oxide-containing hydroxyapatite coating implant. J. Arthroplast. 2015. [CrossRef]
[PubMed]

Guimond-Lischer, S.; Ren, Q.; Braissant, O.; Gruner, P.; Wampfler, B.; Maniura-Weber, K. Vacuum plasma
sprayed coatings using ionic silver doped hydroxyapatite powder to prevent bacterial infection of bone
implants. Biointerphases 2016, 11, 011012. [CrossRef] [PubMed]

Unosson, E.; Rodriguez, D.; Welch, K.; Engqvist, H. Reactive combinatorial synthesis and characterization of
a gradient ag-ti oxide thin film with antibacterial properties. Acta Biomater. 2015, 11, 503-510. [CrossRef]
[PubMed]


http://dx.doi.org/10.1021/bm500168s
http://www.ncbi.nlm.nih.gov/pubmed/24833130
http://dx.doi.org/10.1002/jor.1100140526
http://www.ncbi.nlm.nih.gov/pubmed/8893783
http://dx.doi.org/10.1039/c3cc47818a
http://www.ncbi.nlm.nih.gov/pubmed/24575424
http://dx.doi.org/10.1007/s13758-012-0031-0
http://www.ncbi.nlm.nih.gov/pubmed/22589074
http://dx.doi.org/10.1016/j.msec.2012.12.020
http://www.ncbi.nlm.nih.gov/pubmed/23827554
http://dx.doi.org/10.1371/journal.pone.0025029
http://www.ncbi.nlm.nih.gov/pubmed/21966403
http://dx.doi.org/10.1021/la902623c
http://www.ncbi.nlm.nih.gov/pubmed/19842625
http://www.ncbi.nlm.nih.gov/pubmed/20163851
http://www.ncbi.nlm.nih.gov/pubmed/22863905
http://dx.doi.org/10.1016/j.arth.2015.12.034
http://www.ncbi.nlm.nih.gov/pubmed/26810376
http://dx.doi.org/10.1116/1.4943225
http://www.ncbi.nlm.nih.gov/pubmed/26964530
http://dx.doi.org/10.1016/j.actbio.2014.09.048
http://www.ncbi.nlm.nih.gov/pubmed/25281786

Materials 2016, 9, 337 20 of 30

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Cheng, H.; Li, Y.; Huo, K.; Gao, B.; Xiong, W. Long-lasting in vivo and in vitro antibacterial ability of
nanostructured titania coating incorporated with silver nanoparticles. ]. Biomed. Mater. Res. A 2014,
102, 3488-3499. [CrossRef] [PubMed]

Gao, A.; Hang, R.Q.; Huang, X.B.; Zhao, L.Z.; Zhang, X.Y.; Wang, L.; Tang, B.; Ma, S.L.; Chu, PK. The effects
of titania nanotubes with embedded silver oxide nanoparticles on bacteria and osteoblasts. Biomaterials 2014,
35, 4223-4235. [CrossRef] [PubMed]

Mei, S.; Wang, H.; Wang, W.; Tong, L.; Pan, H.; Ruan, C.; Ma, Q.; Liu, M.; Yang, H.; Zhang, L.; et al.
Antibacterial effects and biocompatibility of titanium surfaces with graded silver incorporation in titania
nanotubes. Biomaterials 2014, 35, 4255-4265. [CrossRef] [PubMed]

Dong, W.; Zhu, Y.; Zhang, |.; Lu, L.; Zhao, C.; Qin, L.; Li, Y. Investigation on the antibacterial micro-porous
titanium with silver nano-particles. J. Nanosci. Nanotechnol. 2013, 13, 6782-6786. [CrossRef] [PubMed]
Panacek, A ; Balzerova, A.; Prucek, R.; Ranc, V.; Vecerova, R.; Husickova, V.; Pechousek, J.; Filip, J.; Zboril, R.;
Kvitek, L. Preparation, characterization and antimicrobial efficiency of ag/pdda-diatomite nanocomposite.
Colloids Surf. B Biointerfaces 2013, 110, 191-198. [CrossRef] [PubMed]

Kvitek, L.; Panacek, A.; Soukupova, J.; Kolar, M.; Vecerova, R.; Prucek, R.; Holecova, M.; Zboril, R. Effect of
surfactants and polymers on stability and antibacterial activity of silver nanoparticles (nps). J. Phys. Chem. C
2008, 112, 5825-5834. [CrossRef]

Knetsch, M.L.W.; Koole, L.H. New strategies in the development of antimicrobial coatings: The example of
increasing usage of silver and silver nanoparticles. Polymers 2011, 3, 340-366. [CrossRef]

Harrasser, N.; Jussen, S.; Banke, 1.].; Kmeth, R.; von Eisenhart-Rothe, R.; Stritzker, B.; Gollwitzer, H.;
Burgkart, R. Antibacterial efficacy of titanium-containing alloy with silver-nanoparticles enriched
diamond-like carbon coatings. AMB Express 2015, 5, 77. [CrossRef] [PubMed]

Bai, Y.; Bai, Y.; Wang, C.; Gao, ].; Ma, W. Fabrication and characterization of gold nanoparticle-loaded tio2
nanotube arrays for medical implants. J. Mater. Sci. Mater. Med. 2016, 27, 31. [CrossRef] [PubMed]

Ahmed, R.A ; Fadl-allah, S.A.; El-Bagoury, N.; El-Rab, S M.E.G. Improvement of corrosion resistance and
antibacterial effect of niti orthopedic materials by chitosan and gold nanoparticles. Appl. Surf. Sci. 2014,
292, 390-399. [CrossRef]

Koseki, H.; Asahara, T.; Shida, T.; Yoda, I.; Horiuchi, H.; Baba, K.; Osaki, M. Clinical and histomorphometrical
study on titanium dioxide-coated external fixation pins. Int. |. Nanomed. 2013, 8, 593-599. [CrossRef]
[PubMed]

Haenle, M.; Fritsche, A.; Zietz, C.; Bader, R.; Heidenau, F.; Mittelmeier, W.; Gollwitzer, H. An extended
spectrum bactericidal titanium dioxide (tio2) coating for metallic implants: In vitro effectiveness against
mrsa and mechanical properties. ]. Mater. Sci. Mater. Med. 2011, 22, 381-387. [CrossRef] [PubMed]

Yue, C.; Kuijer, R.; Kaper, H.J.; van der Mei, H.C.; Busscher, H.]. Simultaneous interaction of bacteria and
tissue cells with photocatalytically activated, anodized titanium surfaces. Biomaterials 2014, 35, 2580-2587.
[CrossRef] [PubMed]

Holinka, J.; Pilz, M.; Kubista, B.; Presterl, E.; Windhager, R. Effects of selenium coating of orthopaedic implant
surfaces on bacterial adherence and osteoblastic cell growth. Bone Jt. ]. 2013, 95-B, 678-682. [CrossRef]
[PubMed]

Tran, P.A.; Webster, T.]. Selenium nanoparticles inhibit staphylococcus aureus growth. Int. J. Nanomed. 2011,
6, 1553-1558.

Rodriguez-Valencia, C.; Lopez-Alvarez, M.; Cochon-Cores, B.; Pereiro, I.; Serra, J.; Gonzalez, P. Novel
selenium-doped hydroxyapatite coatings for biomedical applications. ]. Biomed. Mater. Res. A 2013,
101, 853-861. [CrossRef] [PubMed]

LewisOscar, F.; MubarakAli, D.; Nithya, C.; Priyanka, R.; Gopinath, V.; Alharbi, N.S.; Thajuddin, N. One pot
synthesis and anti-biofilm potential of copper nanoparticles (cunps) against clinical strains of pseudomonas
aeruginosa. Biofouling 2015, 31, 379-391. [CrossRef] [PubMed]

Hoene, A.; Prinz, C.; Walschus, U.; Lucke, S.; Patrzyk, M.; Wilhelm, L.; Neumann, H.G.; Schlosser, M.
In vivo evaluation of copper release and acute local tissue reactions after implantation of copper-coated
titanium implants in rats. Biomed. Mater. 2013, 8. [CrossRef] [PubMed]

Elizabeth, E.; Baranwal, G.; Krishnan, A.G.; Menon, D.; Nair, M. Zno nanoparticle incorporated
nanostructured metallic titanium for increased mesenchymal stem cell response and antibacterial activity.
Nanotechnology 2014, 25, 115101. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/jbm.a.35019
http://www.ncbi.nlm.nih.gov/pubmed/24178451
http://dx.doi.org/10.1016/j.biomaterials.2014.01.058
http://www.ncbi.nlm.nih.gov/pubmed/24529392
http://dx.doi.org/10.1016/j.biomaterials.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24565524
http://dx.doi.org/10.1166/jnn.2013.7757
http://www.ncbi.nlm.nih.gov/pubmed/24245143
http://dx.doi.org/10.1016/j.colsurfb.2013.04.031
http://www.ncbi.nlm.nih.gov/pubmed/23732794
http://dx.doi.org/10.1021/jp711616v
http://dx.doi.org/10.3390/polym3010340
http://dx.doi.org/10.1186/s13568-015-0162-z
http://www.ncbi.nlm.nih.gov/pubmed/26646789
http://dx.doi.org/10.1007/s10856-015-5646-5
http://www.ncbi.nlm.nih.gov/pubmed/26704548
http://dx.doi.org/10.1016/j.apsusc.2013.11.150
http://dx.doi.org/10.2147/IJN.S39201
http://www.ncbi.nlm.nih.gov/pubmed/23429667
http://dx.doi.org/10.1007/s10856-010-4204-4
http://www.ncbi.nlm.nih.gov/pubmed/21188483
http://dx.doi.org/10.1016/j.biomaterials.2013.12.036
http://www.ncbi.nlm.nih.gov/pubmed/24393267
http://dx.doi.org/10.1302/0301-620X.95B5.31216
http://www.ncbi.nlm.nih.gov/pubmed/23632681
http://dx.doi.org/10.1002/jbm.a.34387
http://www.ncbi.nlm.nih.gov/pubmed/22968925
http://dx.doi.org/10.1080/08927014.2015.1048686
http://www.ncbi.nlm.nih.gov/pubmed/26057498
http://dx.doi.org/10.1088/1748-6041/8/3/035009
http://www.ncbi.nlm.nih.gov/pubmed/23598370
http://dx.doi.org/10.1088/0957-4484/25/11/115101
http://www.ncbi.nlm.nih.gov/pubmed/24561517

Materials 2016, 9, 337 21 of 30

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Hu, H.; Zhang, W.; Qiao, Y,; Jiang, X.; Liu, X.; Ding, C. Antibacterial activity and increased bone marrow
stem cell functions of zn-incorporated tio2 coatings on titanium. Acta Biomater. 2012, 8, 904-915. [CrossRef]
[PubMed]

Tsuchiya, H.; Shirai, T.; Nishida, H.; Murakami, H.; Kabata, T.; Yamamoto, N.; Watanabe, K.; Nakase, J.
Innovative antimicrobial coating of titanium implants with iodine. J. Orthop. Sci. 2012, 17, 595-604.
[CrossRef] [PubMed]

Bellucci, D.; Sola, A.; Cannillo, V. Hydroxyapatite and tricalcium phosphate composites with bioactive glass
as second phase: State of the art and current applications. J. Biomed. Mater. Res. A 2016, 104, 1030-1056.
[CrossRef] [PubMed]

Durgalakshmi, D.; Balakumar, S.; Raja, C.A.; George, R.P.; Mudali, UK. Structural, morphological
and antibacterial investigation of ag-impregnated sol-gel-derived 45s5 nanobioglass systems.
J. Nanosci. Nanotechnol. 2015, 15, 4285-4295. [CrossRef] [PubMed]

Shi, Y.Y; Li, M,; Liu, Q,; Jia, Z.J.; Xu, X.C.; Cheng, Y.; Zheng, Y.F. Electrophoretic deposition of graphene
oxide reinforced chitosan-hydroxyapatite nanocomposite coatings on ti substrate. . Mater. Sci. Mater. Med.
2016, 27, 48. [CrossRef] [PubMed]

Richtera, L.; Chudobova, D.; Cihalova, K.; Kremplova, M.; Milosavljevic, V.; Kopel, P.,; Blazkova, I.; Hynek, D.;
Adam, V.; Kizek, R. The composites of graphene oxide with metal or semimetal nanoparticles and their effect
on pathogenic microorganisms. Materials 2015, 8, 2994-3011. [CrossRef]

Antoci, V., Jr.; Adams, C.S.; Parvizi, J.; Ducheyne, P.; Shapiro, I.M.; Hickok, N.J. Covalently attached
vancomycin provides a nanoscale antibacterial surface. Clin. Orthop. Relat. Res. 2007, 461, 81-87. [CrossRef]
[PubMed]

Antoci, V., Jr.; King, S.B.; Jose, B.; Parvizi, ].; Zeiger, A.R.; Wickstrom, E.; Freeman, T.A.; Composto, R.J.;
Ducheyne, P.; Shapiro, ILM.; et al. Vancomycin covalently bonded to titanium alloy prevents bacterial
colonization. J. Orthop. Res. 2007, 25, 858-866. [CrossRef] [PubMed]

Walter, M.S.; Frank, M.].; Satue, M.; Monjo, M.; Ronold, H.J.; Lyngstadaas, S.P.; Haugen, H.J. Bioactive
implant surface with electrochemically bound doxycycline promotes bone formation markers in vitro and
in vivo. Dent. Mater. 2014, 30, 200-214. [CrossRef] [PubMed]

Chennell, P.; Feschet-Chassot, E.; Devers, T.; Awitor, K.O.; Descamps, S.; Sautou, V. In vitro evaluation of
tio2 nanotubes as cefuroxime carriers on orthopaedic implants for the prevention of periprosthetic joint
infections. Int. |. Pharm. 2013, 455, 298-305. [CrossRef] [PubMed]

Hickok, N.J.; Shapiro, .M. Immobilized antibiotics to prevent orthopaedic implant infections.
Adv. Drug Deliv. Rev. 2012, 64, 1165-1176. [CrossRef] [PubMed]

Norowski, PA.; Courtney, H.S.; Babu, J.; Haggard, W.O.; Bumgardner, J.D. Chitosan coatings deliver
antimicrobials from titanium implants: A preliminary study. Implant Dent. 2011, 20, 56—67. [CrossRef]
[PubMed]

Chen, X.N.; Gu, Y.X;; Lee, ].H.; Lee, W.Y.; Wang, H.J. Multifunctional surfaces with biomimetic nanofibres
and drug-eluting micro-patterns for infection control and bone tissue formation. Eur. Cells Mater. 2012,
24,237-248.

Renoud, P; Toury, B.; Benayoun, S.; Attik, G.; Grosgogeat, B. Functionalization of titanium with chitosan via
silanation: Evaluation of biological and mechanical performances. PLoS ONE 2012, 7, e39367. [CrossRef]
[PubMed]

Tan, H.;; Ma, R; Lin, C.; Liu, Z.; Tang, T. Quaternized chitosan as an antimicrobial agent: Antimicrobial
activity, mechanism of action and biomedical applications in orthopedics. Int. ]. Mol. Sci. 2013, 14, 1854-1869.
[CrossRef] [PubMed]

Yazici, H.; O'Neill, M.B.; Kacar, T.; Wilson, B.R.; Oren, E.E.; Sarikaya, M.; Tamerler, C. Engineered chimeric
peptides as antimicrobial surface coating agents toward infection-free implants. ACS Appl. Mater. Interfaces
2016, 8, 5070-5081. [CrossRef] [PubMed]

Rapsch, K.; Bier, EE,; Tadros, M.; von Nickisch-Rosenegk, M. Identification of antimicrobial peptides and
immobilization strategy suitable for a covalent surface coating with biocompatible properties. Bioconj. Chem.
2014, 25, 308-319. [CrossRef] [PubMed]

Zheng, D.; Neoh, K.G,; Shi, Z.; Kang, E.T. Assessment of stability of surface anchors for antibacterial coatings
and immobilized growth factors on titanium. J. Colloid Interface Sci. 2013, 406, 238-246. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.actbio.2011.09.031
http://www.ncbi.nlm.nih.gov/pubmed/22023752
http://dx.doi.org/10.1007/s00776-012-0247-3
http://www.ncbi.nlm.nih.gov/pubmed/22806173
http://dx.doi.org/10.1002/jbm.a.35619
http://www.ncbi.nlm.nih.gov/pubmed/26646669
http://dx.doi.org/10.1166/jnn.2015.9724
http://www.ncbi.nlm.nih.gov/pubmed/26369040
http://dx.doi.org/10.1007/s10856-015-5634-9
http://www.ncbi.nlm.nih.gov/pubmed/26758895
http://dx.doi.org/10.3390/ma8062994
http://dx.doi.org/10.1097/BLO.0b013e3181123a50
http://www.ncbi.nlm.nih.gov/pubmed/17549031
http://dx.doi.org/10.1002/jor.20348
http://www.ncbi.nlm.nih.gov/pubmed/17415753
http://dx.doi.org/10.1016/j.dental.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24377939
http://dx.doi.org/10.1016/j.ijpharm.2013.07.014
http://www.ncbi.nlm.nih.gov/pubmed/23892151
http://dx.doi.org/10.1016/j.addr.2012.03.015
http://www.ncbi.nlm.nih.gov/pubmed/22512927
http://dx.doi.org/10.1097/ID.0b013e3182087ac4
http://www.ncbi.nlm.nih.gov/pubmed/21278528
http://dx.doi.org/10.1371/journal.pone.0039367
http://www.ncbi.nlm.nih.gov/pubmed/22859940
http://dx.doi.org/10.3390/ijms14011854
http://www.ncbi.nlm.nih.gov/pubmed/23325051
http://dx.doi.org/10.1021/acsami.5b03697
http://www.ncbi.nlm.nih.gov/pubmed/26795060
http://dx.doi.org/10.1021/bc4004469
http://www.ncbi.nlm.nih.gov/pubmed/24372365
http://dx.doi.org/10.1016/j.jcis.2013.05.060
http://www.ncbi.nlm.nih.gov/pubmed/23810547

Materials 2016, 9, 337 22 of 30

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Li, B.; McKeague, A.L. Emerging ideas: Interleukin-12 nanocoatings prevent open fracture-associated
infections. Clin. Orthop. Relat. Res. 2011, 469, 3262-3265. [CrossRef] [PubMed]

Thallinger, B.; Prasetyo, E.N.; Nyanhongo, G.S.; Guebitz, G.M. Antimicrobial enzymes: An emerging strategy
to fight microbes and microbial biofilms. Biotechnol. J. 2013, 8, 97-109. [CrossRef] [PubMed]

Chua, PH.; Neoh, K.G.; Kang, E.T.; Wang, W. Surface functionalization of titanium with hyaluronic
acid/chitosan polyelectrolyte multilayers and rgd for promoting osteoblast functions and inhibiting bacterial
adhesion. Biomaterials 2008, 29, 1412-1421. [CrossRef] [PubMed]

Glinel, K.; Thebault, P.; Humblot, V.; Pradier, C.M.; Jouenne, T. Antibacterial surfaces developed from
bio-inspired approaches. Acta Biomater. 2012, 8, 1670-1684. [CrossRef] [PubMed]

He, T.; Chan, V. Covalent layer-by-layer assembly of polyethyleneimine multilayer for antibacterial
applications. J. Biomed. Mater. Res. A 2010, 95, 454—464. [CrossRef] [PubMed]

Fu, J.; Ji, J.; Fan, D.; Shen, ]J. Construction of antibacterial multilayer films containing nanosilver via
layer-by-layer assembly of heparin and chitosan-silver ions complex. |. Biomed. Mater. Res. A 2006,
79, 665—-674. [CrossRef] [PubMed]

Zhou, B.; Li, Y,; Deng, H.; Hu, Y,; Li, B. Antibacterial multilayer films fabricated by layer-by-layer
immobilizing lysozyme and gold nanoparticles on nanofibers. Colloids Surf. B Biointerfaces 2014, 116, 432-438.
[CrossRef] [PubMed]

Huang, W.; Li, X.; Xue, Y.; Huang, R.; Deng, H.; Ma, Z. Antibacterial multilayer films fabricated by Ibl
immobilizing lysozyme and htcc on nanofibrous mats. Int. J. Biol. Macromol. 2013, 53, 26-31. [CrossRef]
[PubMed]

Min, J.; Braatz, R.D.; Hammond, P.T. Tunable staged release of therapeutics from layer-by-layer coatings
with clay interlayer barrier. Biomaterials 2014, 35, 2507-2517. [CrossRef] [PubMed]

Rizzello, L.; Pompa, P.P. Nanosilver-based antibacterial drugs and devices: Mechanisms, methodological
drawbacks, and guidelines. Chem. Soc. Rev. 2013. [CrossRef] [PubMed]

Zhang, M.; Zhao, Y,; Yan, L.; Peltier, R.; Hui, W.; Yao, X.; Cui, Y.; Chen, X.; Sun, H.; Wang, Z. Interfacial
engineering of bimetallic ag/pt nanoparticles on reduced graphene oxide matrix for enhanced antimicrobial
activity. ACS Appl. Mater. Interfaces 2016, 8, 8834—-8840. [CrossRef] [PubMed]

Funao, H.; Nagai, S.; Sasaki, A.; Hoshikawa, T.; Tsuji, T.; Okada, Y.; Koyasu, S.; Toyama, Y.; Nakamura, M.;
Aizawa, M.; et al. A novel hydroxyapatite film coated with ionic silver via inositol hexaphosphate chelation
prevents implant-associated infection. Sci. Rep. 2016, 6, 23238. [CrossRef] [PubMed]

Gottenbos, B.; van der Mei, H.C.; Klatter, F.; Grijpma, D.W.; Feijen, ]J.; Nieuwenhuis, P.; Busscher, H.J.
Positively charged biomaterials exert antimicrobial effects on gram-negative bacilli in rats. Biomaterials 2003,
24,2707-2710. [CrossRef]

Braem, A.; De Cremer, K.; Delattin, N.; De Brucker, K.; Neirinck, B.; Vandamme, K.; Martens, J.A.; Michiels, J.;
Vleugels, ].; Cammue, B.P.; et al. Novel anti-infective implant substrates: Controlled release of antibiofilm
compounds from mesoporous silica-containing macroporous titanium. Colloids Surf. B Biointerfaces 2015,
126, 481-488. [CrossRef] [PubMed]

Yu, Q.; Cho, J.; Shivapooja, P,; Ista, L.K.; Lopez, G.P. Nanopatterned smart polymer surfaces for controlled
attachment, killing, and release of bacteria. ACS Appl. Mater. Interfaces 2013, 5, 9295-9304. [CrossRef]
[PubMed]

Holzapfel, B.M.; Reichert, J.C.; Schantz, J.T.; Gbureck, U.; Rackwitz, L.; Noth, U.; Jakob, E; Rudert, M.;
Groll, J.; Hutmacher, D.W. How smart do biomaterials need to be? A translational science and clinical point
of view. Adv. Drug Deliv. Rev. 2013, 65, 581-603. [CrossRef] [PubMed]

Cipriano, A.F; Miller, C.; Liu, H. Anodic growth and biomedical applications of tio2 nanotubes.
J. Biomed. Nanotechnol. 2014, 10, 2977-3003. [CrossRef] [PubMed]

Parvizi, J.; Antoci, V., Jr;, Hickok, N.J.; Shapiro, LM. Selfprotective smart orthopedic implants.
Expert Rev. Med. Devices 2007, 4, 55-64. [CrossRef] [PubMed]

Mastronardi, E.; Foster, A.; Zhang, X.; Derosa, M.C. Smart materials based on DNA aptamers: Taking
aptasensing to the next level. Sensors 2014, 14, 3156-3171. [CrossRef] [PubMed]

Ehrlich, G.D.; Stoodley, P; Kathju, S.; Zhao, Y.; McLeod, B.R.; Balaban, N.; Hu, FZ.; Sotereanos, N.G.;
Costerton, ].W.; Stewart, P.S.; et al. Engineering approaches for the detection and control of orthopaedic
biofilm infections. Clin. Orthop. Relat.Res. 2005, 437, 59-66. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s11999-010-1690-0
http://www.ncbi.nlm.nih.gov/pubmed/21104353
http://dx.doi.org/10.1002/biot.201200313
http://www.ncbi.nlm.nih.gov/pubmed/23281326
http://dx.doi.org/10.1016/j.biomaterials.2007.12.019
http://www.ncbi.nlm.nih.gov/pubmed/18190959
http://dx.doi.org/10.1016/j.actbio.2012.01.011
http://www.ncbi.nlm.nih.gov/pubmed/22289644
http://dx.doi.org/10.1002/jbm.a.32872
http://www.ncbi.nlm.nih.gov/pubmed/20648543
http://dx.doi.org/10.1002/jbm.a.30819
http://www.ncbi.nlm.nih.gov/pubmed/16832825
http://dx.doi.org/10.1016/j.colsurfb.2014.01.016
http://www.ncbi.nlm.nih.gov/pubmed/24534432
http://dx.doi.org/10.1016/j.ijbiomac.2012.10.024
http://www.ncbi.nlm.nih.gov/pubmed/23123960
http://dx.doi.org/10.1016/j.biomaterials.2013.12.009
http://www.ncbi.nlm.nih.gov/pubmed/24388389
http://dx.doi.org/10.1039/C3CS60218D
http://www.ncbi.nlm.nih.gov/pubmed/24292075
http://dx.doi.org/10.1021/acsami.6b01396
http://www.ncbi.nlm.nih.gov/pubmed/27007980
http://dx.doi.org/10.1038/srep23238
http://www.ncbi.nlm.nih.gov/pubmed/26984477
http://dx.doi.org/10.1016/S0142-9612(03)00083-8
http://dx.doi.org/10.1016/j.colsurfb.2014.12.054
http://www.ncbi.nlm.nih.gov/pubmed/25601097
http://dx.doi.org/10.1021/am4022279
http://www.ncbi.nlm.nih.gov/pubmed/24041191
http://dx.doi.org/10.1016/j.addr.2012.07.009
http://www.ncbi.nlm.nih.gov/pubmed/22820527
http://dx.doi.org/10.1166/jbn.2014.1927
http://www.ncbi.nlm.nih.gov/pubmed/25992426
http://dx.doi.org/10.1586/17434440.4.1.55
http://www.ncbi.nlm.nih.gov/pubmed/17187471
http://dx.doi.org/10.3390/s140203156
http://www.ncbi.nlm.nih.gov/pubmed/24553083
http://dx.doi.org/10.1097/00003086-200508000-00011
http://www.ncbi.nlm.nih.gov/pubmed/16056027

Materials 2016, 9, 337 23 of 30

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Shchukin, D.G.; Mohwald, H. Self-repairing coatings containing active nanoreservoirs. Small 2007, 3, 926-943.
[CrossRef] [PubMed]

Shchukin, D.; Mohwald, H. Materials science. A coat of many functions. Science 2013, 341, 1458-1459.
[CrossRef] [PubMed]

Keller, L.; Wagner, Q.; Offner, D.; Eap, S.; Musset, AM.; Arruebo, M.; Kelm, J.M.; Schwinte, P.;
Benkirane-Jessel, N. Integrating microtissues in nanofiber scaffolds for regenerative nanomedicine. Materials
2015, 8, 6863—-6867. [CrossRef]

Yilmaz, C.; Colak, M.; Yilmaz, B.C.; Ersoz, G.; Kutateladze, M.; Gozlugol, M. Bacteriophage therapy in
implant-related infections: An experimental study. . Bone Jt. Surg. Am. Vol. 2013, 95, 117-125. [CrossRef]
[PubMed]

Liu, Y.; Busscher, H.J.; Zhao, B.; Li, Y.; Zhang, Z.; van der Mei, H.C.; Ren, Y.; Shi, L. Surface-adaptive,
antimicrobially loaded, micellar nanocarriers with enhanced penetration and killing efficiency in
staphylococcal biofilms. ACS Nano 2016. [CrossRef] [PubMed]

Yu, Q.; Wu, Z.; Chen, H. Dual-function antibacterial surfaces for biomedical applications. Acta Biomater. 2015,
16, 1-13. [CrossRef] [PubMed]

Zaborowska, M.; Welch, K.; Branemark, R.; Khalilpour, P; Engqvist, H,; Thomsen, P.; Trobos, M.
Bacteria-material surface interactions: Methodological development for the assessment of implant surface
induced antibacterial effects. ]. Biomed. Mater. Res. B Appl. Biomater. 2014. [CrossRef] [PubMed]

Lemire, ].A.; Harrison, J.J.; Turner, R.J. Antimicrobial activity of metals: Mechanisms, molecular targets and
applications. Nat. Rev. Microbiol. 2013, 11, 371-384. [CrossRef] [PubMed]

Ketabchi, A.; Komm, K.; Miles-Rossouw, M.; Cassani, D.A.; Variola, F. Nanoporous titanium surfaces for
sustained elution of proteins and antibiotics. PLoS ONE 2014, 9, €92080. [CrossRef] [PubMed]

Hizal, F.; Zhuk, I.; Sukhishvili, S.; Busscher, H.J.; van der Mei, H.C.; Choi, C.H. Impact of 3d hierarchical
nanostructures on the antibacterial efficacy of a bacteria-triggered self-defensive antibiotic coating.
ACS Appl. Mater. Interfaces 2015, 7, 20304-20313. [CrossRef] [PubMed]

Tian, B.; Chen, W.; Yu, D.; Lei, Y.;; Ke, Q.; Guo, Y.; Zhu, Z. Fabrication of silver nanoparticle-doped
hydroxyapatite coatings with oriented block arrays for enhancing bactericidal effect and osteoinductivity.
J. Mech. Behav. Biomed. Mater. 2016, 61, 345-359. [CrossRef] [PubMed]

Gallo, J.; Holinka, M.; Moucha, C.S. Antibacterial surface treatment for orthopaedic implants. Int. |. Mol. Sci.
2014, 15, 13849-13880. [CrossRef] [PubMed]

Baker, C.; Pradhan, A.; Pakstis, L.; Pochan, D.J.; Shah, S.I. Synthesis and antibacterial properties of silver
nanoparticles. J. Nanosci. Nanotechnol. 2005, 5, 244-249. [CrossRef] [PubMed]

Chen, C.Y,; Chiang, C.L. Preparation of cotton fibers with antibacterial silver nanoparticles. Mater. Lett. 2008,
62, 3607-3609. [CrossRef]

Martinez-Castanon, G.A.; Nino-Martinez, N.; Martinez-Gutierrez, F.; Martinez-Mendoza, ]J.R.; Ruiz, E
Synthesis and antibacterial activity of silver nanoparticles with different sizes. J. Nanopart. Res. 2008,
10, 1343-1348. [CrossRef]

Pal, S.; Tak, Y.K.; Song, ]. M. Does the antibacterial activity of silver nanoparticles depend on the shape of
the nanoparticle? A study of the gram-negative bacterium escherichia coli. Appl. Environ. Microbiol. 2007,
73,1712-1720. [CrossRef] [PubMed]

Panacek, A.; Kvitek, L.; Prucek, R.; Kolar, M.; Vecerova, R.; Pizurova, N.; Sharma, V.K.; Nevecna, T.; Zboril, R.
Silver colloid nanoparticles: Synthesis, characterization, and their antibacterial activity. J. Phys. Chem. B 2006,
110, 16248-16253. [CrossRef] [PubMed]

Sharma, V.K,; Yngard, R.A ; Lin, Y. Silver nanoparticles: Green synthesis and their antimicrobial activities.
Adv. Colloid Interface Sci. 2009, 145, 83-96. [CrossRef] [PubMed]

Ansari, M.A.; Khan, HM.; Khan, A.A.; Cameotra, S.S.; Saquib, Q.; Musarrat, J]. Gum arabic capped-silver
nanoparticles inhibit biofilm formation by multi-drug resistant strains of pseudomonas aeruginosa.
J. Basic Microbiol. 2014, 54, 688-699. [CrossRef] [PubMed]

AshaRani, PV, Mun, G.LK,; Hande, M.P; Valiyaveettil, S. Cytotoxicity and genotoxicity of silver
nanoparticles in human cells. Acs Nano 2009, 3, 279-290. [CrossRef] [PubMed]

Carlson, C.; Hussain, S.M.; Schrand, A.M.; Braydich-Stolle, L.K.; Hess, K.L.; Jones, R.L.; Schlager, J.J.
Unique cellular interaction of silver nanoparticles: Size-dependent generation of reactive oxygen species.
J. Phys. Chem. B 2008, 112, 13608-13619. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/smll.200700064
http://www.ncbi.nlm.nih.gov/pubmed/17464956
http://dx.doi.org/10.1126/science.1242895
http://www.ncbi.nlm.nih.gov/pubmed/24072911
http://dx.doi.org/10.3390/ma8105342
http://dx.doi.org/10.2106/JBJS.K.01135
http://www.ncbi.nlm.nih.gov/pubmed/23324958
http://dx.doi.org/10.1021/acsnano.6b01370
http://www.ncbi.nlm.nih.gov/pubmed/26998731
http://dx.doi.org/10.1016/j.actbio.2015.01.018
http://www.ncbi.nlm.nih.gov/pubmed/25637065
http://dx.doi.org/10.1002/jbm.b.33179
http://www.ncbi.nlm.nih.gov/pubmed/24816674
http://dx.doi.org/10.1038/nrmicro3028
http://www.ncbi.nlm.nih.gov/pubmed/23669886
http://dx.doi.org/10.1371/journal.pone.0092080
http://www.ncbi.nlm.nih.gov/pubmed/24633020
http://dx.doi.org/10.1021/acsami.5b05947
http://www.ncbi.nlm.nih.gov/pubmed/26305913
http://dx.doi.org/10.1016/j.jmbbm.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27107263
http://dx.doi.org/10.3390/ijms150813849
http://www.ncbi.nlm.nih.gov/pubmed/25116685
http://dx.doi.org/10.1166/jnn.2005.034
http://www.ncbi.nlm.nih.gov/pubmed/15853142
http://dx.doi.org/10.1016/j.matlet.2008.04.008
http://dx.doi.org/10.1007/s11051-008-9428-6
http://dx.doi.org/10.1128/AEM.02218-06
http://www.ncbi.nlm.nih.gov/pubmed/17261510
http://dx.doi.org/10.1021/jp063826h
http://www.ncbi.nlm.nih.gov/pubmed/16913750
http://dx.doi.org/10.1016/j.cis.2008.09.002
http://www.ncbi.nlm.nih.gov/pubmed/18945421
http://dx.doi.org/10.1002/jobm.201300748
http://www.ncbi.nlm.nih.gov/pubmed/24403133
http://dx.doi.org/10.1021/nn800596w
http://www.ncbi.nlm.nih.gov/pubmed/19236062
http://dx.doi.org/10.1021/jp712087m
http://www.ncbi.nlm.nih.gov/pubmed/18831567

Materials 2016, 9, 337 24 of 30

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Hussain, S.M.; Hess, K.L.; Gearhart, ].M.; Geiss, K.T.; Schlager, J.J. In vitro toxicity of nanoparticles in brl 3a
rat liver cells. In Proceedings of the 13th International Workshop on in Vitro Toxicology, Zegrze, Poland,
8-11 September 2004; pp. 975-983.

Afkhami, F; Pourhashemi, S.J.; Sadegha, M.; Salehi, Y.; Fard, M.J.K. Antibiofilm efficacy of silver
nanoparticles as a vehicle for calcium hydroxide medicament against enterococcus faecalis. . Dent. 2015,
43,1573-1579. [CrossRef] [PubMed]

Agarwala, M.; Barman, T.; Gogoi, D.; Choudhury, B.; Pal, A.R.; Yadav, R.N.S. Highly effective antibiofilm
coating of silver-polymer nanocomposite on polymeric medical devices deposited by one step plasma
process. . Biomed. Mater. Res. B Appl. Biomater. 2014, 102, 1223-1235. [CrossRef] [PubMed]

Alberto Perez-Diaz, M.; Boegli, L.; James, G.; Velasquillo, C.; Sanchez-Sanchez, R.; Martinez-Martinez, R.-E.;
Alejandro Martinez-Castanon, G.; Martinez-Gutierrez, F. Silver nanoparticles with antimicrobial activities
against streptococcus mutans and their cytotoxic effect. Mater. Sci. Eng. C Mater. Biol. Appl. 2015, 55, 360-366.
[CrossRef] [PubMed]

Ali, K.; Ahmed, B.; Dwivedi, S.; Saquib, Q.; Al-Khedhairy, A.A.; Musarrat, ]. Microwave accelerated green
synthesis of stable silver nanoparticles with eucalyptus globulus leaf extract and their antibacterial and
antibiofilm activity on clinical isolates. PLoS ONE 2015, 10, e0131178. [CrossRef] [PubMed]

Besinis, A.; De Peralta, T.; Handy, R.D. Inhibition of biofilm formation and antibacterial properties of a silver
nano-coating on human dentine. Nanotoxicology 2014, 8, 745-754. [CrossRef] [PubMed]

Fufa, O.; Andronescu, E.; Grumezescu, V.; Holban, A.M.; Mogoanta, L.; Mogosanu, G.D.; Socol, G.;
Iordache, F.; Chifiriuc, M.C.; Grumezescu, A.M. Silver nanostructurated surfaces prepared by maple for
biofilm prevention. Biointerface Res. Appl. Chem. 2015, 5, 1011-1017.

Ghosh, S.; Jagtap, S.; More, P.,; Shete, U.J.; Maheshwari, N.O.; Rao, S.J.; Kitture, R.; Kale, S.; Bellare, J.;
Patil, S.; et al. Dioscorea bulbifera mediated synthesis of novel aucoreagshell nanoparticles with potent
antibiofilm and antileishmanial activity. J. Nanomater. 2015. [CrossRef]

Jaiswal, S.; Bhattacharya, K.; McHale, P.; Duffy, B. Dual effects of beta-cyclodextrin-stabilised silver
nanoparticles: Enhanced biofilm inhibition and reduced cytotoxicity. J. Mater. Sci. Mater. Med. 2015,
26, 5367. [CrossRef] [PubMed]

Palanisamy, N.K.; Ferina, N.; Amirulhusni, A.N.; Mohd-Zain, Z.; Hussaini, J.; Ping, L.J.; Durairaj, R.
Antibiofilm properties of chemically synthesized silver nanoparticles found against pseudomonas aeruginosa.
J. Nanobiotechnol. 2014, 12, 2. [CrossRef] [PubMed]

Rajiv, S.; Drilling, A.; Bassiouni, A.; James, C.; Vreugde, S.; Wormald, P.-J. Topical colloidal silver as an
anti-biofilm agent in a staphylococcus aureus chronic rhinosinusitis sheep model. Int. Forum Allergy Rhinol.
2015, 5, 283-288. [CrossRef] [PubMed]

Taglietti, A.; Arciola, C.R.; D’Agostino, A.; Dacarro, G.; Montanaro, L.; Campoccia, D.; Cucca, L.;
Vercellino, M.; Poggi, A.; Pallavicini, P; et al. Antibiofilm activity of a monolayer of silver nanoparticles
anchored to an amino-silanized glass surface. Biomaterials 2014, 35, 1779-1788. [CrossRef] [PubMed]
Taraszkiewicz, A.; Fila, G.; Grinholc, M.; Nakonieczna, ]. Innovative strategies to overcome biofilm resistance.
Biomed. Res. Int. 2013. [CrossRef] [PubMed]

Thomas, R.; Soumya, K.R.; Mathew, J.; Radhakrishnan, E.K. Inhibitory effect of silver nanoparticle fabricated
urinary catheter on colonization efficiency of coagulase negative staphylococci. J. Photochem. Photobiol. B Biol.
2015, 149, 68-77. [CrossRef] [PubMed]

Wu, D.; Fan, W.; Kishen, A.; Gutmann, J.L.; Fan, B. Evaluation of the antibacterial efficacy of silver
nanoparticles against enterococcus faecalis biofilm. J. Endod. 2014, 40, 285-290. [CrossRef] [PubMed]

Xie, C.M.; Lu, X.; Wang, K.F,; Meng, F.Z,; Jiang, O.; Zhang, H.P.; Zhi, W.; Fang, L.M. Silver nanoparticles
and growth factors incorporated hydroxyapatite coatings on metallic implant surfaces for enhancement
of osteoinductivity and antibacterial properties. ACS Appl. Mater. Interfaces 2014, 6, 8580-8589. [CrossRef]
[PubMed]

Rodriguez-Cano, A.; Pacha-Olivenza, M.A.; Babiano, R.; Cintas, P.; Gonzalez-Martin, M.L. Non-covalent
derivatization of aminosilanized titanium alloy implants silver-enhanced coating of antibacterial organics.
Surf. Coat. Technol. 2014, 245, 66-73. [CrossRef]

Zhao, C.J.; Feng, B,; Li, Y.T,; Tan, J.; Lu, X.; Weng, J. Preparation and antibacterial activity of titanium
nanotubes loaded with ag nanoparticles in the dark and under the uv light. Appl. Surf. Sci. 2013, 280, 8-14.
[CrossRef]


http://dx.doi.org/10.1016/j.jdent.2015.08.012
http://www.ncbi.nlm.nih.gov/pubmed/26327612
http://dx.doi.org/10.1002/jbm.b.33106
http://www.ncbi.nlm.nih.gov/pubmed/24449248
http://dx.doi.org/10.1016/j.msec.2015.05.036
http://www.ncbi.nlm.nih.gov/pubmed/26117766
http://dx.doi.org/10.1371/journal.pone.0131178
http://www.ncbi.nlm.nih.gov/pubmed/26132199
http://dx.doi.org/10.3109/17435390.2013.825343
http://www.ncbi.nlm.nih.gov/pubmed/23875717
http://dx.doi.org/10.1155/2015/562938
http://dx.doi.org/10.1007/s10856-014-5367-1
http://www.ncbi.nlm.nih.gov/pubmed/25596861
http://dx.doi.org/10.1186/1477-3155-12-2
http://www.ncbi.nlm.nih.gov/pubmed/24422704
http://dx.doi.org/10.1002/alr.21459
http://www.ncbi.nlm.nih.gov/pubmed/25643830
http://dx.doi.org/10.1016/j.biomaterials.2013.11.047
http://www.ncbi.nlm.nih.gov/pubmed/24315574
http://dx.doi.org/10.1155/2013/150653
http://www.ncbi.nlm.nih.gov/pubmed/23509680
http://dx.doi.org/10.1016/j.jphotobiol.2015.04.034
http://www.ncbi.nlm.nih.gov/pubmed/26048526
http://dx.doi.org/10.1016/j.joen.2013.08.022
http://www.ncbi.nlm.nih.gov/pubmed/24461420
http://dx.doi.org/10.1021/am501428e
http://www.ncbi.nlm.nih.gov/pubmed/24720634
http://dx.doi.org/10.1016/j.surfcoat.2014.02.041
http://dx.doi.org/10.1016/j.apsusc.2013.04.057

Materials 2016, 9, 337 25 of 30

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Wang, Z.; Sun, Y.; Wang, D.; Liu, H.; Boughton, R.I. I situ fabrication of silver nanoparticle-filled hydrogen
titanate nanotube layer on metallic titanium surface for bacteriostatic and biocompatible implantation.
Int. J. Nanomed. 2013, 8, 2903-2916.

Saidin, S.; Chevallier, P.; Kadir, M.R.A.; Hermawan, H.; Mantovani, D. Polydopamine as an intermediate
layer for silver and hydroxyapatite immobilisation on metallic biomaterials surface. Mater. Sci. Eng. C Mater.
Biol. Appl. 2013, 33, 4715-4724. [CrossRef] [PubMed]

De Giglio, E.; Cafagna, D.; Cometa, S.; Allegretta, A.; Pedico, A.; Giannossa, L.C.; Sabbatini, L.;
Mattioli-Belmonte, M.; Iatta, R. An innovative, easily fabricated, silver nanoparticle-based titanium implant
coating: Development and analytical characterization. Anal. Bioanal. Chem. 2013, 405, 805-816. [CrossRef]
[PubMed]

Secinti, K.D.; Ozalp, H.; Attar, A.; Sargon, M.E. Nanoparticle silver ion coatings inhibit biofilm formation on
titanium implants. J. Clin. Neurosci. 2011, 18, 391-395. [CrossRef] [PubMed]

Cao, H.L,; Liu, X.Y.; Meng, EH.; Chu, PK. Biological actions of silver nanoparticles embedded in titanium
controlled by micro-galvanic effects. Biomaterials 2011, 32, 693-705. [CrossRef] [PubMed]

Della Valle, C.; Visai, L.; Santin, M.; Cigada, A.; Candiani, G.; Pezzoli, D.; Arciola, C.R.; Imbriani, M.;
Chiesa, R. A novel antibacterial modification treatment of titanium capable to improve osseointegration.
Int. ]. Artif. Organs 2012, 35, 864-875. [CrossRef] [PubMed]

Ionita, D.; Grecu, M.; Ungureanu, C.; Demetrescu, I. Antimicrobial activity of the surface coatings on tialzr
implant biomaterial. J. Biosci. Bioeng. 2011, 112, 630-634. [CrossRef] [PubMed]

Brennan, S.A.; Ni Fhoghlu, C.; Devitt, B.M.; O’'Mahony, EJ.; Brabazon, D.; Walsh, A. Silver nanoparticles and
their orthopaedic applications. Bone Jt. |. 2015, 97-B, 582-589. [CrossRef] [PubMed]

Saleh, N.B.; Chambers, B.; Aich, N.; Plazas-Tuttle, J.; Phung-Ngoc, H.N.; Kirisits, M.]. Mechanistic lessons
learned from studies of planktonic bacteria with metallic nanomaterials: Implications for interactions
between nanomaterials and biofilm bacteria. Front. Microbiol. 2015, 6, 677. [CrossRef] [PubMed]

Zhong, X.; Song, Y.J.; Yang, P.; Wang, Y.; Jiang, S.Y.,; Zhang, X.; Li, C.Y. Titanium surface priming with
phase-transited lysozyme to establish a silver nanoparticle-loaded chitosan/hyaluronic acid antibacterial
multilayer via layer-by-layer self-assembly. PLoS ONE 2016, 11, e0146957. [CrossRef] [PubMed]

Fabrega, J.; Renshaw, ].C.; Lead, ].R. Interactions of silver nanoparticles with pseudomonas putida biofilms.
Environ. Sci. Technol. 2009, 43, 9004-9009. [CrossRef] [PubMed]

Choi, O.Y.; Yu, C.P; Fernandez, G.E.; Hu, Z.Q. Interactions of nanosilver with Escherichia coli cells in
planktonic and biofilm cultures. Water Res. 2010, 44, 6095-6103. [CrossRef] [PubMed]

Mohanty, S.; Mishra, S.; Jena, P; Jacob, B.; Sarkar, B.; Sonawane, A. An investigation on the antibacterial,
cytotoxic, and antibiofilm efficacy of starch-stabilized silver nanoparticles. Nanomed. Nanotechnol. 2012,
8,916-924. [CrossRef] [PubMed]

Peulen, T.O.; Wilkinson, K.J. Diffusion of nanoparticles in a biofilm. Environ. Sci. Technol. 2011, 45, 3367-3373.
[CrossRef] [PubMed]

Qin, H.; Cao, H.L.; Zhao, Y.C,; Zhu, C.; Cheng, T.; Wang, Q.J.; Peng, X.C.; Cheng, M.Q.; Wang, J.X,;
Jin, G.D,; et al. Invitro and in vivo anti-biofilm effects of silver nanoparticles immobilized on titanium.
Biomaterials 2014, 35, 9114-9125. [CrossRef] [PubMed]

Bai, L.; Hang, R.Q.; Gao, A.; Zhang, X.Y.; Huang, X.B.; Wang, Y.Y,; Tang, B.; Zhao, L.Z.; Chu, PK.
Nanostructured titanium-silver coatings with good antibacterial activity and cytocompatibility fabricated by
one-step magnetron sputtering. Appl. Surf. Sci. 2015, 355, 32-44. [CrossRef]

Zhang, XM.; Li, Z.Y,; Yuan, X.B.; Cui, Z.D.; Bao, HJ.; Li, X,; Liu, Y.D.; Yang, X.J. Cytotoxicity and
antibacterial property of titanium alloy coated with silver nanoparticle-containing polyelectrolyte multilayer.
Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 2816-2820. [CrossRef] [PubMed]

Esfandiari, N.; Simchi, A.; Bagheri, R. Size tuning of ag-decorated TiO, nanotube arrays for improved
bactericidal capacity of orthopedic implants. ]. Biomed. Mater. Res. A 2014, 102, 2625-2635. [CrossRef]
[PubMed]

Chen, X.Y,; Cai, K.Y.; Fang, ] J.; Lai, M.; Li, ].H.; Hou, Y.H.; Luo, Z.; Hu, Y,; Tang, L.L. Dual action antibacterial
TiO, nanotubes incorporated with silver nanoparticles and coated with a quaternary ammonium salt (QAS).
Surf. Coat. Technol. 2013, 216, 158-165. [CrossRef]

Li, WR.; Xie, X.B.; Shi, Q.S.; Duan, S.S.; Ouyang, Y.S.; Chen, Y.B. Antibacterial effect of silver nanoparticles
on staphylococcus aureus. Biometals 2011, 24, 135-141. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.msec.2013.07.026
http://www.ncbi.nlm.nih.gov/pubmed/24094179
http://dx.doi.org/10.1007/s00216-012-6293-z
http://www.ncbi.nlm.nih.gov/pubmed/22926126
http://dx.doi.org/10.1016/j.jocn.2010.06.022
http://www.ncbi.nlm.nih.gov/pubmed/21256031
http://dx.doi.org/10.1016/j.biomaterials.2010.09.066
http://www.ncbi.nlm.nih.gov/pubmed/20970183
http://dx.doi.org/10.5301/ijao.5000161
http://www.ncbi.nlm.nih.gov/pubmed/23138702
http://dx.doi.org/10.1016/j.jbiosc.2011.07.022
http://www.ncbi.nlm.nih.gov/pubmed/21889399
http://dx.doi.org/10.1302/0301-620X.97B5.33336
http://www.ncbi.nlm.nih.gov/pubmed/25922449
http://dx.doi.org/10.3389/fmicb.2015.00677
http://www.ncbi.nlm.nih.gov/pubmed/26236285
http://dx.doi.org/10.1371/journal.pone.0146957
http://www.ncbi.nlm.nih.gov/pubmed/26783746
http://dx.doi.org/10.1021/es901706j
http://www.ncbi.nlm.nih.gov/pubmed/19943680
http://dx.doi.org/10.1016/j.watres.2010.06.069
http://www.ncbi.nlm.nih.gov/pubmed/20659752
http://dx.doi.org/10.1016/j.nano.2011.11.007
http://www.ncbi.nlm.nih.gov/pubmed/22115597
http://dx.doi.org/10.1021/es103450g
http://www.ncbi.nlm.nih.gov/pubmed/21434601
http://dx.doi.org/10.1016/j.biomaterials.2014.07.040
http://www.ncbi.nlm.nih.gov/pubmed/25112937
http://dx.doi.org/10.1016/j.apsusc.2015.07.064
http://dx.doi.org/10.1016/j.msec.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23623101
http://dx.doi.org/10.1002/jbm.a.34934
http://www.ncbi.nlm.nih.gov/pubmed/23982977
http://dx.doi.org/10.1016/j.surfcoat.2012.11.049
http://dx.doi.org/10.1007/s10534-010-9381-6
http://www.ncbi.nlm.nih.gov/pubmed/20938718

Materials 2016, 9, 337 26 of 30

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Li, W.R.; Xie, X.B.; Shi, Q.S.; Zeng, H.Y.; Ou-Yang, Y.S.; Chen, Y.B. Antibacterial activity and mechanism of
silver nanoparticles on Escherichia coli. Appl. Microbiol. Biotechnol. 2010, 85, 1115-1122. [CrossRef] [PubMed]
Cui, L.; Chen, PY.,; Chen, S.D.; Yuan, Z.H.; Yu, C.P; Ren, B.; Zhang, K.S. In situ study of the antibacterial
activity and mechanism of action of silver nanoparticles by surface-enhanced raman spectroscopy.
Anal. Chem. 2013, 85, 5436-5443. [CrossRef] [PubMed]

Lara, H.H.; Ayala-Nunez, N.V,; Turrent, L.D.I; Padilla, C.R. Bactericidal effect of silver nanoparticles against
multidrug-resistant bacteria. World ]. Microbiol. Biotechnol. 2010, 26, 615-621. [CrossRef]

Lok, C.N.; Ho, C.M.; Chen, R.; He, Q.Y.; Yu, W.Y,; Sun, H.Z.; Tam, PK.H.; Chiu, J.F,; Che, C.M. Proteomic
analysis of the mode of antibacterial action of silver nanoparticles. J. Proteome Res. 2006, 5, 916-924. [CrossRef]
[PubMed]

Sondi, I.; Salopek-Sondi, B. Silver nanoparticles as antimicrobial agent: A case study on E-coli as a model for
gram-negative bacteria. J. Colloid Interface Sci. 2004, 275, 177-182. [CrossRef] [PubMed]

Choi, O.; Hu, Z.Q. Size dependent and reactive oxygen species related nanosilver toxicity to nitrifying
bacteria. Environ. Sci. Technol. 2008, 42, 4583-4588. [CrossRef] [PubMed]

Kim, J.S.; Kuk, E.; Yu, KN,; Kim, ].H.; Park, SJ.; Lee, H].; Kim, S.H.; Park, YK,; Park, YH.; Hwang, C.Y.; et al.
Antimicrobial effects of silver nanoparticles. Nanomed. Nanotechnol. 2007, 3, 95-101. [CrossRef] [PubMed]
Xu, HY,; Qu, E; Xu, H.; Lai, W.H.; Wang, Y.A.; Aguilar, Z.P.; Wei, H. Role of reactive oxygen species in
the antibacterial mechanism of silver nanoparticles on Escherichia coli 0157:H7. Biometals 2012, 25, 45-53.
[CrossRef] [PubMed]

Cabiscol, E.; Tamarit, J.; Ros, J. Oxidative stress in bacteria and protein damage by reactive oxygen species.
Int. Microbiol. 2000, 3, 3-8. [PubMed]

Silver, S. Bacterial silver resistance: Molecular biology and uses and misuses of silver compounds.
FEMS Microbiol. Rev. 2003, 27, 341-353. [CrossRef]

Silver, S.; Phung, L.T.; Silver, G. Silver as biocides in burn and wound dressings and bacterial resistance to
silver compounds. J. Ind. Microbiol. Biotechnol. 2006, 33, 627-634. [CrossRef] [PubMed]

Kremer, A.N.; Hoffmann, H. Subtractive hybridization yields a silver resistance determinant unique to
nosocomial pathogens in the enterobacter cloacae complex. J. Clin. Microbiol. 2012, 50, 3249-3257. [CrossRef]
[PubMed]

Haefeli, C.; Franklin, C.; Hardy, K. Plasmid-determined silver resistance in pseudomonas-stutzeri isolated
from a silver mine. J. Bacteriol. 1984, 158, 389-392. [PubMed]

Gupta, A.; Matsui, K.; Lo, J.E; Silver, S. Molecular basis for resistance to silver cations in salmonella. Nat. Med.
1999, 5, 183-188. [CrossRef] [PubMed]

Li, X.Z.; Nikaido, H.; Williams, K.E. Silver-resistant mutants of Escherichia coli display active efflux of ag+
and are deficient in porins. J. Bacteriol. 1997, 179, 6127-6132. [PubMed]

Nies, D.H. Efflux-mediated heavy metal resistance in prokaryotes. FEMS Microbiol. Rev. 2003, 27, 313-339.
[CrossRef]

Potara, M.; Jakab, E.; Damert, A.; Popescu, O.; Canpean, V.; Astilean, S. Synergistic antibacterial activity of
chitosan-silver nanocomposites on staphylococcus aureus. Nanotechnology 2011, 22, 13. [CrossRef] [PubMed]
Vertelov, G.K.; Krutyakov, Y.A.; Efremenkova, O.V,; Olenin, A.Y.; Lisichkin, G.V. A versatile synthesis of
highly bactericidal myramistin (r) stabilized silver nanoparticles. Nanotechnology 2008, 19, 35. [CrossRef]
[PubMed]

Ammons, M.C.B.; Ward, L.S.; James, G.A. Anti-biofilm efficacy of a lactoferrin/xylitol wound hydrogel used
in combination with silver wound dressings. Int. Wound J. 2011, 8, 268-273. [CrossRef] [PubMed]

Ruden, S.; Hilpert, K.; Berditsch, M.; Wadhwani, P.; Ulrich, A.S. Synergistic interaction between silver
nanoparticles and membrane-permeabilizing antimicrobial peptides. Antimicrob. Agents Chemother. 2009,
53, 3538-3540. [CrossRef] [PubMed]

Birla, S.S.; Tiwari, V.V,; Gade, A.K,; Ingle, A.P,; Yadav, A.P.; Rai, M.K. Fabrication of silver nanoparticles
by phoma glomerata and its combined effect against Escherichia coli, pseudomonas aeruginosa and
staphylococcus aureus. Lett. Appl. Microbiol. 2009, 48, 173-179. [CrossRef] [PubMed]

Fayaz, A.M.; Balaji, K,; Girilal, M.; Yadav, R.; Kalaichelvan, P.T.; Venketesan, R. Biogenic synthesis of silver
nanoparticles and their synergistic effect with antibiotics: A study against gram-positive and gram-negative
bacteria. Nanomed. Nanotechnol. 2010, 6, 103-109. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00253-009-2159-5
http://www.ncbi.nlm.nih.gov/pubmed/19669753
http://dx.doi.org/10.1021/ac400245j
http://www.ncbi.nlm.nih.gov/pubmed/23656550
http://dx.doi.org/10.1007/s11274-009-0211-3
http://dx.doi.org/10.1021/pr0504079
http://www.ncbi.nlm.nih.gov/pubmed/16602699
http://dx.doi.org/10.1016/j.jcis.2004.02.012
http://www.ncbi.nlm.nih.gov/pubmed/15158396
http://dx.doi.org/10.1021/es703238h
http://www.ncbi.nlm.nih.gov/pubmed/18605590
http://dx.doi.org/10.1016/j.nano.2006.12.001
http://www.ncbi.nlm.nih.gov/pubmed/17379174
http://dx.doi.org/10.1007/s10534-011-9482-x
http://www.ncbi.nlm.nih.gov/pubmed/21805351
http://www.ncbi.nlm.nih.gov/pubmed/10963327
http://dx.doi.org/10.1016/S0168-6445(03)00047-0
http://dx.doi.org/10.1007/s10295-006-0139-7
http://www.ncbi.nlm.nih.gov/pubmed/16761169
http://dx.doi.org/10.1128/JCM.00885-12
http://www.ncbi.nlm.nih.gov/pubmed/22837330
http://www.ncbi.nlm.nih.gov/pubmed/6715284
http://dx.doi.org/10.1038/5545
http://www.ncbi.nlm.nih.gov/pubmed/9930866
http://www.ncbi.nlm.nih.gov/pubmed/9324262
http://dx.doi.org/10.1016/S0168-6445(03)00048-2
http://dx.doi.org/10.1088/0957-4484/22/13/135101
http://www.ncbi.nlm.nih.gov/pubmed/21343644
http://dx.doi.org/10.1088/0957-4484/19/35/355707
http://www.ncbi.nlm.nih.gov/pubmed/21828861
http://dx.doi.org/10.1111/j.1742-481X.2011.00781.x
http://www.ncbi.nlm.nih.gov/pubmed/21457463
http://dx.doi.org/10.1128/AAC.01106-08
http://www.ncbi.nlm.nih.gov/pubmed/19528287
http://dx.doi.org/10.1111/j.1472-765X.2008.02510.x
http://www.ncbi.nlm.nih.gov/pubmed/19141039
http://dx.doi.org/10.1016/j.nano.2009.04.006
http://www.ncbi.nlm.nih.gov/pubmed/19447203

Materials 2016, 9, 337 27 of 30

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

Ghosh, S.; Patil, S.; Ahire, M.; Kitture, R.; Kale, S.; Pardesi, K.; Cameotra, S.S.; Bellare, J.; Dhavale, D.D.;
Jabgunde, A.; et al. Synthesis of silver nanoparticles using dioscorea bulbifera tuber extract and evaluation
of its synergistic potential in combination with antimicrobial agents. Int. |. Nanomed. 2012, 7, 483-496.
Mubhsin, TM.; Hachim, A.K. Mycosynthesis and characterization of silver nanoparticles and their activity
against some human pathogenic bacteria. World |. Microbiol. Biotechnol. 2014, 30, 2081-2090. [CrossRef]
[PubMed]

Naqvi, S.Z.H.; Kiran, U.; Ali, M.L,; Jamal, A.; Hameed, A.; Ahmed, S.; Ali, N. Combined efficacy of biologically
synthesized silver nanoparticles and different antibiotics against multidrug-resistant bacteria. Int. |. Nanomed.
2013, 8, 3187-3195. [CrossRef] [PubMed]

Sathiyanarayanan, G.; Kiran, G.S.; Selvin, ]J. Synthesis of silver nanoparticles by polysaccharide bioflocculant
produced from marine bacillus subtilis MSBN17. Colloid Surface B 2013, 102, 13-20. [CrossRef] [PubMed]
Shahverdi, A.R.; Fakhimi, A.; Shahverdi, H.R.; Minaian, S. Synthesis and effect of silver nanoparticles
on the antibacterial activity of different antibiotics against staphylococcus aureus and Escherichia coli.
Nanomed. Nanotechnol. 2007, 3, 168-171. [CrossRef] [PubMed]

Hwang, I.S.; Hwang, ].H.; Choi, H.; Kim, K.J.; Lee, D.G. Synergistic effects between silver nanoparticles and
antibiotics and the mechanisms involved. . Med. Microbiol. 2012, 61, 1719-1726. [CrossRef] [PubMed]

Li, P; Li, J.; Wu, C.Z.; Wu, Q.S; Li, ]. Synergistic antibacterial effects of beta-lactam antibiotic combined with
silver nanoparticles. Nanotechnology 2005, 16, 1912-1917. [CrossRef]

Markowska, K.; Grudniak, A.M.; Krawczyk, K.; Wrobel, I.; Wolska, K.I. Modulation of antibiotic resistance
and induction of a stress response in pseudomonas aeruginosa by silver nanoparticles. J. Med. Microbiol.
2014, 63, 849-854. [CrossRef] [PubMed]

Singh, R.; Wagh, P.; Wadhwani, S.; Gaidhani, S.; Kumbhar, A.; Bellare, J.; Chopade, B.A. Synthesis,
optimization, and characterization of silver nanoparticles from acinetobacter calcoaceticus and their
enhanced antibacterial activity when combined with antibiotics. Int. |. Nanomed. 2013, 8, 4277—4289.
Brown, A.N.; Smith, K.; Samuels, T.A.; Lu, J.R.; Obare, S.O.; Scott, M.E. Nanoparticles functionalized
with ampicillin destroy multiple-antibiotic-resistant isolates of pseudomonas aeruginosa and enterobacter
aerogenes and methicillin-resistant staphylococcus aureus. Appl. Environ. Microbiol. 2012, 78, 2768-2774.
[CrossRef] [PubMed]

Smekalova, M.; Aragon, V.; Panacek, A.; Prucek, R.; Zboril, R.; Kvitek, L. Enhanced antibacterial effect of
antibiotics in combination with silver nanoparticles against animal pathogens. Vet. J. 2016, 209, 174-179.
[CrossRef] [PubMed]

Panacek, A.; Smekalova, M.; Kilianova, M.; Prucek, R.; Bogdanova, K.; Vecerova, R.; Kolar, M.; Havrdova, M.;
Plaza, G.A.; Chojniak, ].; et al. Strong and nonspecific synergistic antibacterial efficiency of antibiotics
combined with silver nanoparticles at very low concentrations showing no cytotoxic effect. Molecules
2015, 21. [CrossRef] [PubMed]

Panédcek, A.; Smékalovd, M.; Vecetfovd, R.; Bogdanovd, K.; Réderovd, M.; Koldf, M.; Kilianova, M.;
Hradilova, S.; Froning, ].P; Havrdova, M.; et al. Silver nanoparticles strongly enhance and restore bactericidal
activity of inactive antibiotics against multiresistant enterobacteriaceae. Colloids Surfaces B Biointerfaces 2016,
142, 392-399. [CrossRef] [PubMed]

Franci, G.; Falanga, A.; Galdiero, S.; Palomba, L.; Rai, M.; Morelli, G.; Galdiero, M. Silver nanoparticles as
potential antibacterial agents. Molecules 2015, 20, 8856-8874. [CrossRef] [PubMed]

Arora, S,; Jain, J.; Rajwade, ].M.; Paknikar, K.M. Interactions of silver nanoparticles with primary mouse
fibroblasts and liver cells. Toxicol. Appl. Pharmacol. 2009, 236, 310-318. [CrossRef] [PubMed]

Scavone, M.; Armentano, I.; Fortunati, E.; Cristofaro, F.; Mattioli, S.; Torre, L.; Kenny, ].M.; Imbriani, M.;
Arciola, C.R; Visai, L. Antimicrobial properties and cytocompatibility of plga/ag nanocomposites. Materials
2016, 9. [CrossRef]

Kwon, H.B.; Lee, ].H.; Lee, S.H,; Lee, A.Y.; Choi, ].S.; Ahn, Y.S. A case of argyria following colloidal silver
ingestion. Ann. Dermatol. 2009, 21, 308-310. [CrossRef] [PubMed]

Mayr, M.; Kim, M.].; Wanner, D.; Helmut, H.; Schroeder, ].; Mihatsch, M.]. Argyria and decreased kidney
function: Are silver compounds toxic to the kidney? Am. ]. Kidney Dis. 2009, 53, 890-894. [CrossRef]
[PubMed]

Drake, P.L.; Hazelwood, K.J. Exposure-related health effects of silver and silver compounds: A review.
Ann. Occup. Hyg. 2005, 49, 575-585. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s11274-014-1634-z
http://www.ncbi.nlm.nih.gov/pubmed/24627178
http://dx.doi.org/10.2147/IJN.S49284
http://www.ncbi.nlm.nih.gov/pubmed/23986635
http://dx.doi.org/10.1016/j.colsurfb.2012.07.032
http://www.ncbi.nlm.nih.gov/pubmed/23006551
http://dx.doi.org/10.1016/j.nano.2007.02.001
http://www.ncbi.nlm.nih.gov/pubmed/17468052
http://dx.doi.org/10.1099/jmm.0.047100-0
http://www.ncbi.nlm.nih.gov/pubmed/22956753
http://dx.doi.org/10.1088/0957-4484/16/9/082
http://dx.doi.org/10.1099/jmm.0.068833-0
http://www.ncbi.nlm.nih.gov/pubmed/24623636
http://dx.doi.org/10.1128/AEM.06513-11
http://www.ncbi.nlm.nih.gov/pubmed/22286985
http://dx.doi.org/10.1016/j.tvjl.2015.10.032
http://www.ncbi.nlm.nih.gov/pubmed/26832810
http://dx.doi.org/10.3390/molecules21010026
http://www.ncbi.nlm.nih.gov/pubmed/26729075
http://dx.doi.org/10.1016/j.colsurfb.2016.03.007
http://www.ncbi.nlm.nih.gov/pubmed/26970828
http://dx.doi.org/10.3390/molecules20058856
http://www.ncbi.nlm.nih.gov/pubmed/25993417
http://dx.doi.org/10.1016/j.taap.2009.02.020
http://www.ncbi.nlm.nih.gov/pubmed/19269301
http://dx.doi.org/10.3390/ma9010037
http://dx.doi.org/10.5021/ad.2009.21.3.308
http://www.ncbi.nlm.nih.gov/pubmed/20523812
http://dx.doi.org/10.1053/j.ajkd.2008.08.028
http://www.ncbi.nlm.nih.gov/pubmed/18976848
http://dx.doi.org/10.1093/annhyg/mei019
http://www.ncbi.nlm.nih.gov/pubmed/15964881

Materials 2016, 9, 337 28 of 30

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

Shahbazzadeh, D.; Ahari, H.; Motalebi, A.A.; Anvar, A.A.; Moaddab, S.; Asadi, T.; Shokrgozar, M.A.;
Rahman-Nya, J. In vitro effect of nanosilver toxicity on fibroblast and mesenchymal stem cell lines.
Iran. J. Fish. Sci. 2011, 10, 487-496.

Mukherjee, S.G.; O’Claonadh, N.; Casey, A.; Chambers, G. Comparative in vitro cytotoxicity study of silver
nanoparticle on two mammalian cell lines. Toxicol. In Vitro 2012, 26, 238-251. [CrossRef] [PubMed]

Kim, S.; Choij, J.E.; Choi, J.; Chung, K.H.; Park, K; Yi, J.; Ryu, D.Y. Oxidative stress-dependent toxicity of
silver nanoparticles in human hepatoma cells. Toxicol. In Vitro 2009, 23, 1076-1084. [CrossRef] [PubMed]
Kawata, K.; Osawa, M.; Okabe, S. In vitro toxicity of silver nanoparticles at noncytotoxic doses to HepG2
human hepatoma cells. Environ. Sci. Technol. 2009, 43, 6046-6051. [CrossRef] [PubMed]

Avalos Funez, A.; Isabel Haza, A.; Mateo, D.; Morales, P. In vitro evaluation of silver nanoparticles on human
tumoral and normal cells. Toxicol. Mech. Methods 2013, 23, 153-160. [CrossRef] [PubMed]

Asare, N.; Instanes, C.; Sandberg, W.].; Refsnes, M.; Schwarze, P.; Kruszewski, M.; Brunborg, G. Cytotoxic and
genotoxic effects of silver nanoparticles in testicular cells. Toxicology 2012, 291, 65-72. [CrossRef] [PubMed]
Albers, C.E.; Hofstetter, W.; Siebenrock, K.A.; Landmann, R.; Klenke, EM. In vitro cytotoxicity of silver
nanoparticles on osteoblasts and osteoclasts at antibacterial concentrations. Nanotoxicology 2013, 7, 30-36.
[CrossRef] [PubMed]

Frankova, J.; Pivodova, V.; Vagnerova, H.; Juranova, J.; Ulrichova, J. Effects of silver nanoparticles on primary
cell cultures of fibroblasts and keratinocytes in a wound-healing model. ]. Appl. Biomater. Funct. Mater. 2016.
[CrossRef] [PubMed]

Galandakova, A.; Frankova, J.; Ambrozova, N.; Habartova, K.; Pivodova, V.; Zalesak, B.; Safarova, K.;
Smekalova, M.; Ulrichova, J. Effects of silver nanoparticles on human dermal fibroblasts and epidermal
keratinocytes. Hum. Exp. Toxicol. 2015. [CrossRef] [PubMed]

Liu, W.; Wu, Y,; Wang, C; Li, H.C,; Wang, T.; Liao, C.Y.; Cui, L.; Zhou, Q.F,; Yan, B.; Jiang, G.B. Impact
of silver nanoparticles on human cells: Effect of particle size. Nanotoxicology 2010, 4, 319-330. [CrossRef]
[PubMed]

De Matteis, V.; Malvindi, M.A.; Galeone, A.; Brunetti, V.; De Luca, E.; Kote, S.; Kshirsagar, P.; Sabella, S.;
Bardi, G.; Pompa, P.P. Negligible particle-specific toxicity mechanism of silver nanoparticles: The role of ag+
ion release in the cytosol. Nanomed. Nanotechnol. 2015, 11, 731-739. [CrossRef] [PubMed]

Chairuangkitti, P.; Lawanprasert, S.; Roytrakul, S.; Aueviriyavit, S.; Phummiratch, D.; Kulthong, K;
Chanvorachote, P.; Maniratanachote, R. Silver nanoparticles induce toxicity in a549 cells via ros-dependent
and ros-independent pathways. Toxicol. In Vitro 2013, 27, 330-338. [CrossRef] [PubMed]

Hsiao, LL.; Hsieh, YK.; Wang, C.F; Chen, I.C.; Huang, Y.J. Trojan-horse mechanism in the cellular uptake of
silver nanoparticles verified by direct intra- and extracellular silver speciation analysis. Environ. Sci. Technol.
2015, 49, 3813-3821. [CrossRef] [PubMed]

Park, EJ.; Yi, J.; Kim, Y.; Choi, K; Park, K. Silver nanoparticles induce cytotoxicity by a trojan-horse type
mechanism. Toxicol. In Vitro 2010, 24, 872-878. [CrossRef] [PubMed]

Yang, H.; Liu, C.; Yang, D.E; Zhang, H.S.; Xi, Z.G. Comparative study of cytotoxicity, oxidative stress
and genotoxicity induced by four typical nanomaterials: The role of particle size, shape and composition.
J. Appl. Toxicol. 2009, 29, 69-78. [CrossRef] [PubMed]

Zhang, T.; Wang, L.; Chen, Q.; Chen, C. Cytotoxic potential of silver nanoparticles. Yonsei Med. ]. 2014,
55,283-291. [CrossRef] [PubMed]

Park, M.; Neigh, A.M.; Vermeulen, J.P,; de la Fonteyne, L.].].; Verharen, H.W.; Briede, ].J.; van Loveren, H.;
de Jong, WH. The effect of particle size on the cytotoxicity, inflammation, developmental toxicity and
genotoxicity of silver nanoparticles. Biomaterials 2011, 32, 9810-9817. [CrossRef] [PubMed]

Liu, J.Y,; Sonshine, D.A.; Shervani, S.; Hurt, R.H. Controlled release of biologically active silver from
nanosilver surfaces. ACS Nano 2010, 4, 6903-6913. [CrossRef] [PubMed]

Molleman, B.; Hiemstra, T. Surface structure of silver nanoparticles as a model for understanding the
oxidative dissolution of silver ions. Langmuir 2015, 31, 13361-13372. [CrossRef] [PubMed]

Stoehr, L.C.; Gonzalez, E.; Stampfl, A.; Casals, E.; Duschl, A.; Puntes, V.; Oostingh, G.J. Shape matters: Effects
of silver nanospheres and wires on human alveolar epithelial cells. Part. Fibre Toxicol. 2011, 8. [CrossRef]
[PubMed]

Kasemets, K.; Suppi, S.; Mantecca, P.; Kahru, A. Charge and size-dependent toxicity of silver nanoparticles
to yeast cells. Toxicol. Lett. 2014, 229, 5193-5194. [CrossRef]


http://dx.doi.org/10.1016/j.tiv.2011.12.004
http://www.ncbi.nlm.nih.gov/pubmed/22198051
http://dx.doi.org/10.1016/j.tiv.2009.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19508889
http://dx.doi.org/10.1021/es900754q
http://www.ncbi.nlm.nih.gov/pubmed/19731716
http://dx.doi.org/10.3109/15376516.2012.762081
http://www.ncbi.nlm.nih.gov/pubmed/23278213
http://dx.doi.org/10.1016/j.tox.2011.10.022
http://www.ncbi.nlm.nih.gov/pubmed/22085606
http://dx.doi.org/10.3109/17435390.2011.626538
http://www.ncbi.nlm.nih.gov/pubmed/22013878
http://dx.doi.org/10.5301/jabfm.5000268
http://www.ncbi.nlm.nih.gov/pubmed/26952588
http://dx.doi.org/10.1177/0960327115611969
http://www.ncbi.nlm.nih.gov/pubmed/26500221
http://dx.doi.org/10.3109/17435390.2010.483745
http://www.ncbi.nlm.nih.gov/pubmed/20795913
http://dx.doi.org/10.1016/j.nano.2014.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25546848
http://dx.doi.org/10.1016/j.tiv.2012.08.021
http://www.ncbi.nlm.nih.gov/pubmed/22940466
http://dx.doi.org/10.1021/es504705p
http://www.ncbi.nlm.nih.gov/pubmed/25692749
http://dx.doi.org/10.1016/j.tiv.2009.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19969064
http://dx.doi.org/10.1002/jat.1385
http://www.ncbi.nlm.nih.gov/pubmed/18756589
http://dx.doi.org/10.3349/ymj.2014.55.2.283
http://www.ncbi.nlm.nih.gov/pubmed/24532494
http://dx.doi.org/10.1016/j.biomaterials.2011.08.085
http://www.ncbi.nlm.nih.gov/pubmed/21944826
http://dx.doi.org/10.1021/nn102272n
http://www.ncbi.nlm.nih.gov/pubmed/20968290
http://dx.doi.org/10.1021/acs.langmuir.5b03686
http://www.ncbi.nlm.nih.gov/pubmed/26595806
http://dx.doi.org/10.1186/1743-8977-8-36
http://www.ncbi.nlm.nih.gov/pubmed/22208550
http://dx.doi.org/10.1016/j.toxlet.2014.06.657

Materials 2016, 9, 337 29 of 30

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

Schlinkert, P.; Casals, E.; Boyles, M.; Tischler, U.; Hornig, E.; Tran, N.; Zhao, J.; Himly, M.; Riediker, M.;
Oostingh, G.J.; et al. The oxidative potential of differently charged silver and gold nanoparticles on three
human lung epithelial cell types. J. Nanobiotechnol. 2015, 13. [CrossRef] [PubMed]

Dziendzikowska, K., Gromadzka-Ostrowska, J.; Lankoff, A.; Oczkowski, M.; Krawczynska, A.;
Chwastowska, J.; Sadowska-Bratek, M.; Chajduk, E.; Wojewodzka, M.; Dusinska, M.; et al. Time-dependent
biodistribution and excretion of silver nanoparticles in male wistar rats. J. Appl. Toxicol. 2012, 32, 920-928.
[CrossRef] [PubMed]

Loeschner, K.; Hadrup, N.; Qvortrup, K.; Larsen, A.; Gao, X.Y.; Vogel, U.; Mortensen, A.; Lam, HR.;
Larsen, E.H. Distribution of silver in rats following 28 days of repeated oral exposure to silver nanoparticles
or silver acetate. Part. Fibre Toxicol. 2011, 8. [CrossRef] [PubMed]

Van der Zande, M.; Vandebriel, R.J.; Van Doren, E.; Kramer, E.; Rivera, Z.H.; Serrano-Rojero, C.S,;
Gremmer, E.R.; Mast, J.; Peters, R.J.B.; Hollman, P.C.H.; et al. Distribution, elimination, and toxicity of
silver nanoparticles and silver ions in rats after 28-day oral exposure. Acs Nano 2012, 6, 7427-7442. [CrossRef]
[PubMed]

Garza-Ocanas, L.; Ferrer, D.A.; Burt, J.; Diaz-Torres, L.A.; Ramirez Cabrera, M.; Tamez Rodriguez, V.;
Lujan Rangel, R.; Romanovicz, D.; Jose-Yacaman, M. Biodistribution and long-term fate of silver nanoparticles
functionalized with bovine serum albumin in rats. Metallomics 2010, 2, 204-210. [CrossRef] [PubMed]
Pauksch, L.; Hartmann, S.; Rohnke, M.; Szalay, G.; Alt, V.; Schnettler, R.; Lips, K.S. Biocompatibility of silver
nanoparticles and silver ions in primary human mesenchymal stem cells and osteoblasts. Acta Biomater.
2014, 10, 439-449. [CrossRef] [PubMed]

Necula, B.S.; van Leeuwen, J.P.T.M.; Fratila-Apachitei, L.E.; Zaat, S.A.J.; Apachitei, I.; Duszczyk, J.
In vitro cytotoxicity evaluation of porous TiO,-Ag antibacterial coatings for human fetal osteoblasts.
Acta Biomater. 2012, 8, 4191-4197. [CrossRef] [PubMed]

Campoccia, D.; Cangini, I.; Selan, L.; Vercellino, M.; Montanaro, L.; Visai, L.; Arciola, C.R. An overview of
the methodological approach to the in vitro study of anti-infective biomaterials. Int. J. Artif. Organs 2012,
35, 800-816. [CrossRef] [PubMed]

Stoodley, P.; Hall-Stoodley, L.; Costerton, B.; DeMeo, P.; Shirtliff, M.; Gawalt, E.; Kathju, S. Biofilms,
biomaterials, and device-related infections. In Biomaterials Science: An Introduction to Materials in Medicine;
Ratner, B.D., Hoffman, A.S., Schoen, FJ., Lemons, ].E., Eds.; Academic Press (Elsevier): Waltham, MA, USA,
2013; Volume 1, pp. 565-583.

Barros, J.; Grenho, L.; Manuel, C.M.; Ferreira, C.; Melo, L.F; Nunes, O.C.; Monteiro, E]J.; Ferraz, M.P.
A modular reactor to simulate biofilm development in orthopedic materials. Int. Microbiol. 2013, 16, 191-198.
[PubMed]

Ludecke, C.; Jandt, K.D.; Siegismund, D.; Kujau, M.].; Zang, E.; Rettenmayr, M.; Bossert, J.; Roth, M.
Reproducible biofilm cultivation of chemostat-grown escherichia coli and investigation of bacterial adhesion
on biomaterials using a non-constant-depth film fermenter. PLoS ONE 2014, 9, e84837.

Rujanapun, N.; Aueviriyavit, S.; Boonrungsiman, S.; Rosena, A.; Phummiratch, D.; Riolueang, S.; Chalaow, N.;
Viprakasit, V.; Maniratanachote, R. Human primary erythroid cells as a more sensitive alternative in vitro
hematological model for nanotoxicity studies: Toxicological effects of silver nanoparticles. Toxicol. In Vitro
2015, 29, 1982-1992. [CrossRef] [PubMed]

Albrecht, M.A,; Evans, C.W.; Raston, C.L. Green chemistry and the health implications of nanoparticles.
Green Chem 2006, 8, 417-432. [CrossRef]

Nunez-Anita, R.E.; Acosta-Torres, L.S.; Vilar-Pineda, J.; Martinez-Espinosa, J.C.; de la Fuente-Hernandez, J.;
Castano, V.M. Toxicology of antimicrobial nanoparticles for prosthetic devices. Int. ]. Nanomed. 2014,
9, 3999-4006.

Sambale, F.; Wagner, S.; Stahl, E.; Khaydarov, R.R.; Scheper, T.; Bahnemann, D. Investigations of the toxic
effect of silver nanoparticles on mammalian cell lines. |. Nanomater. 2015. [CrossRef]

Sussman, E.M.; Casey, B.J.; Dutta, D.; Dair, B.]. Different cytotoxicity responses to antimicrobial nanosilver
coatings when comparing extract-based and direct-contact assays. J. Appl. Toxicol. 2015, 35, 631-639.
[CrossRef] [PubMed]

Liu, Y;; Li, X;; Bao, S.; Lu, Z; Li, Q.; Li, C.M. Plastic protein microarray to investigate the molecular pathways
of magnetic nanoparticle-induced nanotoxicity. Nanotechnology 2013, 24, 175501. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/s12951-014-0062-4
http://www.ncbi.nlm.nih.gov/pubmed/25592092
http://dx.doi.org/10.1002/jat.2758
http://www.ncbi.nlm.nih.gov/pubmed/22696427
http://dx.doi.org/10.1186/1743-8977-8-18
http://www.ncbi.nlm.nih.gov/pubmed/21631937
http://dx.doi.org/10.1021/nn302649p
http://www.ncbi.nlm.nih.gov/pubmed/22857815
http://dx.doi.org/10.1039/B916107D
http://www.ncbi.nlm.nih.gov/pubmed/21069158
http://dx.doi.org/10.1016/j.actbio.2013.09.037
http://www.ncbi.nlm.nih.gov/pubmed/24095782
http://dx.doi.org/10.1016/j.actbio.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22813846
http://dx.doi.org/10.5301/ijao.5000140
http://www.ncbi.nlm.nih.gov/pubmed/23065889
http://www.ncbi.nlm.nih.gov/pubmed/24568034
http://dx.doi.org/10.1016/j.tiv.2015.08.005
http://www.ncbi.nlm.nih.gov/pubmed/26291277
http://dx.doi.org/10.1039/b517131h
http://dx.doi.org/10.1155/2015/136765
http://dx.doi.org/10.1002/jat.3104
http://www.ncbi.nlm.nih.gov/pubmed/25645305
http://dx.doi.org/10.1088/0957-4484/24/17/175501
http://www.ncbi.nlm.nih.gov/pubmed/23558511

Materials 2016, 9, 337 30 of 30

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

Zou, J.; Feng, H.; Mannerstrom, M.; Heinonen, T.; Pyykko, L. Toxicity of silver nanoparticle in rat ear and
BALB/c 3T3 cell line. . Nanobiotechnol. 2014, 12, 52. [CrossRef] [PubMed]

Chan, E.L.; Zhang, C.; Cheung, G.S. Cytotoxicity of a novel nano-silver particle endodontic irrigant.
Clin. Cosmet. Investig. Dent. 2015, 7, 65-74. [CrossRef] [PubMed]

Albrekt, A.S.; Johansson, H.; Borje, A.; Borrebaeck, C.; Lindstedt, M. Skin sensitizers differentially regulate
signaling pathways in mutz-3 cells in relation to their individual potency. BMC Pharmacol. Toxicol. 2014,
15, 5. [CrossRef] [PubMed]

Johansson, H.; Albrekt, A.S.; Borrebaeck, C.A.; Lindstedt, M. The gard assay for assessment of chemical skin
sensitizers. Toxicol. In Vitro 2013, 27, 1163-1169. [CrossRef] [PubMed]

Johansson, H.; Lindstedt, M.; Albrekt, A.S.; Borrebaeck, C.A. A genomic biomarker signature can predict
skin sensitizers using a cell-based in vitro alternative to animal tests. BMC Genom. 2011, 12, 399. [CrossRef]
[PubMed]

Wong, C.L.; Ghassabian, S.; Smith, M.T.; Lam, A.L. In vitro methods for hazard assessment of industrial
chemicals—Opportunities and challenges. Front. Pharmacol. 2015, 6, 94. [CrossRef] [PubMed]

Wafa, H.; Grimer, R.J.; Reddy, K;; Jeys, L.; Abudu, A.; Carter, S.R.; Tillman, R.M. Retrospective evaluation
of the incidence of early periprosthetic infection with silver-treated endoprostheses in high-risk patients:
Case-control study. Bone Jt. . 2015, 97, 252-257. [CrossRef] [PubMed]

Lemcke, J.; Depner, F.; Meier, U. The impact of silver nanoparticle-coated and antibiotic-impregnated
external ventricular drainage catheters on the risk of infections: A clinical comparison of 95 patients.
Acta Neurochir. Suppl. 2012, 114, 347-350. [PubMed]

Antonelli, M.; De Pascale, G.; Ranieri, V.M.; Pelaia, P.; Tufano, R.; Piazza, O.; Zangrillo, A.; Ferrario, A;
De Gaetano, A.; Guaglianone, E.; et al. Comparison of triple-lumen central venous catheters impregnated
with silver nanoparticles (agtive(r)) vs. conventional catheters in intensive care unit patients. J. Hosp. Infect.
2012, 82, 101-107. [CrossRef] [PubMed]

Grainger, D.W.; van der Mei, H.C.; Jutte, P.C.; van den Dungen, J.J.; Schultz, M.].; van der Laan, B.F;
Zaat, S.A.; Busscher, H.J. Critical factors in the translation of improved antimicrobial strategies for medical
implants and devices. Biomaterials 2013, 34, 9237-9243. [CrossRef] [PubMed]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1186/s12951-014-0052-6
http://www.ncbi.nlm.nih.gov/pubmed/25467963
http://dx.doi.org/10.2147/CCIDE.S68874
http://www.ncbi.nlm.nih.gov/pubmed/26203279
http://dx.doi.org/10.1186/2050-6511-15-5
http://www.ncbi.nlm.nih.gov/pubmed/24517095
http://dx.doi.org/10.1016/j.tiv.2012.05.019
http://www.ncbi.nlm.nih.gov/pubmed/23032079
http://dx.doi.org/10.1186/1471-2164-12-399
http://www.ncbi.nlm.nih.gov/pubmed/21824406
http://dx.doi.org/10.3389/fphar.2015.00094
http://www.ncbi.nlm.nih.gov/pubmed/25999858
http://dx.doi.org/10.1302/0301-620X.97B2.34554
http://www.ncbi.nlm.nih.gov/pubmed/25628291
http://www.ncbi.nlm.nih.gov/pubmed/22327721
http://dx.doi.org/10.1016/j.jhin.2012.07.010
http://www.ncbi.nlm.nih.gov/pubmed/22938728
http://dx.doi.org/10.1016/j.biomaterials.2013.08.043
http://www.ncbi.nlm.nih.gov/pubmed/24034505
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

Priloha ¢. 5

- .
Society For
Biomaterials

Content of distinct metals in periprosthetic tissues and pseudosynovial
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Abstract: This prospective study examined the content of
metals released from total joint arthroplasty into joint fluid,
whole blood and periprosthetic tissues. We determined the
levels of Ti, V, Nb, Co, Cr, and Mo, using inductively coupled
plasma mass spectrometry, in samples from patients who
underwent reoperation of total hip or knee arthroplasty. All
of the patients (n=117) included in the study had either
metal on polyethylene or ceramic on polyethylene-bearing
pairs. First, our results conclusively showed that the majority
of released metals were deposited in periprosthetic tissues.
In this context, the bloodstream turned out to be an ineffec-
tive biomarker of the effects occurring in local tissues. Sec-
ond, there was a clear time-dependent nature of metallic

accumulation. Based on our extensive dataset, we found sig-
nificantly elevated levels of the released metals in joint fluid
and periprosthetic tissues originating from loosened implants
compared to stable ones, as well as recognizable differences
between the groups with stable implants and aseptic loosen-
ing. Finally, it was proved that the concentrations of metals
decreased dependent on the distance of the tissue from the
implant. © 2018 Wiley Periodicals, Inc. J Biomed Mater Res Part B:
Appl Biomater 00B: 000-000, 2018.

Key Words: inductively coupled plasma mass spectrometry,
total joint replacement, metal release, periprosthetic tissue,
joint fluid

How to cite this article: Kuba M, Gallo J, Pluhacek T, Hobza M, Milde D 2018. Content of distinct metals in periprosthetic
tissues and pseudosynovial joint fluid in patients with total joint arthroplasty. J Biomed Mater Res Part B 2018:00B:000-000.

INTRODUCTION
One of the main and still unresolved problems of total joint
arthroplasty is continual exposure of periprosthetic tissues
to metal particles released from the bearing/non-bearing
surfaces of total hip arthroplasty (THA) and knee arthro-
plasty (TKA). These particles contribute to the local adverse
reaction to the implant, as well as to remote effects, by
spreading throughout the body via blood and lymphoreticu-
lar dissemination.! The latter effects are still poorly under-
stood despite several methods having been applied in
various clinical and epidemiological studies.** Therefore, it
should still be considered an unproven hypothesis that
these particles have potentially harmful effects on the
immune system, liver, kidneys, and central nervous
system.“’6

Locally, metal particles and ions are toxic’ and poten-
tially carcinogenic® depending on concentrations. Finally,
metal particles are well-known inducers of allergic hyper-
sensitivity reactions.® All of the aforementioned and other

metal-related side effects are now the center of attention.
Metallic debris has been associated with pseudotumor for-
mation, early aseptic loosening, and aseptic lymphocyte-
dominated vasculitis-associated lesions.” Some studies have
also demonstrated that the type of local tissue response
depends on the metal content in the evaluated tissues.'®

A considerable number of papers have addressed the
concentrations of metals in body fluids, such as blood,
serum or urine, looking for metals as markers of total joint
arthroplasty (TJA) failure.* In contrast, less attention has
been paid to other clinical materials, especially synovial
fluid'**® and periprosthetic tissues as representative sam-
ples to observe the total load of locally released metals.}*1°

The primary aim of the current study was to present the
metal content (Ti, V, Nb, Co, Cr, Mo) in the joint fluid, peri-
prosthetic tissues and peripheral blood of patients with
other than metal-on-metal bearings to provide an insight
into the total metallic load in patients with this type of TJA
implant. The secondary aim was to associate the metal
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content in a particular body compartment with types of
implants and their lengths of implant service. We hypothe-
sized in this context that (1) implants with a longer time in
service (i.e, length of implant service) would show higher
tissue concentrations of particular metals, compared to
those with a shorter period; (2) the metal content would be
higher in periprosthetic tissues compared to joint fluid, indi-
cating the chronic uptake and accumulation of metal par-
ticles and ions released from metallic surfaces; (3) the
metal content would be higher in surface tissues than in
deeper ones; and (4) there would be a difference in the
metal content between total hip and knee arthroplasties.
Whereas most of the published studies have been based on
small sample sets, in our research, we studied a group of
117 subjects with a wide range of implanted replacements
and 43 patients without any implants. Our study provided
detailed insight into the distribution of metal particles
across several body compartments, as well as information
about the potential exposure of periprosthetic tissues to
implant-related metals in this population of patients. The
design of our study was pragmatic and strongly based on
the epidemiologically analytical approach, and the samples
were enrolled chronologically as the patients underwent
surgery and regarding their individual conditions during the
relatively long duration of the study. We believe that our
complex approach could provide a better understanding of
the topic of chronic exposition of the local and systemic
environment to TJA metallic by-products.

MATERIAL AND METHODS

Laboratory instrumentation

All of the measurements were performed with an Agilent
7700x inductively coupled plasma mass spectrometer (ICP-
MS) (Agilent Technologies, Japan), equipped with an octo-
pole reaction system (He mode, flow rate 4.3 mL min™ ).
The typical operating conditions were: RF power 1550 W,
plasma gas flow rate 15 L min~ ', auxiliary gas flow rate
0.9 L min~ !, and nebulizer gas flow rate 1.07 L min~'. The
following isotopes were selected for the determination: *"Ti,
51y, 52¢r, %9Co, ?3Nb, and *°Mo.

Reagents, standards, and certified reference materials

Single element certified reference materials (CRMs) with
1.000 = 0.002 g L™! (water calibration solutions, Analytika,
Ltd., Czech Republic) for all of the measured elements were
diluted to the required concentrations. A multielemental cal-
ibration solution containing Bi, In, Sc, Tb, and Y served as
an internal standard. Three CRMs—TM-15.2 (EC, Canada),
TORT-2 (NRC-CNRC, Canada) and Seronorm trace elements
whole blood level 3 (Sero AS, Billingstadt, Norway)—were
used to validate the method, as well as for quality control of
the ICP-MS measurements. The results for the method vali-
dation, as well as the limit of detection and concentration
levels of CRMs, are presented in supplementary files (Tables
S2 and S3). Nitric acid (Analpure, Analytika Ltd., Czech
Republic) and hydrogen peroxide (analytical grade+, Analy-
tika, Czech Republic) were utilized for the sample decompo-
sition and preparation of calibration standards. Deionized
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ultrapure water with resistivity of 18.2 MQ.cm obtained
from a Milli-Q water system (Millipore, France) was used
for dilutions and rinsing.

Sample collection

Peripheral blood samples were collected in 10 mL polypro-
pylene tubes. The joint fluid samples were aspirated into
5 mL tubes before incision of a joint capsule. A thin surface
layer of the tissue covering the inner side of the joint cap-
sule was collected after the incision of the knee/hip joint
capsule. This layer (here called 1) was designated as the
pseudosynovial membrane since it resembles the synovial
membrane, and it was in a direct physical contact with the
implant and prosthetic by-products (wear particles, metal
ions, and so forth) contained in the joint fluid, in contrast to
the tissue lying above (layer 2). Regarding the thickness of
the tissue layer, the tissue layer 1 thickness was within
5 mm, while the thickness of tissue layer 2 was determined
intraoperatively with the intention of not damaging the
healthy periprosthetic tissues. As a result, the thickness of
the tissue layer varied from 2 to 10 mm depending on the
location of sampling and other local factors (layer 2 could
not be sampled in a small number of the patients). The tis-
sue samples were placed into sterile containers separately
and deeply frozen at —80°C immediately after sampling.

Sample preparation

Prior to the decomposition step, the deeply frozen tissue
samples were lyophilized (ALPHA 1-2 LD plus freeze drier,
CHRIST, Germany) according to the lyophilization program
composed of: main drying 3.5 h/—25°C/0.63 mbar; and
final drying 0.5 h/—76°C/0.001 mbar; and it was subse-
quently divided into three separate aliquots. Each sample
was warmed to the laboratory temperature. One milliliter of
joint fluid, 1 mL of peripheral blood or 200 mg of peripros-
thetic tissue were utilized for microwave-assisted digestion,
followed by the ICP-MS analysis of the implant-related met-
als. Microwave digestion of all of the samples was per-
formed in a power controlled microwave digestion system
MLS 1200 mega system (Milestone, Italy) with the addition
of concentrated HNOs; (2-4 mL) and H,0, (1-2 mlL),
depending on the weight of the sample and the material
under study. Subsequently, a microwave digestion program
was used: 2 min/250 W, 5 min/400 W, 2 min/500 W, and 6
min/600 W, with 2 min/0 W of waiting between each step
and a 30-min cooling interval after the end of the process.
All of the tubes and containers used during sample prepara-
tion in the laboratory were pre-treated in 5% (v/v) HNO3
for 24 h and then rinsed with deionized ultrapure water.

Subjects

The study included Czech Caucasian patients operated on
between September 2008 and February 2014 by a single
surgeon (JG) at a single institution. Our data reflected the
total load of metals in the exposed population in our region
during the period of enrollment. Samples of peripheral
blood, joint fluid, and periprosthetic tissues were obtained
from 43 controls without TJA and 117 subjects with TJA.
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TABLE |. Patient Characteristics

Patients (n=117) Controls (n=43)

Age 39-92 (x = 67.4) 53-82 (x =67.1)

Sex Males 45/ Males 21/
females 72 females 22

Localization 73 hips/44 knees 11 hips/32 knees

In situ (months) 1-274 (x = 130.7) -

Height (cm) 143-189 (x = 167.2) 158-182 (x = 169.4)

Weight (kg) 50-120 (x = 80.6) 60-118 (x = 88.7)

Primary diagnosis Primary OA—73

Secondary OA—44

Primary OA—38
Secondary OA—5

Reasons for AL =42 -
revision Inf=13
Inst=9
OoL=31
PJ=15
PPF=7

n, number of patients; X, sample mean; OA, osteoarthritis; AL,
aseptic loosening; Inf, infection; Inst, instability; OL, osteolysis; PJ,
painful joint; PPF, periprosthetic fracture.

From this group, 42 patients were reoperated on for aseptic
loosening of total hip arthroplasty (THA; n =30) and total
knee arthroplasty (TKA; n = 12), and 75 patients were reop-
erated on for other reasons and had stable implants at the
time of surgery (THA: n =43, TKA: n = 32). The same types
of materials were collected from 43 patients with primary
osteoarthritis undergoing THA (n=11) and TKA (n = 32).
This latter group served as control subjects without a TJA
at the site of interest. For the patients’ detailed characteris-
tics, see Table I; a summary of the TJA materials is shown
in the supplementary files (Table S1).

Limitations

Whereas our study was performed over a long period of
time (2008-2014), several elements were included in the
study (Mo, Nb) after the first series of experiments; collec-
tion of peripheral blood and joint fluid started later during
the study as well, which resulted in different numbers of
samples for individual elements, as well as materials under
study. In addition, it was not always possible to sample the
layer 2 tissue. Not all of the patients reoperated on during
the period of study could be included, which might have
incurred selection bias. The number of patients in the
groups of particular implants was not identical, which could
have affected the variability of the observed metal content
at least partially. Some of the patients also had other TJAs
than those that were included into the study, which could
have affected the blood concentrations of the particular
metals. The exact information about the metallic content of
a particular implant was limited (only partly based on exact
information from manufacturers). Some inaccuracy in tissue
sampling could have occurred especially in relation to layer
2. To minimize the inter-surgeon differences in tissue sam-
pling, the only surgeon (JG) obtained all of the samples in
this study, including tissue samples.
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Statistical analysis

The NCSS 2007 statistical software package (NCSS LLC) and
the Statistica software package, version 12.0 (StatSoft), were
used for the statistical analysis. Non-parametric two-tailed
tests were used for hypothesis testing (level of significance
p=0.01). EffiValidation software package 3.0 (Effichem,
Czech Republic) was used for limit of detection (LOD)
calculation.

RESULTS

Method validation and quality control

The entire measurement procedure was validated with cer-
tified reference materials and the following parameters:
LOD, linearity, precision and trueness. To ensure the quality
of long-term measurements, the entire method was continu-
ously monitored by measuring of the CRMs TM-15.2 and
Seronorm trace elements whole blood (level 3). The results
of the method validation, as well as the long-term measure-
ment validation parameters, were appropriate for our pur-
poses, and all of the details are presented in the
supplementary files (Tables S2 and S3).

Descriptive statistics

The samples of 117 patients and 43 controls were analyzed,
and descriptive statistics for all of the determined elements
(Ti, V, Cr, Co, Nb, and Mo) in joint fluid, peripheral blood
and periprosthetic tissues were calculated and are summa-
rized in Table II. The mass concentration of the metals in
ug kg~ ! was calculated based on the weight of the original
samples. The descriptive statistics revealed a large disper-
sion of the data, especially in the tissue samples of the
patient group. This dispersion is caused at least in part by
the natural heterogeneity of our data, that is, different
joints, reasons for revisions, months in situ, and types of
implants compared. When the data of the patients and the
controls were compared separately for each sampled mate-
rial under study, we revealed significant differences for Ti,
V, Cr, and Co in joint effusions and periprosthetic tissue
samples but not in whole blood.

Comparison of the patient and control groups

The Mann-Whitney test was applied to compare all of the
elements in all of the matrices. There were no statistically
significant differences for the studied metals in the periph-
eral blood samples. Statistically significant differences were
found only for Ti, V, Cr, and Co in the joint effusion and
periprosthetic tissue samples, while no differences were
found for Mo and Nb. An indicative comparison of all of the
analyzed elements and matrices is presented in Figure 1. It
is important to emphasize that only the samples originating
from patients with metal present at the place of sampling
(joint fluid, tissue) or with replacements made from this
metal anywhere in the body (peripheral blood) were
included for all of the statistics. Considering that signifi-
cantly higher concentrations were found in periprosthetic
tissues, all of the following statistical evaluations focused on
this matrix.
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TABLE Il. Concentration of Metals in Control and Patient Groups for Joint Fluid, Peripheral Blood and Periprosthetic Tissue

n Mean +SD (ug kg™ ") Median (ug kg™ ")
Element Control Patients Control Patient Control Patient
Joint Fluid
Ti 36 71 11=*5 963 = 5045 11 22
\% 36 40 1+0.2 10 =30 1 1
Cr 36 79 10 =28 59 + 167 1 11
Co 36 77 3+6 22 + 48 1 6
Nb 36 26 1+0.2 7+16 1 1
Mo 25 49 6+13 3+3 2
Peripheral Blood
Ti 15 70 29 +13 26+ 14 27 24
\ 16 42 10 3+10 1 1
Cr 13 77 8+22 2+2 1 1
Co 14 75 1+0 11 1 1
Nb 18 30 1+0 1+0 1 1
Mo 18 62 2+2 4+12 1 2
Periprosthetic Tissue (In Patient Group—Layer 1)
Ti 22 76 367 +957 27,330 + 100,900 124 2349
\ 22 42 15+ 41 234 + 430 5 47
Cr 22 68 381+575 8876 + 26,880 170 1079
Co 22 77 45+ 109 6522 + 16,380 11 709
Nb 22 22 711 228 + 614 4 4
Mo 21 56 27 =27 682 = 1637 16 44
Periprosthetic Tissue (In Patient Group—Layer 1)
Ti n/a 49 n/a 22,050 + 140,600 n/a 851
\ n/a 26 n/a 34 +43 n/a 15
Cr n/a 47 n/a 3527 = 8969 n/a 825
Co n/a 43 n/a 1841+ 8636 n/a 90
Nb n/a 18 n/a 39+ 103 n/a 4
Mo n/a 38 n/a 215+ 941 n/a 21

n, number of patients; SD, standard deviation; n/a, not available.

Difference in the metal content between total hip and
knee arthroplasties

The Mann-Whitney test was used to compare the total con-
centration levels of metals released from the hip and knee.
Statistically significant differences were found only for Ti
and V (higher concentrations were found in the hip), while
none were found for Cr, Co and Mo. Niobium was not com-
pared because none of the patients in our study group had
knee replacements containing alloy of Nb.

Comparison of obtained tissue layers
Wilcoxon’s signed-rank test was used for the comparison of
the metal concentrations between two layers of the

periprosthetic tissue as a matter of distance from the joint
cavity. Acetabular/femoral components, made from Ti, Ti-Al-
V, Co-Cr, and Co-Cr-Mo, were compared. Significant differ-
ences between these layers for all of the studied elements
were observed with the exception of Nb. As a result, we
believe that the layer 1 tissues should reflect more closely
the total load of metals than the layer 2 tissues.

Principal component analysis

Considering that we had a multivariate dataset, an advanced
statistical technique (i.e, principal component analysis
(PCA)) was applied to examine the true relationships among
our data. This approach allowed us to reveal strong patterns
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FIGURE 1. Indicative comparison of all the analyzed elements and matrices, presented by medians. L2, periprosthetic tissue layer 2; L1, peripros-

thetic tissue layer 1.
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FIGURE 2. Components loadings plot for Ti-Al-V (a) and Co-Cr-Mo (b).

existing in the dataset. Statistical testing was performed on
the data derived from tissue samples from joints where one
of the components made of the most frequently used alloys,
such as Ti-Al-V (n = 40) and Co-Cr-Mo (n = 60). The follow-
ing original variables were included in the PCA model: ana-
lyzed metals (Ti, V/Co, Cr, Mo); reason for surgery; joint
(hip/knee); months in situ (overall 1-274); sex (male/
female); and BMI (body mass index), which was calculated
instead of using of the patients’ height and weight. Box-Cox
transformation was applied to the dataset prior to PCA. For
the analysis of the Ti-Al-V group, 95.94% of the variability
could be explained by the first principal component, which
was strongly correlated with the variable of months in situ
according to the factor coordinate variables. The compo-
nents loadings plot [Figure 2(a)] revealed two main, clearly
recognizable clusters. Cluster 2 was recognized as the group
of patients with a short period of replacement in situ
(n =11, X(months in siyy = 13.5) and cluster 1 as the group of
patients with a long period of replacement in situ (n = 29,
X(months in sity) = 182.8). A small group of 4 points (cluster
3) was identified at the bottom side of cluster 1. What these
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subjects had in common is that they had a high BMI (n =4,
Xmi) = 35.5). Moreover, cluster 2 had higher BMI (n=11,
X@mi = 34.0) than the others (n=33, Xgui = 26.5). For
Co-Cr-Mo alloys, 99.46% of variability could be explained by
the first principal component, which was strongly correlated
with the variable of months in situ according to the factor
coordinate variables. The components loadings plot also
revealed two main, clearly recognizable groups [Figure
2(b)], similarly to the PCA for Ti-Al-V. Cluster 2 was recog-
nized as the group of patients with a short period of
replacement in situ (n =19, X(months in siei) = 27.6) and clus-
ter 1 as the group of patients with a long period of replace-
ment in situ (n =41, Xumonths in siy = 179.2). Higher BMI in
the patients with a short period of replacement in situ was
not clearly confirmed: Xgm = 30.1, compared to the
patients with a long term Xgumiy = 27.1. However, cluster 2
could be additionally divided into cluster 3 (n=11,
XMy = 25.5, X(months in sit) = 37.0) and cluster 4 (n=8,
XBMm1) = 36.5, X(months in sitw) = 43.5).

Comparison between reasons for surgery

The patients included in this study were reoperated on
either for aseptic loosening of at least one component of
total joint arthroplasty, or they had the whole implant stable
at the time of surgery. We speculated that the former group
could have increased levels of particular metals compared
to the latter due to direct mechanical damage to the metal-
lic surface of the TJA. The results for the aforementioned
groups are graphically expressed by the medians and are
compared with the control group in Figure 3.

Length of implant service

To show the total metallic burden over time, it is necessary
to choose suitable “time windows” for the entire group of
patients/implants. Ideally, the NICE (National Institute for
health and Care Excellence) criteria might be used as in
clinical practice. However, the design of the study (acciden-
tal enrollment, ethical rules, and so forth) precluded the use
of strictly predefined checkpoints during the follow-up.
Instead, the patients (implants) were classified according to
outcomes resulting directly from PCA, in which the first
principal component was strongly correlated with the vari-
able “months in situ”. As a result, the first group consisted
of patients reoperated on within 75 months after the index
surgery, while in the second group, the length of implant
service was between 76 and 274 months. The median for
each group was calculated for the hip and knee joints sepa-
rately, and the results are summarized in Table III. Box and
whisker plots for Ti (hip) and Cr (knee) are shown in Fig-
ure 4 (for the remainder of the elements, see the supple-
mentary information file—Figures S1-S9 online). There was
a visually distinguishable trend for the majority of the
elements.

DISCUSSION

Although the clinical benefits of articular replacements are
unexceptionable, the release of metals from implants may
be associated with adverse health effects in some patients.
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FIGURE 3. Indicative comparison of metals concentrations related to reasons for surgery, presented by median. G1, control group; G2, stable

implants; G3, aseptic loosening; n, number of patients.

On the other hand the permanent release of metals is not
necessarily a substantial problem in the majority of patients
with TJA. As described in the literature, various releasing
mechanisms and procedures can occur'! during the lifetime
of the implant in the body, considering that no metal or
alloy is fully inert.® The interactions of these metals with
biomolecules,16 toxicity to T-cells, cancer risk,3 chromosomal
damage'” and potentially adverse effects’ continue to be
widely discussed.

In our study, the metal content in joint fluid, peripros-
thetic tissues and peripheral blood was investigated in a
large set of patients. The results of our study can be formu-
lated as two leading conclusions, which are supported by
further results as well. First, our results conclusively
showed that the majority of released metals were deposited
in periprosthetic tissues. Second, there was a clearly time-
dependent manner of metallic accumulation. All of the
results are discussed in detail in following paragraphs.

The concentration levels found in peripheral blood in
the control group that we report on were comparable with
the published studies worldwide, ®%° and in our region.*!
Only a slightly higher concentration of titanium was
observed. Unfortunately, in the majority of cases, the con-
centration levels in the control group were not reported for
periprosthetic tissues in the literature and only rarely for
joint fluid."® The concentration levels in joint fluid and
whole blood in the patient group were comparable with the
levels reported in reviews addressing ion concentrations
after implantation.’** Similarly, elevated concentrations for
metals in tissues were reported.!* The authors of this study
note that it is difficult to compare these values reported
directly with the data presented in this article because of
the great variety of factors influencing the results. This
study showed that the bloodstream is relatively protected
from the accumulation of substantial concentrations of
released metals regardless of the relatively large number of

TABLE lll. Concentration of Metals Related to Survivorship of Total Hip and Knee Replacements.

Months In Situ

Control Group 0-75 76-274
Element n Median (ug kg™ ") n Median (ug kg~ ") n Median (ug kg™ ")
Hip
Ti 22 124 8 1127 47 4313
\ 22 5 4 13 26 125
Cr 22 17 9 1047 37 1155
Co 22 11 9 985 34 1197
Nb 22 4 6 4 19 4
Mo 22 16 8 101 34 171
Knee
Ti 22 124 13 129 8 2304
V 22 5 10 5 4 10
Cr 22 17 18 723 15 2895
Co 22 1 18 338 15 3511
Mo 22 16 7 16 10 78

n, number of patients.
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implants used in the patients under study and for different
time periods. Other variables, such as reasons for failure,
sex and BM]I, did not affect the blood concentrations of the
examined metals either. Importantly, this study involved
only implants combining polyethylene with metallic or
ceramic counterparts. Significant differences in the concen-
trations of metals coming from TJA in the peripheral blood
have been described in the literature for metal-on-metal
bearings,*** as well as other articulating pairs.*® There-
fore, it must be assumed that the bloodstream participates
in metallic dissemination to the organs. Thus, finding sub-
stantial metal concentrations in the plasma indicates that
the clearance capacity of the blood system must be over-
come at the time of sampling, which could be caused by a
higher burden of metallic by-products in the patients whom
an increased concentration was detected in. Thus, the men-
tioned discrepancy could lie at least partially in different
dynamics of metal release from the implant surface. On the
other hand, our results agree with literature to some extent
where statistically significant differences for several ele-
ments in synovial fluids were also found.'>**?¢ Qur results
showed that the bloodstream is not an effective biomarker
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of the effects occurring in local tissues due to non-metal-on-
metal bearing. Nevertheless, this finding does not exclude
individual cases in which monitoring of the bloodstream
could be a useful indicator of implant malfunction,?” and
several researchers have reported that the serum metal ion
level did not exclude this diagnosis.?*

As we hypothesized, the metallic burden in patients
with TJA should increase over time, depending on the time
in service of the implants under study. We found a visually
distinguishable trend for the majority of elements, confirm-
ing this prediction. The only exceptions were chromium and
cobalt in the hip, for which the concentrations in the short-
term group were outside of the predicted trend. Our data
presented in Table III show that the proportions of released
Co and Cr did not agree with their theoretical alloy compo-
sitions. Our results showed that Cr was the predominantly
released metal in patients with short-term replacement in
situ. In contrast, in patients with long-term replacement in
situ, the proportions of Cr and Co were closer to the alloy
compositions. This phenomenon could be explained by Co-
Cr-Mo-based alloys being covered with a thin layer of Cr,03,
increasing alloy bio-resistance.?®?° Differences in this pro-
portion were especially recognizable from the results of
knee arthroplasty.

Unfortunately, in the majority of the cases, there were
no statistically significant differences because of the great
spread of the data. The results of Mo and Nb were affected
by values very close to the limit of detection, likely due to
their low content in the used alloys. Time-dependent
changes in metal concentrations have been discussed in sev-
eral studies, describing a stagnant concentration plateau for
whole blood or serum after the first months/years after
implantation if the prosthesis is functioning well.>° In con-
trast, with these studies, our results found a continually
increasing metallic burden after the initial load in peripros-
thetic tissues, which could be associated with both the con-
tinuous pressure of corrosive factors and/or inefficiency in
creating an effective barrier on the implant surface to pre-
vent metallic ions from being released.' Simultaneously,
there is information about periprosthetic tissues not having
a powerful mechanism of clearance, such as blood plasma
does. The most affected tissues are in direct contact with
metallic surfaces.

The results of our study also confirmed our hypothesis
about the concentration gradient of released metals in sur-
rounding tissues. Both the layers of periprosthetic tissues
were statistically compared, and the dependence of the con-
centration on the distance from the joint cavity was con-
firmed. To the authors’ best knowledge, similar results have
not yet been published. Based on our findings, we can con-
clude that the “permeability” of the pseudosynovial tissue
for metallic by-products is relatively low; thus, this mem-
brane protects the organism at least partially from unregu-
lated dissemination of metals released from the implant
surface.

It is not clear whether metals are released more from
THA or TKA. Looking at the absolute figures, the differences
seem small. A role could be played by differences in
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particular surface metallurgy, the size of the implant surface
from which a particular metal might be released into the
joint fluid or differences related to the construction list of
an implant (type of bearings, modular or non-modular
nature, head-neck interface, additional screw fixation, and
so forth). In Table III, it can also be observed that there
were differences between the quantities of early reoperated
patients with hip and knee arthroplasties. We found higher
concentrations of Ti and V in hip samples relative to their
content in THA. In contrast, no statistically significant differ-
ences were observed for Cr, Co, and Mo; thus, we are not
able to conclusively confirm that there were differences in
the metal contents between total hip and knee arthroplas-
ties. Similarly, although we analyzed an enormous dataset,
we were not able to conclusively determine which type
(manufacturer) of implant burdens the patient with metal
more than others because of the very small numbers of
patients with particular type of implant.

We were able to evaluate additional conclusions, which
were not hypothesized before the start of study, owing to
the large dataset. First, the patients included in the study
were reoperated on for several reasons. The patients with
loosened implants had higher levels of metals compared to
those with stable implants due to motion between the
implant and its firm surroundings, resulting in accelerated
surface damage (Figure 3). Studies investigating the mecha-
nisms of metallic release suggested contributions of both
particles and ions.*® We found a trend toward higher con-
centrations in the patients reoperated on for aseptic loosen-
ing, supporting the above assumptions. These results were
in partial agreement with some studies focusing on metal
concentrations after implant loosening in whole blood,
serum or urine,'®?? and elevated metal concentrations after
aseptic loosening in serum were also published.*® In addi-
tion, similar results were reported in which well-functioning
and malfunctioning implants were compared by means of
synovial fluid, serum and pseudocapsule.'>** Our data con-
firmed that metals were continuously released in the human
body, especially to surrounding tissues, regardless of
whether the implant was stable or not. Finally, we analyzed
whether a higher risk of early reoperation could be associ-
ated with relevant changes in the metallic profiles in
patients with higher BMI because heavier patients could
induce greater stress on the implant surfaces/interfaces.
The concentrations of Ti and V did not differ in relation to
BMI in this study, but only a small number of subjects were
available here, and a future study will be needed. A different
situation was observed with Co-Cr-based alloys, with which
statistically higher concentrations of Cr were determined in
the higher BMI patient group, compared to lower BMI sub-
jects. According to our best knowledge, this study was the
first that revealed the relationship between Cr concentra-
tions and BML

CONCLUSIONS

We successfully developed and validated a measurement
procedure for simultaneous multielemental determination of
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selected metals (Ti, V, Cr, Co, Nb, Mo) in various clinical
samples. This procedure was subsequently applied to a
large sample of clinical patients with TJA. Very low concen-
trations of released metals were found in whole blood and
joint fluid. Regarding the bloodstream, we found that the
systemic metallic burden driven by metal-on-polyethylene
and ceramic-on-polyethylene TJAs was very low across a
wide spectrum of implant types and time periods. In con-
trast, we found increased concentrations of particular met-
als in periprosthetic tissues. Tissues accumulated particular
metals relative to the time and distance from TJA. Moreover,
patients with aseptic loosening had higher concentrations of
metals in tissues than patients with stable implants and the
controls. Finally, it is clear that the metals released from
TJA surfaces accumulate in the body (esp. the tissues
around the implant) over the time elapsing since surgery.
However, the levels of released metals were not extremely
high, compared with those found in studies of metal-on-
metal implants.
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Priloha ¢. 6

PREHLEDOVE CLANKY

Klinické aspekty dlouhodobé pritomnosti kloubni nahrady v lidském téle:
zatéz kovy

Clinical aspects of long-term presence of total joint arthroplasties in human
body: metal load

Martin Hobza, Jifi Gallo
Ortopedicka klinika, Lékarskd fakulta Univerzity Palackého v Olomouci a Fakultni nemocnice Olomouc, I. P. Pavlova 6, 779 00 Olomouc,
tel.: 588 443 607, e-mail: jiri.gallo@volny.cz

Souhrn:

V souvislosti s netispéchem TEP kycle typu kov-kov se oZivil zdjem o problematiku dlouhodobé akumulace kovili pochazejicich
z kloubni nahrady. Pfitom je znamo, Ze kovy se uvoliuji takeé z ostatnich typi kloubnich nahrad, zejména mechanismem koroze. Kovy
se dostavaji do vypotku a do tkani, pisobi cytotoxicky, mohou indukovat zmény DNA a stimulovat imunitni systém. Pravdépodobné
nejdiskutovanéjsim tématem v souvislosti s kovy je alergicka reakce a jeji podil na predéasném selhani implantatu. Pres veskery
vyzkum nepanuje v této otazce shoda. Nékteré vlivné odborné spolecnosti dokonce roli pozdni precitlivélosti na kovy marginalizuji
a pripousti pouze jako diagnézu per exclusionem. Obavy panuji také z dlouhodobé akumulace kovti v téle, zejména u mladych pacientd.
Nepodarilo se vsak prokazat ani genotoxicky, ani kancerogenni efekt. Nékteré experimentalni studie dokladaji, Ze by se kovy uvolnéné
z povrchu kloubni nahrady mohly pfipojit k ostatnim materialiim (polyetylen, kostni cement) pfi stimulaci nespecifické zanétlivé
odpovédi, ktera se podili na vzniku aseptického uvolnéni a periprotetické osteolyzy. V clanku jsou shrnuty soucasné pohledy na
problematiku pisobeni kovii na periprotetické tkané i disledky systémové zatéze.

Klicova slova: totalni endoprotéza, kovy, alergie, koroze, toxicita, karcinogeneze
Summary:

In the context of metal-on-metal hip replacement failure, concerns regarding long-term accumulation of metals originating from joint
replacement have been raised again. It is known at the same time that metals are released from other implant types as well, mainly by
corrosion. Metals are released into surrounding tissues and joint fluid, produce cytotoxicity, stimulate immune reaction and can induce
a DNA change. The most discussed topic regarding metals in joint arthroplasty probably is the allergic reaction and its contribution to
premature implant failure. There still is no consensus on this topic despite all the research that has been made. Some clinical societies
even marginalise the significance of late hypersensitivity and acknowledge the allergy only as a diagnosis of exclusion. So far, there is
no definite evidence for a genotoxic or carcinogenic effect. Some experimental studies suggest that released metals in addition to other
materials (polyethylene, bone cement) can take part in the innate immune response leading to periprosthetic osteolysis and aseptic
loosening. This article summarises current views on the metal load effect on periprosthetic tissues and systemic metal burden effects.

Key words: total joint replacement, metal, allergy, corrosion, toxicity, carcinogenesis
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Uvod

V soucasnosti nar(std pocet primdrnich
totdlnich endoprotéz (TEP) kycli a kolen.
Dlvody souvisi nejen s populacni dynamikou,
ale i s tim, Ze pro pokrocilé formy osteoartré-
zy stdle nemdme klinicky uZitecnou lécebnou
alternativu. Obecné se kloubni nahrada
sklada z téla, které byva obvykle vyrobeno
z kovové slitiny, a kloubniho povrchu, ktery
mze tvofit par kov-polyetylen, keramika-
-polyetylen, pfipadné keramika-keramika
(dfive se uvadél i kov-kov). Pres veskery
pokrok v metalurgii je zfejmé, Ze neexistuje

implantdt, ktery by do svého okoli neuvol-
rioval alesponn minimdlni mnozstvi kov,
z nich? je vyroben. Rada studif prokazuje
pfitomnost kovd uvolnénych z kloubnich
nahrad v periprotetickych tkanich a vypotku
(7, 32) a v nékterych pripadech i v mistech
od kloubu znaéné vzdélenych (28).
Kontinualni pfisun zejména tézkych kovl
mize v téle vyvolavat nezadouci Gcinky.
Protoze se na svété kazdy rok implantuje
nékolik milion endoprotéz kycli, kolen
a dalsich nahrad, jde nepochybné o poten-
cidlni populacni riziko. PFitom je zfejmé,

ze se jednotlivé kloubni ndhrady mezi
sebou budou navzdjem lisit také v parametru
Luvolnovani kovovych ¢astic ¢i iont(”. Ten
se ovsem neda vycist z registrd kloubnich
nahrad ani z klinickych studii hodnoticich
vysledky operace. Proto je nutné se poten-
cidlné Skodlivym dcinkim kovd uvolrfujicim
se z povrch(i endoprotéz vénovat.

Cilem nasSeho sdéleni je sumarizovat
aktudlni poznatky v této oblasti a nabidnout
ortopeddm uceleny pohled na problematiku,
které se bézné nevénuji, ktera vsak mlze
ovlivnit Zivot jejich pacientd.
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Slitina Ni N Co Cr Ti Mo Al Fe Mn (Cu |W C Si Vv

Nerez ocel

(ASTM F138) | 10,0-155 | <0,5 | 1 170- |t 20- |1t 61,0- |t | <05 | <20 <006 |[<10 |t

19,0 4,0 68,0

CoCrMo slitiny

(ASTMF75) | <2,0 t |61,0- [270- |t 45- |t <15 [<10 |t |t <035 |[<10 |t
66,0 30,0 7,0

(ASTMF90) |9,0-110 |t |460- |190- |t t t <30 [<25 |t |140- |<015 |<10 |t
51,0 20,0 16,0

Ti slitiny

CPTi (ASTM |t 1 t t 99,0 t 1 02- |t 1 1 <0,1 t t

F67) 05

Ti-6Al-4V t 1 t t 89,0- t 55- |t 1 1 1 <0,08 |t 3,5-4,5

(ASTM F136) 91,0 6,5

Tab. 1 Nejcastéji pouzivané slitiny v ortopedii a vahové zastoupeni jejich sloZek dle standardi American Society for Testing and Materials (ASTM vol. 13.01.) (30): Ni - nikl, N - dusik,
Co - kobalt, Cr - chrom, Ti - titan, Mo — molybden, Al - aluminium, Fe - Zelezo, Mn - mangan, Cu - méd; W — wolfram, C - uhlik, Si — kiemik, V - vanad; { predstavuje <0,05 %

Kovové biomaterialy pro endoprotetiku

Nejcastéji se setkame se tfemi skupinami
materiall: chirurgickd ocel (obvykle 316L,
vyrobeno dle standardu ASTM F138/F139),
chromkobaltovd slitina (CoCr) vcetné modifi-
kaci nebo Cisty titan (CP Ti, commercially pure
titanium) ¢i jeho slitiny s hlinikem, vanadem,
niobem a ostatnimi kovy. Cementované
implantaty jsou obvykle z CoCr slitiny, pfi-
padné z oceli, necementované bhyvaji obvykle
vyrobeny z titanu a jeho slitin. CoCr slitina
nabizi dobrou abrazivni odolnost a superhlad-
ky povrch, proto z ni byvaji vyrobeny hlavicky
pro TEP ky¢le anebo femoralni komponenty
TEP kolena (51). Naopak titan a jeho slitiny
vykazuji horsi tribologickou odolnost (58),
avsak poskytuji dobré podminky pro osteoin-
tegraci a majf elasticitu blizici se spongiézni
kosti (59).

Mechanismy degradace kovovych povrchil
in vivo

Dosud bylo popsano nékolik mechanism0
vedoucich k uvolnéni kovil ve formé nano-
éstic ¢i jontd z povrchu kovovych &asti
TEP, pficemz dominujici jsou koroze a otér
(14). In vivo je implantat obklopen tkanémi,
které spolu s tkanovym mokem mohou
plsobit jako elektrolyt. Ddle na povrch TEP
pfimo plsobi buriky imunitniho systému,
které jesté mohou ménit pH a tvofit volné
radikaly. To podporuje korozivni procesy,
kterymi jsou do okoli uvoliiovany kovové
ionty (21). Kromé uslechtilych kovl je
kazda slitina na povrchu pokryta vrstvickou
svych oxid( (tzv. pasivace), kterd ji chrani
pred dalsi korozi. Pasivaéni vrstva mlze byt
mechanicky poskozena, coz vede k obnazeni

povrchu a progresi koroze. Pravé rychlost
repasivace urcuje odolnost daného materidlu
vici korozi - titanové slitiny maji mnohem
rychlejsi repasivaci nez nerezavéjici ocel,
a jsou tedy mnohem odolnéjsi vaci korozi
(29). Dale dochazi k tvorbé kovovych mik-
rocastic cestou otéru v oblasti artikulaénich
povrch(. Tento jev je typicky zejména pro
endoprotézy typu kov-kov (MoM, metal-on-
-metal), avsak je prokdzén i u kombinace
kov-polyetylen (6). Tyto ¢éstice dosahuji
vétsinou velikosti do 0,05 pm, detaily jsou
popsany jinde (2). Zvlastnim pfipadem je
trunionéza, coz je soubéh mechanického
otéru a nékolika korozivnich mechanismd

v oblasti moduldrnich spoji typu kov-kov ¢i
kov-keramika, nejcastéji u TEP kycle (41).
Jednak zde dochazi k mikropohyblim v ob-
lasti spoje, coz abraduje povrch a rozrusuje
pasivacni vrstvu, jednak se implantat nachdzi
v hypoxickém prostredi, kde alterované pH
a lokaln{ elektrochemické rozdily podporuji
galvanickou korozi (9, 14).

Zakladni typy biologického plsobeni kovi
na jejich okoli

Prehled biologickych efektd kovl( na
bunécné drovni a relevantnich klinickych
projevil je popsan v obrazku 1. Kovové ¢dstice

UROVEN BUNECNA UROVEN : TKANOVA A ORGANOVA
i
1 .
! HYPOTROFIE & NEKROZA
:
N ~ 1
CYTOTOXICITA ! SYSTEMOVA TOXICITA
1
|
1
i GRANULACE
1
I
i I
: OSTEOLYZA
KOVOVE CASTICE |—»| ZANETLIVA REAKCE ||
1
1
ATONTY ! ALVAL & PSEUDOTUMOR
1
|
\ METALOZA
GENOTOXICITA :
1
1
! KARCINOGENEZE
1
HYPERSENZITIVITA |1
: ALERGICKA REAKCE
1
1

0Obr. 1 Biologické pisobent kovii na bunécné drovni a indukované klinické projevy
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a ionty mohou pdsobit cytotoxicky, indukovat
oxidativni stres, poskozovat DNA a vyvolavat
imunitni odpovéd (21). Uvolnéné ionty jsou
vazany na proteiny, s nimiz tvofi antigenni
komplex, ktery vyvolava imunitni odpovéd
na lokalni nebo i systémové drovni (19). Tato
imunitni reakce je jak specificka, zamérend
primo na antigen daného kovu, tak i nespe-
cificka, reagujici na kovové castice jako na
cizi téleso. Oba typy reakce na kovy se do jisté
miry podili na indukci periprotetické osteolyzy
(38). V souvislosti s lokalni reakci na kovy se
objevilo nékolik terminG: ARMD (Adverse
Reaction to Metal Debris), ktery vieobecné
pokryva celé spektrum vyse popsanych déj(,
a jeho podskupinou jsou ALTR (Adverse Local
Tissue Reaction), popisujici pouze lokdlni
reakci na kovy pritomné ve tkanich, a v této
skupiné je tradicné veden pseudotumor, osteo-
lyza s aseptickym uvolnénim a ALVAL (Aseptic
Lymphocyte-dominated Vasculitis-Associated
Lesion). Jednim z pfimych ndsledkd lokaln{ cy-
totoxicity kolem implantétu s pravdépodobnym
podilem hypersensitivity je nekréza (39).

Ostatni jevy jako systémova toxicita ¢i
genotoxicita jsou primym dlsledkem vyssi
systémové zdtéze a predevsim fyzikalné-
-chemického plsobeni tézkych kov(i na cilové
tkdné (14).

Alergie na kovy

Okolnosti a vyznam alergické reakce na
endoprotézu jsou recentnim tématem a jde
o stdle neuzavrenou oblast. Koncepce alergie
jako priciny predcasného selhani TEP ma sice
stdle fadu svych zastanc(, avsak vétsinové je
spise zpochybriovana pro nedostatek dikaz(i
a doloZeni jednoznacného patofyziologického
mechanismu (40).

Patofyziologie. Existuje totiz rozdil v pa-
tofyziologii kozni alergické reakce, ktera je
zprostiedkovdna Langerhansovymi burikami
jakozto koznimi antigen-prezentujicimi buri-
kami (APB), a v tkdriové reakci na antigenni
komplex kov-protein, kterou zprostredkovavaji
lokdlni APB (makrofagy, dendritické a epite-
loidni buriky) (53). Jednotlivé APB ndsledné
prezentuji antigen CD4+ T-lymfocytiim, které
spoustéji dalsi pribéh reakce (1). V tomto
pripadé jde o tzv. hypersensitivitu IV. typu.

Incidence. Ackoli je v bézné populaci po-
mérné vysokd prevalence kontaktni alergie na
kovy a dle epikutdnnich a sérologickych testd
se vyskytuje reakce na Ni v 13 %, Co ve 2 %
a Crv 1% populace (48), pocet prokdzanych
selhdni endoprotézy z dGvodu alergické reak-
ce je pomérné nizky a pricinnou souvislost je

stale velmi obtizné dokdzat (52). Po implan-
taci TEP byla pozorovana jak senzitizace na
dané kovy u stabilni a zejména u selhavajici
endoprotézy (18), tak i desenzitizace dle
pred- a pooperacnich koznich testd (47). Zde
opét narazime na vyznam alergie a rozdilnou
patofyziologii kozni a tkdriové reakce (53).

Symptomatologie. Klinicky se alergie mize
projevit jako lokalizovang, vzacnéji celotélova
vyrazka, porucha hojeni rany, setrvalé bolesti,
otok, synovialitida s recidivujicimi vypotky,
ztuhlost operovaného kloubu, nebo naopak
jeho nestabilita, pfipadné az uvolnéni TEP.
Tyto symptomy se vétSinou vyvinou béhem
prvniho roku po implantaci (37). Lokalizovand
vyrazka je Castéji popisovana u TEP kolene,
zatimco u TEP kycle nebyvd obvykla (1),
coz mlze byt vysvétleno hlubsim tkanovym
uloZenim.

Diagnostika. Protoze stdle nemdme
k dispozici diagnosticky test, ktery by umél
jednoznacné urcit, zda se jedna o alergickou
reakci, zUstava tato diagnéza postavena jako
per exclusionem, tzn. po vylouceni infekce,
aseptického uvolnéni a dalsich komplikaci
TEP (33). I dnes se mGzeme setkat s tim, Ze
k diagnostice je doporucovan epikutanni test,
ackoli se vi, Zze neni zpUsobily reflektovat
hlubokou tkanovou situaci kolem implantatu.
Presto byva soucasti klinickych doporuceni
(viz obr. 2), aviak pro zminénou diskrepanci
a nizkou senzitivitu i specificitu by nemél byt
pouzivan jako rutinni predoperacni metoda

Piedoperacné

(37). K dispozici mame dal$i imunologické
testy, jako je lymfocytarni transformacni test
(LTT), modifikovany lymfocytdrni stimulacni
test (mLST) nebo test na leukocytarni inhi-
bicni faktor (LIF) (16). LTT hodnoti miru pro-
liferace specifickych T-lymfocytd v reakci na
dany antigen, v tomto pfipadé kov, a ilustruje
tedy systémovou alergickou reakci. Ackoli
nabizi vyssi senzitivitu nez epikutanni testy,
nevykazuje dostatecnou specificitu a zadny
z téchto testl nen spolehlivy v predikci vzni-
ku alergické reakce po implantaci TEP (37).
Jedinym jasnym nélezem tedy z(istava Gleva
od potiZi po reimplantaci hypoalergenniho
implantatu, tedy ex post kritérium.

Terapie. Zfejma alergicka reakce po implan-
taci TEP je po peclivém zvazeni a vylouceni
ostatnich pficin selhani indikovana k reimplan-
taci hypoalergenniho implantdtu. Pacient by
mél byt soucasné informovdn o tom, zZe stéle
nemdme k dispozici ovéfené klinické doporuce-
ni k feseni této komplikace. Ve snaze vyhnout
se alergizujicim kov(m u TEP kycle volime jam-
ku a drik z titanové slitiny, hlavicku keramickou
nebo oxiniovou. U TEP kolene existuji rovnéz
revizni implantdty se specidlnimi bariérovymi
vrstvami z Ti, Nb, pfipadné dalSich kovi (1, 33).
V pripadé diagnostické nejistoty nebo pokud
nem(zeme provést reimplantaci, mizeme kozni
vyrazku |écit topickymi kortikosteroidy, které
jsou v nékterych pripadech efektivni (12).
Jedno ze schémat pro doporuceny postup je
popsano v obrazku 2.

|-*

Symptomy podezielé z
Pozitivni anamnéza alergie I alergic
na kovy I ¢
A 2/ Ne I Ostatni pficiny
vylouceny
Specialni laboratot _ I
_ Standardni implantat An
na detekei ,,hluboké . . I o Ne
(riziko alergic <0,1  jumm  w—
alergie” )
%) Uleva po Regeni ostatnich
konzervativni terapii piicin potizi
+ Ano‘/ Ne
A
Implantat Dalsi Specialni laboratof na

neobsahujici dany

alergen

sledovani

detekei , hluboké

alergie”

\_

/

Zlomenina:

Endoprotéza:

e  Zhojena: extrakce kovu

e Nezhojena: ponechat nebo provést
reosteosyntézu s nealergizujicim
implantatem

e Revize za hypoalergenni TEP

Poudeni pacienta a
rozhodnuti o revizi
dle laboratorniho
nalezu a po dohodé s

pacientem

QObr. 2 Algoritmus resent alergie na kovy v ortopedii volné dle Christensena (26). TEP - totdlni endoprotéza
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Koncentrace chloridu daného kovu potrebna k vyvolani toxicity (mM)
Test Al Cr Co Fe | Mo | Ni v
Osteoblast
Viabilita 5 >10 1 0,3 7 05 0,05
Proliferace 10 10 1 5 10 1,0 01
Morfologie 10 10 05 10 10 0,5 01
Prdmér + SD 83+29 10+0 08+03 51+4,9 90+1,7 0,7+03 01+01
Fibroblast
Viabilita 2 10 2 1 10 2 1
Proliferace 50 10 0,01 10 10 2 0,05
Morfologie 5 5 05 5 1 05 0,05
Prdmér + SD 19+26 83+29 08+10 53+4,5 7+£52 15+09 03+05

Tab. 2 Stanoveni koncentrace chloridu daného kovu potrebné k vyvoldni toxicity s kritériem 50% poklesu viability nebo proliferace danych buneék dle Hallaba, zkrdceno (20)

U pacientl s predoperacné prokdzanou
alergii na kovy obsazené vimplantatu (zvlasté
pokud uz probéhla alergicka reakce na jiném
kloubu) bychom méli automaticky indikovat
Jhypoalergenni” implantaty.

Podil kov(i na periprotetické osteolyze

Periproteticka osteolyza (PPOL) je chdpana
jako disledek chronické zanétlivé reakce in-
dukované mikro- a nanoprodukty vznikajicimi
pfi pouzivani TEP kycle a kolena. Nejvice se
sice piSe o otérovych Césticich polyetylenu,
avsak je nepochybné, Ze urcitou roli hraji
i kovy (11, 17). PPOL mize vzniknout kolem
vsech typl kloubnich nahrad, vcetné paru
keramika-keramika, i kdyz v porovnani s ostat-
nimi pary velmi vzdcné (38).

V pripadé PPOL pUsobi kovy pres aktivaci
RANK-ligandu (po predchozim zvysen{ exprese
TNF-, IL-6 a PGE2). Jejim prostrednictvim je
v periprotetické kostni multiceluldrni jednotce
naru$ena rovnovaha mezi osteoblasty a osteo-
klasty ve prospéch kost resorbujicich osteoklas-
th. U iontd Co, Cr a Mo je popsdna i aktivace
inflammasomil (38). Kovy také zhorsuji kostni
metabolismus — nejtoxictéji na osteoblasty
plsobi V, Mn, Fe a Ni, naopak nejméné toxické
jsou pro né Co a Cr (22). Cytotoxicky potencial
jednotlivych kovi je uveden v tabulce 2. V rdm-
ci snahy o konzervativni terapii osteolyzy byla
Etanercept (anti-TNF protildtka) (54), ¢i RANKL
inhibitor (50), avsak zatim jedinou efektivni
metodou z(istdva revize a reimplantace uvol-
néné endoprotézy.

Metaloza
Termin metaléza je pouze popisny
a oznacuje Siroké spektrum zabarveni peri-

y Foe?
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0Obr. 3 Peroperacni vzorky z revize TEP kycle pro aseptické uvolnéni jamky. Masivni otér polyetylenové vlozky, kdy doslo

ke kontaktu hlavicky s kovovou jamkou. Granulace odebrané z okoli jamky s masivni metalézou

protetické tkané od jemné Sedi az po jasné
cernou ¢i Sedocernou, ¢asto rozbredlou tkan.
Zdrojem metaldzy mlze byt povrchova koroze,
véetné Stérbinové koroze a otér. Nejvyraznéji
a nejcastéji se vsak objevuje pfi proslapani ci
fraktufe nékteré z artikulacnich komponent,
jak je uvedeno na obrazku 3. Obrovské mnoz-
stvi kovu indukuje reakci IV. typu a makrofagy
se preménuji v mnohojaderné Langhansovy
bunky a tvofi granulace. Metaléza se mize
klinicky projevit bolestmi, nékdy dokonce
i s tmavou pigmentaci kiize kolem postize-
ného kloubu (46), v pokrocilych pfipadech
s tvorbou pseudotumoru. U téchto pacientl
bychom méli monitorovat sérové hladiny
relevantnich kov( z ddvodu jejich rizika
intoxikace a protézu véas revidovat (15).

ALVAL a pseudotumory
Tyto jednotky jsou klasicky popisovany
u MoM endoprotéz, aviak mohou se vyskytnout
i u ostatnich artikulacnich parG. Typicky jsou
spojeny s bolestivymi projevy kolem TEP (45).
ALVAL popisuje periprotetickou zdnétlivou

reakci podobnou hypersenzitivni reakci IV.
typu probihajici kolem MoM implantatu (31).
Histologicky je charakterizovdna difuzni pe-
rivaskuldrni lymfocytarni infiltraci, doprova-
zenou plasmatickymi burikami, eozinofilnimi
granulomy, venulami s vysokym endotelem,
krvacenim, fibrinovou exsudaci, nekrézou
a makrofagy s kapkovitymi inkluzemi (57).

Pseudotumor je rozsahly cysticky Gtvar,
majici podobny imunologicky podklad jako
ALVAL, avsak s vyraznéjsim tkariovym obje-
mem, vétsi lymfocytarni infiltraci a nekrézou.
Kromé bolesti se mdze projevit hmatnou
rezistenci napriklad v tfisle, parézou nervu ¢i
spontanni luxaci kloubu (14).

Incidence. Incidence pseudotumor( u MoM
implantat( je uddvana 0,3 %. U ALVAL a/nebo
pseudotumor( se odhaduje na 0,6 % (56).

Diagnostika. Pri diagnostice ALTR bychom
vzdy méli nejdfive vyloucit komplikace, jako
jsou infekce, luxace, periproteticka zlomenina,
patologie svalovych dpond ¢i aseptické uvol-
néni. Zaciname klinickym a RTG vysetrenim,
standardné provadime krevni testy (krevni ob-
raz, CRP, IL-6). U pacient( s vys$si predtesto-
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vou pravdépodobnosti infekce (pfi pozitivité
testd prvni linie) je indikovdna punkce (nékdy
k ni pfistupujeme bez ohledu na vysledky
predchozich test(). V aspirdtu stanovujeme
pocet leukocytd a jejich rozpocet, déle pro-
vadime biochemické vysetreni. Rutinné kovy
v séru a vypotku nestanovujeme.

V souvislosti s MoM nahradami je dlilezité si
pripomenout, Ze hodnoty CRP a sedimentace
erytrocytd zde byvaji méné specifické, protoze
mohou byt zvysené jak u infekce, tak i u ALTR.
Rovnéz automaticka cytologie z punktatu
mdZe mit u MoM zkreslené hodnoty v celkovém
poctu leukocyt i v podilu polymorfonukleard,
proto je vhodné&j$i manualni odecet (9). Ze
zobrazovacich metod je pro reakci typu ALTR
za zlaty standard povazovana magnetickd
rezonance s tzv. MARS sekvenci (Metal Artifact
Reduction Sequence), kterd zvlddne zobrazit
i periprotetické tkané jinak zakryté artefakty
implantdtu (10, 36). Toto vy3etfent viak zatim
neni vzhledem ke své nakladnosti a horsi
dostupnosti pouzitelné pro rutinni screening.
Proto bylo navrzeno ultrazvukové vysetreni
jako levnéjsi screeningova metoda se 100%
sensitivitou zachytu pseudotumord (13).

Terapie. Symptomaticky pseudotumor ¢i
ALVAL jsou indikaci k revizi TEP a exstirpaci
pseudotumoru, v pripadé MoM s vyménou za
jiny artikulacni par (23).

Systémova toxicita

U pacientd se selhdvajici (ale i dobfe
fungujici!) endoprotézou m(lizeme najit
zvysené sérové hladiny kovl, z nichz je
protéza vyrobena. Tyto se ndsledné aku-
muluji zejména v myokardu, ledvinach,
jatrech, sleziné a v lymfatickych uzlindch
(22). Vysoké sérové hladiny kovil najdeme
typicky u selhdvajici MoM endoprotézy, avsak
paradoxné jesté vyssi hladiny byly popsany po
revizi selhané keramické endoprotézy s pou-
zitim kovové hlavicky (3), kde byl jeji otér
akcelerovan zbylymi keramickymi casticemi
rozptylenymi v reoperovaném kloubu (44).
Za systémovou toxicitu je nejvice zodpovédny
kobalt, konkrétné jeho dvojmocny iont (Co?)
(35). Naopak titanové slitiny jsou velmi malo
toxické a indukuji pouze mirnou zanétlivou
odpovéd (14). Mechanismus toxicity kobaltu
je slozity a vysvétluje se indukci tvorby
volnych radikald, peroxidaci lipidd, poruchou
mitochondrialni funkce, poruchou homeosta-
zy vapniku a Zeleza, interakci s erytropoézou,
poruchou transportu jodu do Stitné zlazy
a genotoxicitou (43). Klinicky se tedy intoxi-
kace projevuje kardiomyopatii, hypotyredzni
strumou, neurotoxicitou s poruchou sluchu,

zraku a poruchami centralni a periferni ner-
vové soustavy (4). Jsou popsdny jednotlivé
pripady kobaltem indukované polycytémie
a vzacné i hepatotoxicita (25). Sérové kon-
centrace kobaltu jsou v bézné populaci do
0,6 pg/l, u vétsiny pacientd s dobre fungujici
MoM endoprotézou v rozsahu 0,2 az 10 ug/L.
Prahem pro lokdlni komplikace (viz ARMD)
je dle rliznych zdrojl 4 az 7 pg/l a rizikové
hladiny pro intoxikaci zacinaji nad 20
pg/l. Zda se vsak, ze tato hodnota neni pro
klinickou praxi uzitecnd a klinické relevance
toxicity dosahuji az mnohem vy3si hladiny
(35). Proto je doporuceno klinicky sledovat
pacienty s hladinami nad 100 pg/l (43) a pFi
projevech intoxikace, které jsou zpocatku
reverzibilni, vcas protézu revidovat. Je
nutno podotknout, Ze systémovd intoxikace
kovy z totdlni endoprotézy je velmi vzacnym
jevem, proto se nedoporucuje jeji plosné
vyhledavani. Do roku 2014 bylo v systematic-
kém prehledu studii popsano pouze 8 pripadd
(3). U pacientd s rizikovym implantatem ¢i
rizikovou anamnézou je vsak odbér krve na
stanoven{ kovli z kloubnich nahrad indikovan.

Riziko karcinogeneze

Céstice a ionty Cr, Co, Ti, Ala V indukuji in
vitro tvorbu volnych radikald, které poskozuji
vlakna DNA a zpdsobuji mutace, aneuploidii
a chromozomalni aberace v zdvislosti na
jejich koncentraci (5). Povaha iontd chromu
zavisi na jejich valenci: korozivnimi procesy
se z implantdtu uvoliuje Sestimocny chrom,
ktery je klasifikovan jako karcinogen skupiny
1 dle IARC (International Agency for Research
on Cancer) a zplisobuje karcinom plic, avsak
je rychle v erytrocytech redukovan na chrom
tfimocny, ktery je méné skodlivy (49, 14).
Systematické prehledy klinickych studif (55)
ani data z ortopedickych registr(i (27, 42) ne-
prokazuji celkové zvysené riziko karcinogene-
ze u konvencnich endoprotéz z CoCr ¢i Ti slitin
s kloubnim parem kov-polyetylen, keramika-
-polyetylen, keramika-keramika. Avsak pri
identifikaci jednotlivych diagnéz bylo v jedné
z metaanalyz nalezeno vy3si riziko karcinomu
prostaty a maligniho melanomu (Standardized
Incidence Ratio (SIR) 1,12 resp. 1,43 s 95%
CI; 1,08-1,16 resp. 1,13-1,79) (42).

Data pro MoM endoprotézy jsou ponékud
odlisna v zavislosti na zdroji. Britsky a finsky
registr kloubnich nahrad u téchto implantatd
celkové zvysené riziko karcinogeneze ne-
prokazuji (24, 8). Nékteré studie vyssi riziko
v porovndni s konvencnimi endoprotézami ale
pripousti, Levasic¢ v kohortové studii nalezl
vy$siincidenci karcinomu prostaty u pacientt

s MoM endoprotézou (SIR = 1,35), stejné jako
u necementovanych implantdtd (SIR = 1,40)
a endoprotéz s Ti slitinou (SIR = 1,41) (34).
Z uvedeného tedy vyplyva, Ze endoprotézy
nejsou spjaty se zvysenym celkovym rizikem
karcinogeneze, ale existuje mirné vyssi riziko
karcinomu prostaty, zejména u MoM endopro-
téz, kterym je vhodné se vyhnout mimo jiné
také z tohoto dlvodu.

a

Zavér

Kovové implantdty jsou a jesté néjakou
dobu budou zdkladnimi materidly v endo-
protetice kycli a kolen. Pokud se nepouzije
implantdt s kloubnim parem kov-kov, je riziko
zavaznych, kovy indukovanych nezadoucich
udélosti pomérné vzacné. Pfesto je nutné na
tuto moznost v klinické praxi myslet a v pfipa-
dé podezreni na zavazné poskozeni kovového
povrchu je spravné vcas indikovat odbér krve
na jednotlivé kovy obsazené v implantatech.
Velmi nizké koncentrace uvoliujici se do
periprotetického prostoru mohou vyvolat
a udrzovat chronicky periproteticky zanét,
nékdy s projevy mirné ALTR. Podstatné je, ze
pri téchto nizkych koncentracich je prakticky
zcela mozné vyloucit kancerogenni efekt
a systémovou toxicitu. Diskuze vedou o aler-
gizujicim dcinku kovl uvolnénych z kloubni
nahrady.

) Studie byla podporena z prostfedki MZ
CR - RVO (FNOL, 00098892); LF_2019_001.
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The number of lymphocytes increases in the periprosthetic tissues with
increasing time of implant service in non-metal-on-metal total joint
arthroplasties: A role of metallic byproducts?

Martin Hobza?, David Milde®, Zuzana Slobodova¢, Jiri Gallo®

Background. The objective of the study was to determine the association between periprosthetic concentrations of
selected metals and changes induced in periprosthetic tissues (PT).

Methods. PT from 24 patients with a metal-on-polyethylene or ceramic-on-polyethylene total joint replacements
(TJRs) were examined. Samples underwent histological examination including quantification of cellular populations.
Determination of metals was performed according to the published methodology. Results were processed using cor-
relation analysis and Principal Component Analysis (PCA), respectively.

Results. Growing concentration of metals in the PT was found as a function of length of exposure (LoE). Differences
inTi, Co, Cr and V concentrations (per a = 0.05) depended on the type of alloy the implants were made from. On the
contrary, the implant composition did not reflect in the different numbers of immune cells per 1 high power field,
not even in distribution of the membrane type according to the Krenn classification. PCA revealed several clusters in
dependence on the LoE, type of the membrane and presence of immune cells. High representation of lymphocytes
in the PT was typical for clusters with the longest LoE while a higher representation of neutrophils was typical for a
shorter time to reoperation.

Conclusions. Correlation between the LoE and concentrations of metals in its surroundings was demonstrated.
However, the tissue image analysis cannot differentiate finer, potentially metal-induced tissue changes. Importantly,
the tissues become more similar with an increasing LoE. We draw a conclusion about predominantly non-specific
stimulation of the PT jointly by metal and polyethylene particles in non-metal-on-metal TJRs.

Key words: total joint replacement, aseptic loosening, metal debris, adverse local tissue response, Krenn
classification; lymphocytes
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BACKGROUND

Osteoarthritis of the hip and knee is the most frequent
joint disease in adults that can substantially deteriorate
the patient’s locomotion, independence and self-sufficien-
cy and quality of life. Total hip and knee arthroplasties
(THA, TKA) are the accepted standard for treatment
of end-stage hip and knee diseases. These implants are
designed for long-term use in the human body'. There
is strong evidence confirming eligibility of total joint ar-
throplasty in both the localisations to achieve and main-
tain long-term results>3. On the other hand, it is clear
that these interventions have limited survivorship?. The
reasons for their failure differ at least in part for both ana-
tomical locations. However, the main long-lasting problem
is aseptic loosening which means a complete loss of con-
nection between the implant and bone bed®. This is a con-
sequence of long-term maladaptation of the implant-bone

interface to chronic inflammation induced by prosthetic
byproducts released from THA/TKA in combination with
continual mechanical load®’.

A number of studies demonstrate that the surrounding
tissues response to prosthetic byproducts by inflammation
of low intensity®. This subsequently results in accumula-
tion of stimulated osteoclasts at the border between the
bone and implant. A vast body of evidence shows that
polyethylene micro- and nanoparticles are the main induc-
tors of debris-induced inflammation®. Recently, an atten-
tion has been drawn to metallic byproducts, particularly
in relation to premature failure of metal-on-metal (MoM)
prostheses’. Metals are released from all metallic implants
by the mechanism of corrosion or tribocorrosion”!,
Several studies reported concentrations of selected met-
als in the periprosthetic tissues, joint fluid, or peripheral
blood range!>"®. The character of the tissue response to
the presence of metals has been also studied'®!®. New
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terms, such as adverse local tissue reactions or adverse
reactions to metal debris, have been introduced for more
exact communication of the pathologist with an orthopae-
dic surgeon'®?°. Hypersensitivity to metallic byproducts
has been also examined in association with premature
failure of THA or TKA (ref.?!).

Importantly, it is assumed that non-MoM THAs and
TKAs, i.e. metal-on-polyethylene (MoP), ceramic-on-
polyethylene (CoP), or ceramic-on-ceramic (CoC), are
exposed to a load of metals too. The objective of this
study was to examine tissue samples from adjacent places
simultaneously for metallic content (i.e. concentration of
metals/1 g of the tissue) as well as for the histopathologi-
cal changes in non-MoM prostheses. We assumed that the
structure of the periprosthetic membranes as well as rep-
resentation of particular immune cells in this membrane
would change in reoperated patients with a different time
elapsed from the primary surgery and/or metallic load.
This analysis should provide a further piece of evidence
on the long-term behaviour of metallic implants inside
human bodies.

MATERIAL AND METHODS

Patients

Between April 2018 and April 2019 81 patients under-
went reoperations of THA or TKA (58 THAs, 23 TKAs)
at our department. Of these 24 were included into the
study. Patients were divided into a subgroup with an im-
plant from a cobalt-chromium (Co-Cr) alloy (n = 11) and
subgroup with an implant containing titanium or its alloy
(n = 13). The subgroup of patients with total joint arthro-
plasty containing Ti was reoperated after 13.5 years on
average with a range from 0.1 to 22.8 years, whereas the
subgroup of patients with total joint arthroplasty without
Ti was reoperated after 7.8 years on average with a range
of from 2.1 to 23.4 years. Periprosthetic tissues were col-
lected from a previously specified collection site during
revision THA (n = 16; 6 males and 10 females) and TKA
(n = 8; 4 males and 4 females). Patient characteristics are
shown in Table 1. Tissue collection was performed by the
same surgeon (JG).

Written informed consent about the use of peripros-
thetic tissues for the purpose of this study was obtained
from each subject prior to inclusion in the study. The
Ethics Committee for the Faculty of Medicine and
Dentistry, Palacky University Olomouc and the University
Hospital Olomouc approved the study in accordance with
the Helsinki Declaration (Ministry of Health, VES16-
31852A).

Sample collection

Tissue samples of 24 patients were collected immedi-
ately after opening of the joint from the internal surface of
the pseudocapsule. A superficial layer of pseudosynovial
tissue on an area of approximately 1 x 2 cm was taken for
histological examination. A similarly large sample was col-
lected from the vicinity of the previous sample for later de-
termination of concentration of selected metals. The first

sample was fixed with 10% formalin immediately after
collection and was subsequently sent for histopathological
examination. The second collection was deeply frozen.

Histopathological examination

The samples were oriented, additionally cut and pro-
cessed using a standard histological technique with em-
bedding to paraffin blocks after macroscopic assessment
at the Institute of Clinical and Molecular Pathology. Two
to three representative blocks were selected from each
sample after primary hematoxylin - eosin staining and
immunohistochemical methods were applied to prepared
sections with a thickness of 3 to 4 um.

Polyclonal antibodies Polyclonal Rabbit Anti-Human
CD117 (DAKO, polyclone, c-kit synonym, tyrosine kinase
receptor) and Monoclonal Mouse Anti-Human Mast Cell
Tryptase (DAKO, clone AA1), which represents the en-
zymatic equipment of all human mastocytes, were used
for purposes of the immunohistochemical examination.

Monoclonal Mouse Anti-Human CDla (DAKO,
clone 010) and Polyclonal Rabbit Anti-S100 (DAKO,
polyclone) antibodies were used for detection of dendritic
cells. CD1a are among MHC class I-related superficial
glycoproteins, and they indicate immature dendritic and
Langerhans cells and cortical lymphocytes with various
intensity. S100 protein indicates Langerhans and dendritic
cells, but also adipocytes, chondrocytes, melanocytes and
glial cells of the neural tissue.

Monoclonal Mouse Anti-Human CD3 (DAKO, clone
F7.2.38) antibody was used for detection of T lymphocy-
tes and monoclonal Mouse Anti-Human CD20 (DAKO,
clone L26) was used for detection of B lymphocytes.
Histiocytes were detected with Mouse Anti-Human CD68
(DAKO, clone PG-M1) antibody.

Immunohistochemistry was performed using an op-
timised protocol in the Ventana Benchmark XT auto-
mated system during final brown staining of the nuclei/
cytoplasm and/or membrane of positive cells.

Histopathological evaluation

All preparations were evaluated in an optical micro-
scope Olympus BX45 during 20x - 400x magnification
(Objective UPLFFLN40X - UIS2, UPlanFLN, 40x/0,75,
00/0,17/FN26.5). Quantification of particular cellular
types expressed by a specific antigen was formulated by an
absolute count in 20 fields at 400x magnification (HPF).
Determination of the membrane type was performed ac-
cording to the classification of Krenn et al.?

Determination of metals

The determination of Co, Cr, Ti and V in tissue sam-
ples was carried out by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) after microwave digestion with
a mixture of HNO, and H,0,. The detailed measurement
procedure including sample pretreatment and measures
taken to assure quality of results is described in detail in
our previous study'?
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Fig. 1. Pseudosynovial membrane around CoCr implants.

A. Type I membrane according to Krenn and Morawietz - early reaction: Inflammatory infiltration creates a narrow
rim of lymphocytes in perivascular localisation with a minimal count of lymphocytes between histiocytes. The figure
contains histiocytes and perivascular lymphocytes, giant cells are not present. Wear particles are minimally present, they
can be found in superficial areas of the sample. B. Type I membrane according to Krenn and Morawietz - late reaction:
Inflammatory infiltration is extensive here, dominated by histiocytes and giant cells. In addition to the perivascular
area, lymphocytes are present diffusely among histiocytes. Wear material is abundant in all the parts of the sample.
Pictograms:

+ histiocytes, <~ blood vessels, « lymphocytes, <= giant cells, A necrosis

Fig. 2. Pseudosynovial membrane around Ti implants.

A. Type I membrane according to Krenn and Morawietz - early reaction: The inflammatory infiltrate creates a well-defined rim
of histiocytes with addition of giant cells and lymphocytes in the perivascular area with sparse lymphocytes between histiocytes.
Wear material is less prominent and mostly situated in superficial areas. B. Type I membrane according to Krenn and Morawietz
- late reaction: Extensive inflammatory reaction dominated by histiocytes and giant cells. Lymphocytes are more present in deeper
parts of the sample comparing to the perivascular area and they become more dispersed among histiocytes. Wear material is richly
present in all the parts of the sample. Necrosis is found in the upper right corner.

Pictograms:

<+ histiocytes, <+ blood vessels, «= lymphocytes, <= giant cells, A necrosis

Statistical analysis multivariate dataset, an advanced statistical technique
For statistical data treatment, the following soft- (i.e., PCA) was applied to examine the true relationships

ware packages were used: NCSS 2007 (NCSS, LLC, among our data.

USA) where the Mann-Whitney test was evaluated, and

QC.Expert 3.2 (Trilobyte Ltd., Czech Republic) where

correlation analysis and principal component analy-

sis (PCA) were elaborated. Considering that we had a
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Fig. 3. Immunohistochemical staining of CD3+ T lymphocytes in the membrane.

A. CoCr implant - early revision: Lymphocytes are mainly in the perivascular area; B. CoCr implant - late revision:
Lymphocytes are present not only in the perivascular area, in addition they are dispersed among histiocytes. C. Ti
implant - early revision: Lymphocytes in the perivascular area with a small amount of lymphocytes between histocytes.
D. Ti implant - late revision: The superficial area contains small amount of lymphocytes among histocytes. Inserted
figure displays a deeper area, where the lymphocytes are more frequent with a disperse infiltration among histiocytes,
conversely, they are less present in the perivascular area.

RESULTS

Histopathological examination results

Results of the histological examination, i.e. determina-
tion of the membrane type according to Krenn et al.?? and
frequency of particular cellular populations per 1 HPF are
reported in Table 2.

A non-parametric test (Mann-Whitney, a = 0.05) con-
firmed that there was no statistically significant difference
in the levels of histiocytes, dendritic cells, T lymphocytes,
mastocytes, neutrophils or membrane type between both
the basic subgroups. Thus, no differences were confirmed
among the observed histological parameters and reported
subgroups, which leads to a conclusion that the analysis
of clear histological parameters does not reveal significant
differences between the subgroups of patients with the
titanium and non-titanium implants. Other histological
parameters were not subject to the statistical test due to
predominance of zero levels.

However, the morphological image of both the groups
is changing with the duration of implantation. The extent
and intensity of inflammatory infiltration was lower in
both the groups during a short period from implantation
and gradually increased with a growing period from im-
plantation (Fig. 1 and 2). Necrosis occurs more frequently
together with an increasing extent of the inflammatory
response. Histiocytes form narrow rims below the syno-
vial cover at first, then with the extending interval from
implantation they form lamellar to nodular infiltrations.
The number of giant cells rises as well as the content of
foreign material, which shows its highest volume in the
area of contact with the implant. The number of lympho-
cytes and their distribution also change in time (Fig. 3).
Infiltrations are only perivascular and in the vicinity of the
surface at first. With a growing period from implantation,
higher migration of lymphocytes is seen from perivascu-
lar localisations to the areas of inflammatory infiltration.
These changes are more expressed in the group with Ti
total joint arthroplasty (Fig. 3C and D).
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Determination of the metal levels in periprosthetic
tissues

Results of a sample analysis for the presence of met-
als (Ti, V, Co and Cr) in the layer most adjacent to total
joint arthroplasty are reported in Table 3. With statistical
testing of consistency we evaluated the differences among
the levels of metals in patients, who had total joint arthro-
plasty in the evaluated joint from a titanium alloy, and
in patients with total joint arthroplasty with no Ti. The
non-parametric Mann-Whitney test confirmed the differ-
ences in Ti, Co, Cr and V (per o = 0.05). Difference in
the levels of titanium explains why we performed dividing
into two groups, separately for the following correlation
and PCA analysis.

Correlation analyses

For evaluation of relations among particular metals
(groups of metals) and histological findings, or for evalu-
ation of relation between the time between primary and
revision surgery (“length of exposure”; LoE) and concen-
trations of metals, we used a correlation analysis using the
Pearson correlation coefficient and testing of its statistical
significance (o = 0.05).

Testing within the group with implants without Ti:

Statistically significant correlation (for o = 0.05) be-
tween the length of exposure and Cr level (r = 0.727)
and further between the Co and Cr levels (r = 0.772) was
demonstrated. Correlation between Co and Cr is easily
explainable, since both the metals can be found in total
joint arthroplasty. Correlation between the LoE and Cr
level is also easily explainable - the longer the implant is
in the body, the more metal is released to the surrounding
tissue. Co-Cr implants have a small layer of Cr,O, on their
surface, therefore correlation between LoE and Cr level,
not the Co level, was confirmed.

Testing within the group with Ti implants:

Statistically significant correlations (for o = 0.05) be-
tween the LoE and Ti concentration (r = 0.577), LoE
and V concentration (r = 0.560) and for Ti and V (r =
0.714), respectively, were demonstrated. Both metals can
be found in titanium total joint arthroplasties and it is
a fact - as in total joint arthroplasties from a CoCrMo
alloy - that Ti and V concentrations in the surrounding
periprosthetic tissue are growing with the LoE.

Table 3. Metal concentrations in periprosthetic tissues.

Patient number Endoprosthesis Years of implant Ti \'% Cr Co

alloy type in situ (mg/kg) (mg/kg) (mg/kg) (mg/kg)

1 CoCr 2.1 0.35 0.02 24.59 6.50
2 CoCr 4.1 0.69 0.04 7.72 0.03
3 CoCr 14.7 0.53 0.01 3.46 0.83
4 CoCr 23.4 6.07 0.31 386.48 24.99
5 CoCr 0.3 2.26 0.04 4.45 1.19
6 CoCr 2.4 2.83 0.01 0.56 0.02
7 CoCr 7.6 2.20 0.01 6.67 6.60
8 CoCr 15.6 20.24 0.85 24.48 34.14
9 CoCr 11.2 2.69 0.01 9.53 14.50
10 CoCr 2.1 0.37 0.03 7.06 0.06
11 CoCr 2.7 30.81 1.28 6.77 0.92
12 Ti 2.6 34.88 0.64 4.69 3.09
13 Ti 22.7 3492.69 215.89 37.40 43.23
14 Ti 9.3 8.94 0.04 169.19 279.57
15 Ti 16.3 8.14 0.05 24.81 8.37
16 Ti 2.3 2.22 0.02 1.86 0.03
17 Ti 0.1 2.27 0.04 7.29 5.79
18 Ti 16.2 29.42 0.02 0.80 0.02
19 Ti 22.8 11.38 0.25 5.72 8.54
20 Ti 21.5 87.11 0.16 162.29 18.37
21 Ti 5.2 5.11 0.01 4.59 6.73
22 Ti 21.9 239.09 11.30 2.76 0.09
23 Ti 13.5 17.99 0.08 39.65 68.66
24 Ti 20.5 12.95 0.01 0.59 0.03
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Fig. 4. PCA analysis biplot for the CoCr implant group (n = 11). The first and second main com-
ponents explain 61.9 % of variability presented in the data. The largest influence is given by the
length of exposition, which can be identified as the main component (x axis); PCA - Principal

Component Analysis; n - number.
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Fig. 5. PCA analysis biplot for the Ti implant group (n = 12). The first and second main components
explain 61.1 % of variability presented in the data. The largest influence is given by the length of
exposition, which can be identified as the main component (x axis); PCA - Principal Component

Analysis; n - number.

Principle component analysis

We mapped each group separately with regard to a
small number of subjects and variability in the findings
between the titanium (n = 12; one patient with a very
short period of implant survival of 0.1 year was excluded
from the PCA analysis, since he did not fall to any cluster;
“there was no time for metals to be released into the sur-
rounding area”) and cobalt-chromium (n = 11 patients)
implants. The following variables were included to the
PCA: LoE, dendritic cells, T lymphocytes, mastocytes,
eosinophils, neutrophils, membrane type and metals (4.A:
Co and Cr; 4.B: Co, Cr, Ti, V). We identified several sub-

groups (cluster) in both the groups in dependence on
the LoE.

PCA analysis for the group with implants without Ti
(Co and Cr included in the PCA from metals):

PCA could determine several clusters, which differed
in the LoE, type of the membrane and presence of im-
mune cells. Results are shown in Fig. 4 and tell us: i)
short LoE, type IV membrane and higher presence of
neutrophils were determining for the first aggregation;
ii) moderate LoE (2.1-2.7 years) was determining for the
second cluster; membrane type was not determining, as
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well as any of evaluated cellular populations; iii) the lon-
gest LoE (5 and more years), high Co-Cr concentrations
were determining for the third cluster, membrane type
was not determining, T lymphocytes were predominant
among cells.

Group with titanium implants
(Ti, Vincluded in the PCA from metals):

Also in this group the PCA could determine several
clusters, which differed in the LoE, type of the membrane
and presence of immune cells. Results are shown in Fig.
5:1) short exposure, type IV membrane, low levels of met-
als and zero dendritic cells were determining for the first
cluster; ii) moderate to longer exposure and lower levels
of metals were determining for the second cluster; on the
contrary, no membrane type, not even any of evaluated
cellular populations were determining; iii) long period
of exposure, high levels of released metals in the tissues
and high T lymphocyte levels were determining for the
third cluster.

DISCUSSION

In this paper we evaluated the histological type of the
periprosthetic membrane including representation of im-
mune cells in relation to tissue concentrations of metals
released from the MoP or CoP total joint arthroplasty. We
found out that time that elapsed from the index surgery
(LoE) is the main determining factor. With its growing
length, the concentrations of metals originating from
the implant increase. Growing T lymphocyte frequency
or changing type of their distribution corresponded to
high concentrations of metals in the tissues and can be
therefore associated with late failure. On the contrary, the
membrane type according to Krenn was not determining
from the perspective of detected metal concentrations.

It has been previously demonstrated that joint arthro-
plasties from metallic alloys are not inert, and the sur-
rounding tissues response to released metallic particles
and ions by an inflammatory reaction?. This response
may result in failure of MoM implants® and it probably
even contributes to failure of MoP implants®. According
to our best knowledge a relation between the concentra-
tion of metals in periprosthetic tissues and the type of tis-
sue response in the MoP and CoP total joint arthroplasty
has not yet been published in the literature. Relations
of the histological finding with tissue metals have been
reported in more details in MoM THA, where multiva-
lent results have been published - on one hand, an un-
specified immune response with plenty of macrophages
in correlation with high tissue concentration of metals
and lymphocytic infiltration in the tissues associated with
low concentration of metals were demonstrated?. On the
other hand, Lohmann found an opposite relation, thus
low concentrations of metals with macrophage infiltra-
tion and high tissue concentrations of metals associated
with lymphocytic infiltration, which is more consistent
with our results’. No clear correlation in dependence on

concentration of metals has been found in a recent study
comparing the histopathological finding in relation to
concentrations of metals in MoM total joint arthroplas-
ties and resurfacing®. Growing concentration of metals
released in periprosthetic tissues with increasing length of
implant service has been found in both the groups of our
patients, which is in agreement with our previous work'2.
We did not measure the serum levels of metals, since no
correlation between the tissue and serum levels, not even
their significance for failure of total joint arthroplasty

were demonstrated'>", Increased levels of Cr and Co were
found in some of the samples from the Ti group, this is
given by the use of a CoCr head. Fretting corrosion at the
trunnion may be the source of these metals here?’. On the
contrary, low levels of V (and as well Nb - unpublished
data) in this group are given by their low percentage rep-
resentation in the alloy.

Tissue response to the presence of the implant and its
byproducts is gradually becoming unanimous after longer
exposition and takes a quite uniform character. Except for
the period of membrane formation and maturation, when
higher neutrophil concentration was present, the mem-
brane type according to Krenn?? did not determine its host
into one of the studied groups according to metal type and
tissue metal contents respectively. There are at least two
possible explanations. The first one is related to an unspe-
cific response to the presence of prosthetic byproducts,
from which only a part is formed by metals. The second
explanation could be associated with relative insensitivity
of the classification according to Krenn to the presence
of different types of byproducts (their concentrations)
in the tissues. This classification was originally designed
for differentiation of basic peri-implant pathologies®. In
its reviewed version??, it contains even an algorithm for
assessment of particles (according to material, size and
quantity), which should induce tissue changes. However,
based on it, the response to abrasion should include the
abrasion-induced type of membrane, membrane of the
combined type, and also membrane of the fibrous type?®>.
Since there is a certain discrepancy in this area and not
even our study could differentiate tissue changes more
finely in dependence on concentrations of metals, repli-
cation studies should be performed at different sites by
experienced pathologists.

Metal debris is not considered as the main initiator
of the inflammatory tissue response to prosthetic pres-
ence, but there is a stronger pathophysiologic connection
to T lymphocytes when compared with the reaction to
polyethylene particles as a foreign body. A non-specific
foreign body reaction primarily includes macrophages,
giant cells, fibroblasts and occasional lymphocytes and
small calibre blood vessels, whereas in type IV reaction
a main role is played by T lymphocytes in sustaining the
chronic inflammatory reaction®®. Higher frequency of
T lymphocytes was present in our study in the tissues
around titanium and also non-titanium non-MoM THAs
and TKAs. A high number of T lymphocytes in peripros-
thetic tissues rising with time point out to an increasing
contribution of specific immune response (delayed-type
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IV reactions) (ref.*"?) as well as the development of toler-
ance®?, apparently in dependence on increasing concentra-
tion of metals.

Importantly, the activation of T lymphocytes during
an immune response triggers a series of events/pathways
leading together to a reaction to stimuli. However, their
role is strictly integrated to a particular situation in the
tissue they work in*. In later revisions (i.e. with longer
LoE) we observed both a higher count of T lymphocytes
and change of their distribution in the area of inflamma-
tion. Higher accumulation of lymphocytes was already
previously reported in the tissues around MoM THA
(ref.3%), where the levels of metals are significantly much
higher than in case of MoP or CoP bearing pairs. In fact,
higher frequency of T lymphocytes is not only a domain
of MoM pairs, it was also observed in the tissues around
MoP total joint arthroplasties***’. Modular connections,
where fretting corrosion develops, are the main source of
metallic particles and ions in non-MoM total joint arthro-
plasties™®. A higher presence of CD4+ T lymphocytes was
seen in dual modular neck hip prostheses®. Despite the
fact that the way how metallic particles and ions stimulate
the immune apparatus of the host was described?#%#, it is
not clear if this is a way common for all metals and what
is the threshold amount of metals, which may induce this
“specific” response. The gap in our understanding of bio-
tribocorrosion may be filled in the future for example by
new tests allowing simultaneous assessment of tribocor-
rosion in the presence of cells and tissues*.

Our study is limited by a low number of cases from
two different localities and heterogeneous metal composi-
tion of implants, which is further decreasing the provided
sample size for each group. On the other hand, a variety
of environments for adverse reaction to metals has been
a subject of the study. We collected the samples in a stan-
dard way, but in a relatively low volume of the peripros-
thetic tissue, therefore, we cannot rule out that we would
come to different findings at another collecting site. We
studied this option in the previous paper and we drew a
conclusion that variability in the tissue response in one
host is relatively low*’. A certain bias may have devel-
oped even by the fact that the implants from the Ti group
had CoCr heads, which resulted in “admixture” of these
metals in the final analysed material. On the contrary, it
is less probable that concentrations of metals in a mem-
brane tightly adjacent to the implant could affect serum
concentrations of metals from other anatomical areas,
particularly if we take into account the fact that in the
previous study we demonstrated minimal serum concen-
trations of metals in those, who had MoP, CoP, or CoC
joint pairs, and no association between serum and tissue
concentration'?. During the tissue analysis, we were un-
able to control the effect of the following variables in the
tissue reaction: i) chronic mechanic stresses (including
hydromechanics of fluids), developing during each step;
ii) ageing of the periprosthetic tissues and implant-bone
connections; and iii) polyethylene debris. This provides
opportunity for future research, where a reaction to PE
debris is directly compared to reaction to metals given

10

as a function of their respective concentration, ideally
including a cytokine profile study in the same localities.

CONCLUSIONS

Current research shows that the use of TKA and THA
is associated with continual release of polyethylene par-
ticles and even metals, which significantly contributes to
the periprosthetic tissue reaction. We also start to un-
derstand more exactly the relation between the immune
apparatus and prosthetic byproducts, which stimulate
the sensors of innate and adaptive immunity. As a result,
pathological debris-induced inflammation subsequently
develops in some patients. This paper confirms the ability
of tissues to accumulate released metals from THA and
TKA and change their character in relation to the length
of exposure regardless of whether the implant is of cobalt-
chromium or titanium alloy. T lymphocytes play a special
role; their incidence grows in relation to concentration
of metals and length of the implant in sifu regardless of
material composition of total joint arthroplasty. In con-
trast, variability in concentration of metals is apparently
not reflected in frequency of other types of immune cells
(histiocytes, dendritic cells, mastocytes, eosinophils and
neutrophils). Classification of periprosthetic membranes
cannot predict concentrations of metals in these tissues.
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