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Yeaxcaemsie konnezau!

IpencraBisieM BallieMy BHMMaHWUIO OUepeIHO ClTelaIbHbI HoMep kypHasa «[ennit optronemum». CTaTbit aBTOPOB 13
PasIMYHbBIX CTPaH U YUPEKIEHWII, OTOOpaHHbIe [IsT STOTO HOMepa, 06beVHsIeT OueHb BaskHast Tema. OHM MOCBSIIEHbI pas-
JIMYHBIM aCITEKTaM PasBUTHS OTPAC/IM GMOAKTUBHBIX MMIUIAHTATOB ¥ YIIPABJIEHYS GMOIOTMYeCKMMM POLIeCCaMy B OPTOITe-
Iy, DTO HallpaBJIeHMe Ceiuac akKTMBHO Pa3BMBAIOT YUEHbIE U MCCIeOBaTeNM BCeX CTpaH Mupa. He oTcraert, a B Kakux-To
acrieKkTax ¥ MpeBOCXOANT UX, U Poccust. YHUBEPCUTETDI, MHCTUTYThI, MEOVIIMHCKME Y HAYYHO-UCCIIENOBATEbCKIE [IEHTPBI
00BeqVHSIOT YCUMS AJ1s1 GOPMMUPOBAHYS OT€UeCTBEHHOTO PhIHKA BHICOKOTEXHOIOTMYHBIX MEIMUIIMHCKIX U3IEITHIA.

B Homepe mpepncrasiienbl cratbu aBTOpoB M3 Poccun, Cepbun, @pannum, [ennapun, CILIA, Benrpun, Uupumn,
MHOTMe€ U3 KOTOPbIX MOATOTOBJIEHbI B COABTOPCTBE C Koyiieramu u3 LlenTpa VMinusaposa.

CraTby IPEACTABIISIOT KaK TEOPETUUECKIE U IKCTIEPUMEHTATbHbIE Pa3pabOTKM, TaK M OPUTMHAJIbHBIE MCCIeOBAHMS
MO TIPAKTUUYECKOMY MPYMEHEHIMIO MTHHOBALMOHHBIX TEXHOJIOTUI M 0630pbI JIMTEPATYPhI IO mpobieMe. [IpumedaTesbHO,
uyTto 13 13 cTaTei HoMepa ceMb paboT MOCBSIIEHBI MCCIeIOBaHNIO 6110pPe30pOMPyeMbIX MATEPUAJIOB 1 MMITJIAHTATOB, BOC-
TpebGOBaHHBIX cOBpeMeHHOV MenuiHou. Tak [Tbep Jlackom6, ITbep JKypHo, [I.A. TTONKOB MpeACcTaBisiOT COOCTBEHHbIN
OIBIT MPUMeEHEHMSI pe30pOoUPyeMbIX MMIUIAHTATOB B JETCKOM OPTONeNMY 1 TPaBMaTo/IOr1K. bblio mpoomepupoBaHo 7 fe-
Tel C TepeoMaMy JJIMHHBIX TPyGUaThIX KOCTEN C MCIOIb30BaHMeM pe3opbupyemMbix BUHTOB (ActivaScrew™). B 6iu-
SKaJIIIeM MO C/IeonepayioHHOM Tepuofie HY B OMHOM CJTyuae He ObLTM OGHAPYKEeHbI M3OBITOUHBIN OTEK, TUTIEPEMUST MU
MHAas TIAaTOJIOTMYECKast peakiys CO CTOPOHBI MITKMX TKaHel. Bo Bcex cirydasx 60y1€BOV CMHAPOM MCUE€3aJl K CEAbMOMY
MOCJIEOTIEPALIMOHHOMY JTHIO. BoCCTaHOB/IEHME OMOPOCTIOCOOHOCTM, BOSMOKHOCTY TIOTHOIEHHO Harpy3Ky Ha Onepu-
POBaHHYIO KOHEYHOCTb, OOBIYHOM (P13MUECKOl aKTMBHOCTM OTMEUYEHO B CTaHIapPTHbIE IJIS TaKMX TOBPEXKIEHUN CPOKM.
ABTOpBI 3aKJIIOUAIOT, YTO OCHOBHBIMM ITOKa3aHMSIMM JJ1sI IPUMeHeHMsI pe30pOMpyeMbIX MMIUIAHTATOB Y JIeTeil OCTal0TCsI
TePesIOMbI ¥ OCTEOTOMMM, KOTOpbIe HEOGXOAUMO (GUKCHPOBATh BUHTAMM, a Pa3BUTHME TIPOU3BOACTBA TUIACTUH U J1aCTUY-
HBIX BUHTOB 13 Pe30pOMPYEMBIX MaTePUAIOB PACIIVMPUT MOKA3aHMS K X MTPUMEHEHMIO.

Astopsl 3 Benrpun (Gerg6 Jozsa, Tamas Kassai, Marcell Varga) mensitcst pesysibraTramMmy IpUMeEHEHUST pe3opoupye-
MBbIX 3JITACTUYHBIX MHTPAMEAYJISIPHBIX CTePsKHEel MpY MepesioMe KOCTel Mpearvieubs y 4 manyeHToB. KocTHoe cpaieHe
6€e3 BTOPMYHbBIX CMEIIIEeHWIT, aHaTOMIUeCckoe U (hyHKIMOHAIbHOEe BOCCTAHOBJIEHE 6bIIM KOHCTATUPOBaHbI uepes 5-7 me-
CsiLieB MOCJIe olepanyy B KaKIOM ciiydae. Y TBEPKAAeTcs, UYTO pe3opOupyeMblii MaTepuas sl OCTeOCHHTe3a obecre-
YMBaeT HaZeXXHYIO CTabMIbHOCTb M aHAJIOTMYHbIE Pe3y/IbTaThl KaK NPy MPUMEHEeHU) MeTa/UTMYecKux crepskHein. Oue-
BUIHOE MPEUMYIIECTBO Pe30POMPYyeMbIX MMITJIAHTATOB OOBSICHSIETCSI OTCYTCTBMEM HEOOXOMMMOCTHM UX yaaneHus. Takske
MCKJIIOYEHA UPPUTALIMS MATKMX TKAHEH BBICTOSIIIMM KOHIIOM CTEP’KHSI, TaK KaK IO TEXHOJIOTMY OH CPe3aeTcsl Ha YPOBHE
koctu. TakuM 06pasoM, XMPYPruyeckoe jeueHyue mepesioMOB KOCTeN MpeAIvieubs ¢ MCIIOIb30BaHMEM Pe30POMPYyeMbIX
MMILJIAHTATOB SIBJISIETCSI 0OOCHOBAHHOM a/IbTePHATUMBHONM MeTa/UTMueCKUM MHTPAMeLy/UIIPHBIM CTEPSKHSIM.

Pesysnbrarel yIjMHeHsI TOJIEHN C TIOMOILIBIO MHTPaMeAy/ULIPHOTO AerpafypyeMoro MMITIaHTaTa MpeiCcTaBIeHbl aBTOpaMu
u3 Kyprana (A.B. ITonkos, E.C. Top6au, Y.®. Mamenos, P.B. CtenaHoB). BriepBbie B KIIMHUUECKOV TMPAKTUKE TIPEICTABIEH
CJTyYaii OrepaTMBHOTO YIIMHEHYS TojieHu anmaparoM Mimsaposa y manyeHTky 10 JieT, korga /1 CTUMYIISIIM PerapaTuBHOM
pereHepaliyy 6oOJIbIIEOEPIIOBOI KOCTU MCIIOIb30BaIM MHTPaMENY/UIIPHbIN JerpaaypyeMblii MUMIUIAHTAT U3 TOIMKAIIPOIaKTO-
Ha (PCL), HachIIeHHOTO ryapokcuanaruToM. [Ipomecc ymmMHeHnsT ToJIeH! COITPOBOSKAAIICS BhIpasKeHHbIM (hOpMMUpOBaHMEM
KOCTHOM «MY®TbI» BOKPYT MMIUIAHTaTa, KOTOpAs HETIOCPeICTBEHHO OblIa CBsI3aHa C SHOOCTOM O0JIblie6epIioBoit KOCTH. Vc-
TIO/Tb3yeMbIi MMIUIAHTaT He YCTYTaeT MO XapaKTePUCTUKAM TUTaHOBBIM CITMIAM, TOKPBITHIM IYIPOKCHAMIATATOM, TT0 CTENeHM
OCTEOMHIYKIIMM 1 He TpeGyeT IIOBTOPHOTO XMPYPriuueCckoro BMeIIaTeIbCTBa [IjIs YaaIeHsl.

ITpumMeHeHNe GMOAKTUBHBIX GMOMErPagVpPyeMbIX MMIUIAHTATOB M3 TOJIMKAMIPOJIAKTOHA JIJIST JIEYeHMST OCTEOXOH/Ipasib-
HbIX JedeKkToB ocBellieHo B mybsmkaimmu A.B. TTonkosa ¢ coast. Crienmanucramu LienTpa MmsapoBa MpoBeneHo CpaBHM-
TeJIbHOe MCCIenoBanye 76 KpbIC HMM Buctap, pasneneHHbIX Ha 2 TPYIIIbI, Y KOTOPbIX MOAEIMPOBAIN KOCTHO-XPSIIIIEBOI
nedeKT MenuaJIbHOTO MbIIENKa 6eapeHHON KOoCcT. B ombiTHOM rpytime nedeKT 3amelan 61opasiaraeMoil 6M0aKTUBHOM
MeMOpaHON 13 MOAMKANPOIAKTOHA C TMIPOKCUANATUTOM. B KOHTPOIbHOM IpyIiNie CMOLeIMPOBaHHbIN AedeKT He 3amellia-
Ju. Pe3ynbTarhl ObUIM OLIEHEHbI B TeUeHYe rofa KIMHNUYEeCKMMI, aHaTOMIUYEeCKYMM, TUCTOIOTMYeCKUMIA, G1IOMEeXaHNUeCKI-
MM ¥ CTATUCTUUECKUMU MeTomaMu. [lyara3oH ABVKEHWI B KOJIEHHOM CYCTaBe Y JKMBOTHBIX OIBITHOV TPYIITIBI Ha BCEX 3Ta-
rax 3KCIEePUMEHTA ObIT CYILIECTBEHHO JIyUIlle, UeM B KOHTposIe. MiMItaHTaT 06ecreunBas 1eJIOCTHOCTb M KOHTPYSHTHOCTD
cycraBHOM moBepxHOCTH. Ha 180-e cyTKu Ha MecTe 3aMelleHHOrO MMILIAaHTaToM JedeKkTa HabsIomaaM HOBOOOpa3soBaH-
HbII YYaCTOK CYCTaBHOM TMOBEPXHOCTY OPTaHOTUIIMUECKOTO CTPOEHMSI C BOCTIOHEHMEM CYOXOHIPaabHOM KOCTU KOCTHOM
TKaHbIO, @ CYCTaBHOM MOBEPXHOCTU — XPSILEBOM TKaHbIO. ABTOPBI 3aK/IIOYAIOT, YTO OGMOMErpagupyeMblii MMILIAHTAT U3
TO/IMKAITPOIAKTOHA, MMITPErHUPOBAHHbBIN YaCTUIIAMM TUIPOKCHAaTHTa, dbbeKTUBEH [JIs 3a5KUBJIEHNST KOCTHO-XPSIIIEBBIX
nedeKToB.

DKCcrepyMeHTaIbHble paboThl MO M3TOTOBJIEHMIO GMOPe30pOUpPYEeMbIX MMIUIAHTATOB M MCCJIENOBAHUIO UMX CBOMCTB
MIpeICTaB/IeHbl TPEeMS ITyOIMKALMSIMMA.

Yyenble 13 TOMCKOTO TOIUTEXHUUECKOTO YHUBepcuTera ¢ coaBropamu (KypraH) mpemjiokuian crocob HaHeceHMst
IUAPOKCHUANATUTA Ha MMOBEPXHOCTb TPEXMepHbIX cKaddONIoB U3 €-TIONMKANIPOIAKTOHA METOLOM OOpabOTKM B CMecu
«XOPOIINII/TIOX0V» pacTBOpuUTesb. [IpenioskeHHbIN crtoco6 06paboTKy 06eceurBaeT paBHOMEPHOE MOKPHITHE CJI0EM
YaCTUII TUIPOKCUATIATATA BHEIITHEN M BHYTPEHHEN MOBEPXHOCTeN ckabdoIaoB U3 MOMIMKAIPOIAKTOHA, M3TOTOBIEHHBIX
MeTtomoM 3D-TieuaTn, C COXpaHEHMEM UX MTOPUCTON CTPYKTYPbI. Hanmume 6M0akTMBHOTO CJIOS Ha TOBEPXHOCTHM TIOTIMMEp-
HbIX G1ope3opOupyeMbIx ckaddomoB CTOCOOHO PaCIIMPUTb MX NIPMMEHEHNE B KJIMHUUECKOM MPAKTUKE JIJIT XUPYPri-
YEeCKOTO JIeyeHMsI KOCTHBIX 1e(eKTOB.

M.B. Croros c coaBropamu (Kypran, Tomck) nmpenctaBmim pe3yabTaTbl U3yUeHMs] CKOPOCTHU Jerpajalumuy MaTepuasa
cocrasa nomwiaktun, (PLLA)/rugpokcuanatur (HA) B 3aBUCMMOCTM OT KPUCTAUTMYHOCTY CTPYKTYPbI nosmmepa. Vc-
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cJieloBaHMe MOKAa3ajio, YTo CcTerneHb KpucraumuHoctu PLLA Biausisia Ha KMHETUKY BbICBOOOKAeHMss HA 3 o6pasiios
uccyienyeMbix mMarepuanoB. C MOBBIIIEHNEM KPUCTA/UIMUHOCTU PAcTeT CKOpocTh ruaposin3a HA. Takoe HabiopeHue
MOXKHO OOBSICHUTb TEM, UTO TOJMMEp B KPUCTA/UTMUYEeCcKoy (ase MomBeprajcs TMAPOaU3y OGbIcTpee, ueM B aMOP(MHOIA.
ABTOpBI MTOKa3bIBAIOT, YTO M3MeHeHMe comepykanusi HA u crenenn kpucrasummyHocty PLLA mo3BosisieT perynupoBaTh
GHMoJIOrMYecKMe XapakKTepucTuky Marepuaios cocrasa PLLA/HA.

WccnenoBanme in vitro 6akTepUIMAHON aKTMBHOCTM MMIUIAHTATOB, M3TOTOBJEHHBIX 13 GMOpa3iaraeMoro Marepuasa
(TIONTMKAIMPOJIAKTOHA), MTPOMUTAHHOTO TUIPOKCUATIATUTOM ¥ aHTUOMOTUKOM, SIBJISETCSI TEMOM CJIeMYIOLIEN MyOaMKanymn
(I.A. TTonikoBa ¢ coaBTopamu, Tomck, MockBa). ABTOPbI MPOAEMOHCTPUPOBAJIN, UTO MMOPUCTbIE MMIUIAHTAThI, U3TOTOB-
nennble 13 PCL 1 nponuTaHHbie aHTUOMOTUKOM, 00JIaIAl0T BhIPAXKEHHOM aHTUMMMUKPOOHOM aKTMBHOCTHIO B OTHOILIEHUY
HamboJsIee pacpoOCTPaHEHHbBIX IPAMOTPUIIATEbHBIX M I'PAMITOJIOKATETBHBIX GAKTEPUIA, BHI3BIBAIOIIX IHOWHbIE OCJIOK-
HEHUS B XMPYPruuecKoi mpakTuke. HAaHOCTPYKTYpMPOBaHHBIN TMIPOKCUATIATUT HA TIOBEPXHOCTY UMITJIAHTATA HE CHMKA-
eT GaKTEePUIIMIHYIO aKTUBHOCTD. [1pe/IyioskeHHbIE MMILJIAHTAThI OYAYT CIIOCOOCTBOBATh CTUMYJISILIMM PEreHepanyy KOCTU
¥ OMHOBPEMEHHO 06ecrieunBaTh aHTUMUKPOOHDIN 3(DPEKT.

Bosnbl110i1 MHTepec mpefcTaBiseT ONBIT IPUMeHeH)s MUHOMBUYaabHbIX MMIUIaHTaToB. Tak A.A. Kopbsitku 1 B.B. I1aB-
Ji0B ¢ coaBTopamy (HoBOCHMOUPCKMIT HAYYHO-MCCIIEN0BATEIbCKUI MHCTATYT TPaBMaTOIOT U oproneny um. S1.J1. Lu-
BbsiHa, HOBOCMOUPCK) B 9KCIIEPUMEHTAX in Vitro ¥ KIMHUYECKUX UCCIETOBAHMSIX U3YUWIIM GUOJIOTUYECKYIO (huKcalmio
VHIOVBUAYATbHBIX MMIUIAHTATOB MPY 3aMeIeHNM MMOCTTPaBMaTMIecKux nedopmainii BepTTysKHOM BIaAMHbI. Pesynbra-
ThI KCIIEPMMEHTA 10 M3YUYEHMIO MPOHMKHOBEHMS JKUBbIX (pMOPOO6IACTOB B MOPUCTYIO CTPYKTYPY MMIUIAHTATOB C pas-
JIMYHBIM pa3MepoM IOp MOKa3ai, YTO METaJUIOKOHCTPYKIMK ¢ pasmepoMm rop 400-499 MKM MOSKHO BBIZIEIUTH U3 BCEX
OCTaJIbHBIX, TIOCKOJIBKY INPU JAHHOM pasMepe MOp MPOHMKHOBEHME KUBbIX (GUOPOOIACTOB B CTPYKTYPY IMOBEPXHOCTU
MMILJIaHTaTa Haubosibiiiee. 3aMellieHye neheKTOB KOCTHOV TKaHM B OGJIACTY BEPTIY>KHON BIAAVHbBI C MCIOIb30BaHMEM
VHIVBUAYATbHBIX VMIUIAHTATOB, VIMEIOIIMX TTOBEPXHOCTb B BUIE CETUATOM MOPUCTON CTPYKTYphl (400-499 mkm), mo-
KasaJio HaJin4uKe MpU3HAKOB OMOJIOrnueckoy GuKcaliym B OKpPYsKalollel MHAVBUAYaJIbHbIM UMILJIAHTAT KOCTHOWM TKaHU
y TPYIIIBI UCCIENyeMbIX CITyCTs 12 MecsieB.

Borpockl HOBBIX CIOCOGOB JiIeUeHUsT MPeACTaBIEHbI B KypHasie yeTbipbMs myoymkaimsvu. C.C. JIeoHUyK ¢ coaBTO-
pom u3 ViHauu nipefcTaB/sieT IMTEPATyPHbI 0030p U KIMHUYECKMIA CJTydall HOBOTO XMPYPIUMUECKOTroO TMOAXOAa JIEUeHUST
aHeBpuU3MasibHOM KocTHOM KucThl (AKK) MenmanbHOM KIMHOBUIHONM KOCTHU. 47-eTHel keHIiyHe ¢ 10-MecsuHO 1CTOo-
pueit 60y 1 OTeKa B MPaBO¥i CTOIE OblIa BITOJHEHA 6JI0KOBast pe3eKiys (MOJTHOe yhajaeHe 0CTaTKa MeIuaabHO KITu-
HOBUAHOWM KOCTH), nedeKT ObUT 3aMellleH TPAHCIUIAHTATOM U3 MajoOepIioBOi KOCTHM MPAaBOii TOJIEHN, a aJIJIOTPAHCIIAH-
tar ("Bio-Ost"®) ykiampiBajics BAOIb ayTOTpaHCIUIaHTaTa. IloceonepanyioHHbli TePUOf, MpoTeKaa 6e3 OCIOKHEHMI
C TIOJTHBIM 3aKMBJIEHMEM KOCTHOTO nedekra 6e3 permausa uyepes 12 mecsieB Habmonenus. Ouenka 1o mkaie AOFAS
3HAYUTETHbHO YBEJIMUMIIACH C 34 6aJIIOB 0 omnepaimu a0 92 6a/u1oB Ha KOHTPOJIBHOM ocMOTpe uepe3 1 roa. Ha ocHoBa-
HUM CBO€J paboThI aBTOPBI 3aK/IIOYAIOT, UTO MpPUMEHeHe KOMOMHAIMY BHellHel Gukcaiyy mo Vam3apoBy 1 KOCTHOM
TIACTUKY TIO3BOJIMIIO CO3/IATh GIarONpysITHbIE YCJIOBUS IS 3a5KMBJIeHMsI KOCTHOTO AedekTa crombl pu AKK 6e3 ocioxk-
HEHUI, COXPAaHUTh MALMEHTY MOABMUKHOCTb M PAHHIOIO OCEBYIO HArpy3KYy.

[IprMeHeHre KOMOMHMPOBAHHOTO OCTEOCHMHTE3a TP JiedeHuM auadusapHbIX MePeIOMOB OGOJIbIIEGEPIIOBOV KOCTU
paccmoTpeHo B craThe A.B. ITonkosa ¢ coaBTopamu (Kypras), B KOTOpo# TpoBefieHa orieHKa 3(QGEKTUBHOCTM COUETaHMSI
YPEeCKOCTHOTO OCTEOCHHTE3a C MHTPaMeIy/UISIPHbIM apMIPOBaHMEM 3JIaCTUUHBIMM TUTAHOBBIMIM CTEPSKHSIMM, TIOKPBITHI-
vu rugpokeuanatutom (HA-cTepskHsIMM), IPY JIEUEHMI TIepeIOMOB IJIMHHBIX TpyGUaThix KocTel. [TokasaHo, uTo mpe-
VMMYIIIeCTBa KOMOMHMPOBAHHOTO METOMA CIIOCOOCTBYIOT COKPAIIIEHUIO BpeMeH) TIPOBeIeHNsI HAPYKHOTO OCTEOCUHTE3a,
YMEHBIIIEHNIO KOJIMYECTBA CIUIl M CTEP)KHEN-IITYPYIIOB B amnmapaTre Hapy>KHOM (ukcanyu, CTUMYJISIIUU 0O6pa30BaHMUs
KOCTHOV MO30JIU ¥ MPeLyIPEsKASHNIO BTOPUUHBIX CMEILeHMI KOCTHBIX (parMeHTOB.

MuHK-0630p COBpEMEHHBIX KOHIIEMIIUI MEXaHNUECKMUX CITOCOO0B CTUMYIISIIIY AVCTPAKIMOHHOTO pereHepara mnpem-
craBieH A. Uepkammubim (Texas Scottish Rite Hospital for Children). ITpensiaraercst onpenesnsiTe 0OCeBYIO JMHAMU3ALIMIO
KaK BO3MOYXKHOCTb 06GeCIeueHst 0CeBOJ Harpy3Ky Ha KOCTHbBIV pereHepaT ¢ MUHMMAaJIbHBIM CMEIeHVEM T10 IMPUHE UIU
usrubaronMu ycumsmu. OceBast AMHAMM3AIVSI MOSKET OCYILECTBIISITHCS Uepe3 HEMOCPENCTBEHHYIO CTUMYJISIIIMIO pere-
Hepara OCeBbIMM IMKJINYECKUMIM Harpy3KamMy M UCKITIOUEHMEM U3TMOAIOIIMX 1 CMEIIAIOIINX YCYITMIA. ABTOD 3aK/TIOUaeT,
YTO OCEeBasi [MHAMM3alMst BMECTE C APYTYMMU HEMHBA3VBHBIMU METOAAMIM MEXaHUUECKOV CTUMYJISIIIAMA AVCTPAKLMOHHOTO
pereHepara J0/DKHA CTaTh 0OS13aTeIbHBIM 3JIEMEHTOM TIPU YIJMHEHUY KOHEYHOCTEIA.

A.B. TTonkos u [I.A. ITorikoB B cBoeM 0630pe Ompeneviv HOBble HallpaBAeHUs B U3yUYEeHUM, U3TOTOBJIEHUN U KJU-
HIYECKOM TTPUMEHEHMM 6MOaKTUBHBIX MMIUIAHTATOB, ITPYMEHSIEMbIX IO MIOKAa3aHMSIM, CXOIHBIM C ayTOMMIUIaHTaMM. AB-
TOPBI 3aKJFOYAIOT, UTO OCHOBHBIMM COBPEMEHHBIMM TPEHIAMU B GUOMHKEHEPUM OPTOTIEAVM SIBJISTIOTCS 3D-MMITIaHTHI,
obecreuynBarolye JeTepMUHUPOBAHHYIO KJIIETOUHYIO MUTpaIuio, TTpondepalinio 1 auddepeHIpoBKY U COXpaHSIOIIe
Ha TMPOTSKEHMM TPeOyeMOoro BpeMeH! JOCTAaTOUYHYI0 MEXaHUYECKYIO ITPOYHOCTh CBOel cTpyKTypbl. CoueTaHne Guome-
rpaipyeMbIX UMIUIAHTOB C MMIIPErHalueil MX KOCTHbIM MOP(OreHeTHUeCKUM OeJTIKOM CTUMYJIMPYET pereHepanuio pe-
KOHCTpyupyemoit Koctu. [IporpamMmMupyemast 1 KOHTpoMpyemasi pe30opOIus MMIIJIAHTAaTOB B COYETAHUM C 3aMelleHNEM
MX HOBOJM KOCTHOJ TKaHBIO SIBJITETCSI OCHOBHBIM BEKTOPOM Pa3BUTHS MHIKEHEPUHTA KOCTHOM TKaHM.

YBepeHbl, UTO AaHHBIM TeMaTUUeCKUII HOMep OyIeT MHTEPEeCEH U MoJie3eH CHelMaUCTaM U TIOMOKET SKCIePTHOMY
COOOIIECTBY HE TOJBKO TTO3HAKOMUTBCS C aKTyaJIbHBIM COCTOSTHMEM HaIpaBJieHys], HO ¥ HAMETUTb NePCIEeKTUBHbIE AJIs
OYIyIIero COTPYIHUYECTBA ITPOEKTHI.

[TpusaTHOrO U MOJIE3HOTO UTEHNs !

Ipogeccop PAH, unen-xopp. @panyysckoii Akademuu meduyunckux Hayk ITonkoe /I.A.
Kandudam ¢usuko-mamemamuueckux nayx Teepdoxnebog C.H.
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Solvent/non-solvent treatment as a method for surface coating of poly(c-caprolactone)
3D-printed scaffolds with hydroxyapatite
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Abstract

Introduction Over the last decades numerous new materials and techniques for bone tissue engineering have been developed. The use of bioresorbable
polymeric scaffolds is one of the most promising techniques for surgical management of bone defects. However, the lack of bioactive properties
of biodegradable polymers restricts the area of their application for bone tissue engineering. The aim of study was to apply solvent/non-solvent treatment
to coat the surface of 3D-printed bioresorbable poly(g-caprolactone) scaffolds with bioactive hydroxyapatite particles and report on the physicochemical
properties of the resulting materials. Material and Methods In the present study, biomimetic poly(e-caprolactone) scaffolds were 3D-printed
via fused deposition modeling technology and their surface was treated with the solvent/non-solvent method for coating with bioactive particles
of hydroxyapatite. Results It has been found that treatment in the mixture of toluene and ethanol is suitable for the coating of poly(e-caprolactone)
scaffolds with hydroxyapatite. The scaffolds maintain porous structure after treatment while hydroxyapatite particles form homogeneous coating.
The amount of hydroxyapatite on the treated scaffolds was 5.7 = 0.8 wt. %. Discussion The proposed method ensures a homogeneous coating
of outer and inner surfaces of the poly(g-caprolactone) scaffolds with hydroxyapatite without a significant impact on the structure of a scaffold.
Fourier-transform infrared spectroscopy confirmed that the solvent/non-solvent treatment has no effect on the chemical structure of PCL scaffolds.
Conclusion Coating of biomimetic 3D-printed PCL scaffolds with bioactive hydroxyapatite by the solvent/non-solvent treatment has been successfully
carried out. Upon coating, scaffolds retained their shape and interconnected porous structure and adsorbed hydroxyapatite particles that were uniformly
distributed on the surface of the scaffold.

Keywords: bone tissue engineering, scaffolds, polycaprolactone, hydroxyapatite
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AnHomauyus

BBenenne. 3a nocienHue OecITUIETVsE ObLIO TPENJIOKEHO MHOKECTBO HOBBIX MaT€PUAJIOB M TEXHOJIOTMI IJIS1 MHXKEHepUU KOCTHOI TKaHu. Cpeny
MePCIeKTUBHBIX MaTePUaioB MOXKHO OTMETUTB IOJIMMepHbIe 610pe30p6upyemble ckaddOop! 1151 XMPYPruvecKoro JeyeHyst KOCTHbIX Je(eKTOB, OHAKO
OTCYTCTBME GMOAKTMBHBIX CBOVICTB OTPAHNUMBAET UX IPUMEHEHME B K/MHIUeckoi nnpaktuke. lens. IIpumenenne 06paboTky moBepxXHOCTH cKab oo
M3 TIOJIMKAIPOIAKTOHA CMEChI0 «XOPOLIMII/TIIIOX0M» PacTBOPUTENIb B KaueCTBe METOAA 3aKperyIeHys Ha MOBepPXHOCTU cKaddonmoB 6MOaKTHBHBIX
YyacTUI| 'MIPOKCUANIATUTA U MCCIiefoBaHne HUBUKO-XUMUUECKUX CBOUCTB ckabdonos. Marepuansl u Meroabl. B pabore merogom 3D-meuatyt 6butn
M3rOTOBJIEHBI GromMyMeTnueckue ckaddonap n3 nommkamnponaktoHa. Craddonabr 66U 06pabOTaHbI B CMECH «XOPOLIMI/IUIOXOM» PacTBOPUTEID,
YTO MO3BOJIMJIO 3aKPEIUTh Ha TIOBepXHOCTU cKabdoIIoB yacTuipl rugpokcuanarura. PesyabraTel. Bbuio mokasaHo, yTo 06paboTka CMeChIO TOTyosIa
M 9TaHOJIA MIPUBOSUT K PAaBHOMEPHOMY HaHECEHWIO YacTUILL MMIPOKCHANaTUTa Ha MOBEPXHOCTD cKad(dOIIoB M3 MOMMKAIIPOIAKTOHA IIPY COXPAHEHUN
€ro MOPUCTOl CTPYKTYpbI. KommuecTBo rumpokcuanarnTa Ha moBepxHoctu ckabdonnos cocrasmwio 5,7 * 0,8 mac. %. O6cyxpenne. [Ipenaraembiii
MeToz 06paboTKM 06ecrieyrBaeT paBHOMEPHOE TTOKPbITIE BHELIHEN 1 BHYTPEHHEN oBepXHoCTeN ckaddoI0B 13 MOIMKAMIPOIAKTOHA C COXPaHEHMEM
MX TIOPUCTON CTPYKTYpPbI. Pe3ysbraThl MHPPAKpacHOM! CIEKTPOCKONMHM ¢ rpeobpasoBanueM Dypbe MOKa3bIBAIOT, YUTO 0OPABOTKA CMECHIO «XOPOLIM/
TIJIOXO¥» PACTBOPUTEJb HE U3MEHSIET XMMMUUECKOM CTPYKTYPbI ckaddoigoB 13 MoamnKanposakToHa. 3aKkiaoduenne. B paboTe 6bUT YCIEIIHO peayn3oBaH
METOJ, HAaHeCEeHUsI YacTuI ruapokcuanaruta Ha 3D-ckaddosapl 13 MoMMKanpoiakToHa ¢ MCIO/Ib30BaHMEM O0OPaBOTKM B CMECH «XOPOLIMI/TIIIOXO0i»
pactBopuTenb. B pesynbrate o6pabotku ckaddonmbl coxpaHmmu CBoo (GopmMy M B3aMMOCBSI3aHHYIO MOPUCTYIO CTPYKTYPY, a afcopOMpOBaHHbBIN
Ha BCeJl X MOBEPXHOCTYU I'MAPOKCHUATIATUT MTPEICTABIIST COOO0I PABHOMEPHO pacIipe/iesIEHHBIN CJI0J YaCTHII.

KitroueBble cj10Ba: MHKeHePMst KOCTHONM TKaHM, cKabdoabl, OIMKAPOIAKTOH, IMIPOKCUAIATUAT

bnazodapHocme: nccnefoBaHWe BbINOAHEHO NPpU Noaaepkke MUHUCTEPCTBA HayKu U Bbicwero obpa3soBaHus Poccuiickoit Mepgepauun, NpoekT
«Hayka FSWW-2023-0007».
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INTRODUCTION

The development of new functional materials
for the fabrication of biodegradable tissue engineering
scaffolds is an important task in medical materials
science [1-3]. Two-dimensional and three-dimensional
scaffolds made from natural and synthetic polymers
have found applications in the regeneration of biological
tissues and the restoration of tissue defects. One of the
widely studied biodegradable materials used for tissue
defect replacement is poly(e-caprolactone) (PCL) [4].
However, PCL, like most biodegradable polyesters, lacks
functional properties, making its use without bioactive
additives not effective [5-8]. Hydroxyapatite (HAP),
a mineral that supports the proliferation and differentiation
of mesenchymal stem cells in the osteogenic direction
and stimulates the mineralization of bone regenerate,
is frequently wused for bone tissue regeneration
in medicine [9-12]. The main methods for combining
biodegradable polymers and bioactive hydroxyapatite are
the fabrication of polymer composites and the deposition
of coatings on the surface of polymer scaffolds [13-16].
Composites have demonstrated their effectiveness for bone
defect management in a number of studies [17-19].
However, an important drawback of composites is
the lack of bioavailable hydroxyapatite on the surface
of the fabricated composite scaffold. Hydroxyapatite
in the subsurface layer of the composite scaffold is covered
by a thin layer of polymer, which hinders the contact
of the hydroxyapatite particles with the surrounding tissues
during the first weeks after implantation.

Currently, there are two main methods for forming
a layer of bioavailable hydroxyapatite on the surface
of biodegradable polymer scaffolds: etching composite
polymer/hydroxyapatite scaffolds in alkaline solutions

to exposure bioactive particles on the surface, and in situ
precipitation of hydroxyapatite on the surface of polymer
scaffold [11, 16, 20]. The disadvantage of the first method
is the initiation of the hydrolysis process of polymer chains
in the surface layers of the scaffold, which often leads
to the loss of the mechanical properties of the scaffold
and changes in its degradation profile. On the other hand,
in situ mineralization results in the formation of a relatively
thick continuous layer of hydroxyapatite on the surface
of the scaffold, which isolates the polymer from
the surrounding environment and hinders the degradation
process of the polymer matrix.

A promising approach for modifying the surface
of PCL involves treatment of the polymer with a mixture
of organic solvents to partially swell its surface [21].
The swelled surface layer of the polymer can adsorb
biologically active molecules and particles from
the contacting medium. However, this technique has not
yet been applied to the relevant task of fabrication bioactive
coatings on the surface of 3D-printed porous scaffolds.
In this study, we report on the application of a solvent/
non-solvent treatment to coat the surface of 3D-printed
PCL scaffolds with bioactive hydroxyapatite particles and
on the physicochemical properties of the resulting materials.

The main objective of this study was to investigate
the application of solvent/non-solvent treatment as
a method for surface coating of PCL 3D-printed scaffolds
with HAP. The study proposes a method for applying
dispersed HAP particles onto the surface of PCL scaffolds
using a mixture of a solvent toluene, and a non-solvent
ethanol. Based on the Design of Experiments (DOE),
optimal coating parameters and the optimal ratio of solvent”
and non-solvent were determined.

MATERIALS AND METHODS

Poly(e-caprolactone) (PCL; Mn 80000 g-mol') was
purchased from Sigma-Aldrich (Sigma-Aldrich, Gillingham,
United Kingdom), hydroxyapatite (HAP; nanoXIMeHAP203,
average particle size 10.0 £ 5.0 ym) was purchased from
Fluidinova (Fluidinova S.A., Maia, Portugal), toluene
(anhydrous, 99.8%) was purchased from EKOS-1 (EKOS-1,
Moscow, Russia), ethanol (> 99.5 %, water < 0.20 %) was
purchased from Merck (Merck KGaA, Darmstadt, Germany).

3D printing of polycaprolactone scaffolds

PCL pellets were melted and extruded with the use
of Filabot EX2 (Filabot HQ, Barre, Vermont, USA) single
screw extruder to fabricate filament of 2.8 +0.15mm
in diameter. The temperature of extrusion was 80 % 3 °C
and the rate of extrusion was 2 m-min". Extruded filament
was used for the 3D printing of scaffolds with a commercial
FDM 3D printer Ultimaker S5 (Ultimaker B.V., Utrecht,
Netherlands). The temperature of the glass substrate was
35°C and 200 °C for the printer nozzle. The printing was
performed at a printing rate of 6 mm-s™'. Scaffolds had a shape
of porous cylinders with the diameter of 10 mm and the height
of 3 mm. Internal porous structure of scaffolds was printed
with the gyroid infill with the infill struts distance of 1 mm.

Hydroxyapatite coating

Solvent/non-solvent treatment of scaffolds was performed
in the mixture of toluene and ethanol at 3:7 v/v ratio. HAP
was mixed with the toluene/ethanol mixture at 10% w/w and
stirred with the use of magnetic stirrer for 30 minutes to obtain

suspension. Scaffolds were dipped into the suspension
for 2 minutes at room temperature under continuous stirring.
Coated scaffolds were washed with ethanol and dried
for 24 hours under vacuum (1 mbar) at room temperature.

Scaffolds characterization

Investigations of the surface of the scaffolds and dispersion
of HAP coating on the scaffolds were performed by the scanning
electron microscopy (SEM) on a JEOL JCM-6000 (JEOL Litd.,
Tokyo, Japan). All SEM imaging processes were performed
in low vacuum at 15 kV accelerating voltage. The scaffolds
were sputter-coated with gold on a JEOL Smart Coater (JEOL
Ltd., Tokyo, Japan) prior to SEM examinations.

The chemical composition of the scaffolds was investigated
by attenuated total reflectance (ATR) Fourier-transform
infrared spectroscopy (FTIR) on Tensor 27 (Bruker Optik
GmbH, Ettlingen, Germany) with a Miracle™ single reflection
ATR attachment (PIKE Technologies, Madison, Wisconsin,
USA). The measurements were performed with a ZnSe crystal
at an incident angle of 45°. All FTIR spectra were recorded in
the spectral range of 530-4000 cm™ with a resolution of 4 cm™.

Thermal stability of the scaffolds and solid inorganic
residue from HAP were studied by the thermogravimetric
analysis (TG) in an inert atmosphere on a simultaneous
thermal analyzer SDTQ 600 (Artisan TG, Champaign,
Illinois, USA) in the range of 40-800 °C with 10 °C-min
heating rate. For the TG analysis 20 mg samples were cut
from the middle porous part of the coated scaffolds.
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RESULTS

The 3D-printed scaffolds had the appearance of porous
cylinders with a smooth glossy surface. After surface
treatment, the translucent glossy scaffolds changed their
appearance to the matte white color of HAP. Surface
analysis of the scaffolds by scanning electron microscopy
demonstrated a change in the morphology of the struts.
After treatment of the scaffolds in a mixture of solvents,
the struts became thicker and had a smoother and more
rounded morphology (Fig. 1, top row). Despite the visual
decrease in the size of the pores, the scaffolds retained its
internal interconnected pore structure and full permeability.
The surface of the scaffold treated in the solvent mixture
was uniformly coated with segregate particles of HAP
(white particles in Figure 1, middle row). It should be
noted that there were no agglomerates or HAP particles
(Fig. 1, middle and bottom rows). The coating was
observed both on the top layers of the scaffold and in its
depth within the pores.

PCL-HAP

Fig. 1. Microscopic appearance of the PCL scaffold surface
at different magnifications: 3D-printed gyroid PCL scaffold
on the left; 3D-printed PCL gyroid scaffold with HAP coating
on the right

FTIR spectra of the scaffolds are shown in Figure 2.
The PCLscaffold spectrum is characterized by the following
main bands: 2945 cm™ (v, CH,), 2868 cm” (v.CH,),
1724 cm™ (vC = 0), 1294 cm™ (v ,C-O, v C-C), 1240 cm™*
(v,,C-O-C) and 1168 cm™ (v .C-O-C) [22]. In the coated
scaffold spectrum, there are also HAP-related bands

at 1042 cm?! (vPO), 958 cm® (6PO), 730 cm™ (5PO),
706 cm™ (6PO) present. There are no significant differences
in the shape, width and wavenumber position of PCL bands
both in spectrum of the 3D-printed and coated scaffolds.
It is important to note that the presence of hydrophilic
HAP on the surface of the scaffold increases the oxidative
reaction of PCL and introduces hydroxyl groups into
the polymer backbone [23]. However, there is no evidence
for active oxidative degradation of the PCL scaffolds,
which is usually indicated by a broadening of the carbonyl
peak of the ester groups of polyesters at 1724 cm’'.
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Fig. 2. Chemical characterization of the scaffolds by FTIR

Results of the thermogravimetric analysis (TG)
are shown in Figure 3. HAP coating decreased the
temperature of the beginning of PCL decomposition
from 265+ 11 °C for PCL scaffold to 190 =19 °C
for PCL-HAP coated scaffold. After the decomposition
and loss of the organic components of the scaffolds,
the amount of nonorganic residual from HAP was
5.7 £ 0.8 wt. %. Considering that the samples for TG
analysis were cut from the middle porous part
of the scaffolds, the amount of HAP confirms successful
fabrication of the coating on the inner surfaces.
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Fig. 3. Thermogravimetric analysis of the scaffolds with
indicated solid inorganic residue from HAP
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DISCUSSION

Over the last decades, biomedical scaffolds made from
bioresorbable polymers for the application in orthopaedics
have been gaining interest due to the disadvantages
of traditional implants made of metal alloys: the need
for their surgical removal from the body, exemption
to use in children and adolescents, difficulty to examine
bone regeneration in radiography and magnetic resonance
imaging due to overlapping, possible mechanical stress
at the bone and metal interface. Bioresorbable polymers
change their macromolecular structure and physicochemical
properties upon contact with the biological environment but
do not produce a harmful effect during their resorption [24].
Such polymers contain hydrolytically unstable functional
groups which degrade as a result of hydrolysis, and their
by-products are removed through normal cellular
metabolism [24-26]. Moreover, biodegradable polymers are
known for they X-ray transparency, mechanical properties
in the range of biological tissues properties. However,
the bsence of metal implant shortcoming does not make the
use of bioresorbable polymer scaffolds justified. To increase
efficiency of treatment with biodegradable polymeric
scaffolds, new requirements are imposed on them:
osteoinductivity,  osteoconductivity, = biocompatibility
and biodegradation.

Various substances have the ability to induce early
bone formation. Thus, calcium phosphates have excellent
osteoinductivity and osteoconductivity for maintaining the
proliferation and differentiation of osteoblasts, and also
prevent encapsulation of the implant by fibrous tissues
[27, 28]. The application of such materials to the surface
of bioresorbable scaffolds can significantly improve their
biological properties as the scaffolds’ surface interacts
with body fluids and tissues and, therefore, plays a key
role in osseointegration. Several methods to expose HAP
on the surface of bioresorbable scaffolds are available:

biomimetic method which imitates the natural process
of bone growth [29, 30], sol-gel method which consists
of treatment the surface with colloidal suspension and
condensation of calcium phosphate precursors [31], surface
etching of the composite scaffold made of bioresorbable
polymer and HAP [32]. Despite the fact that the described
methods are suitable for scaffold coating with HAP,
such techniques could damage porous scaffold structure
due to aggressive long-term treatment. The present
study proposes a technically simple and inexpensive
method for depositing hydroxyapatite particles onto
polycaprolactone scaffolds.

During the pilot study, a series of experiments were
conducted according to design of experiment (DOE)
approach. The influence of the solvents ratio, temperature,
immersion time, and HAP concentration in the suspension
on the quality of the formed coating was evaluated.
The optimal parameters were selected to obtain a uniform
coating of the scaffold surface with HAP particles while
maintaining the original scaffold structure. When the
immersion time, temperature, and content of the “good”
solvent in the mixture were increased, the scaffold lost
its original structure due to partial dissolution. On the
contrary, when these factors were decreased, a coating
was not formed on the scaffold surface. An important
consideration for a coated scaffold is that it should maintain
initial structure of the polymer matrix and improve
its’ functional properties. HAP coated scaffolds in this
study show high level of conformity to the pristine PCL
scaffold. Coating with HAP only slightly decreased sizes
of the pores of gyroid infill and ensured corresponding
physico-chemical properties of the scaffolds. Thereby,
the optimized parameters of coating ensured homogeneous
absorbance of HAP particles on the PCL scaffold surface
without significant damage to the scaffold structure.

CONCLUSION

The development of new functional materials
for the fabrication of bioresorbable tissue engineering
scaffolds is an urgent task of biomedical materials science.
Scaffolds made of natural and synthetic polymers find their
application in the research on regeneration of biological
tissues and restoration of tissue defects. However, they
should possess specific bioactive properties to have an
advantage over traditional implants. In the present study,
the method of coating biomimetic 3D-printed PCL scaffolds
with bioactive hydroxyapatite by the solvent/non-solvent
treatment has been successfully used. It could show that the
proposed method ensures a homogeneous coating of outer
and inner surfaces of the PCL scaffolds with HAP without
a significant impact on the scaffold structure a according

Conflict of Interest The authors declare no conflict of interest.

to the findings of scanning electron microscopy. Fourier-
transform infrared spectroscopy confirmed that the solvent/
non-solvent treatment did not affect the chemical structure
of PCL scaffolds and the thermogravimetric analysis
revealed 5.7+ 0.8 wt. % of HAP related to the whole
mass of coated sample. The uniformly distributed HAP
that is potentially beneficial for osteogenic differentiation
of osteoblasts adhered to the surface of coated scaffolds.
However, further studies are required to investigate
calcium and phosphorous ions release from the coating
under the hydrolytic degradation conditions together
with an in vitro investigation of osteogenic differentiation
of osteoblasts on the coated scaffolds to confirm their
bioactive properties.
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UsyueHue ckopocmu dezpadauyuu Mamepuana cocmaea noauaaKkmuod/2uépokcuanamum
8 3asucuMocmu om KpucmanaauyHocmu cmpyKmypsl noaumepa

M.B. Croros!*, E.A. KupeeBa!, I.E. ly6uHeHko?, C.1. Teepaoxne6os?

! HauMoHanbHbIM MeLULMHCKUIA MCCNef0BaTeNbCKUIA LLIeHTp TpaBMaToNormMm 1 opToneamn umMenun akagemuka LA, Minusaposa, KypraH, Poccus
2 HaumoHanbHbIi MccnepoBaTenbCkuii TOMCKUIA MONUTEXHUYECKMI YHUBepCHTET, ToMck, Poccus

Asmop, omeemcmeeHHblii 3a nepenucky: Makcum Banepbesny Croros, stogo_off @List.ru

AnHomauyus

BBegenune. lsyueHme OMOIOTMYECKMX XapaKTePUCTUMK OMOmErpaaMpyeMbix MarepuajoB Ha ocHoBe momwiaktupa (PLLA) ¢ BriIoyeHMsMu
ruppokcuanaruta(HA)sBisieTcsiBaykKHO 3ajaueii AJ1s1 o peiesieHyst TOKa3aHMi IS MX TPUMeHeHMs BKIMHue ckovinpaktyke. Ienb. V3yueHne KMHe TMKY
BBICBOGOKIeHNS KatbLys 1 hocdara n3 PLLA B 3aBMCMMOCTHM OT KPUCTA/UTMYHOCTM CTPYKTYPbI Tosinmepa. MaTtepuaibl M MeToAbI. B akcriepumeHTax
in vitro ucciemoBaiau 4 Buma MarepuasnioB. Marepuasbsl 1 1 3 Ha ocHOBe KpucTaumueckoro (nocste orxkura) PLLA comepskann 25 % u 50 % maccoBoii
nom HA cootBercTBeHHO. Matepuanbl 2 1 4 Ha OCHOBe TPEUMYIIECTBEHHO amopdHoro (6e3 omskura) PLLA comepskamu 25 % u 50 % maccoBoi
nomm HA coorBercTBeHHO. B Kak[goii rpyrmime mccienoBasu no 6 o6pasios. O6pasubl MHKYGMPOBaIM B BOLHONM cpene mpu Temmeparype 37 °C
B Teuenne 52 nemenb. Cropocts merpapanyyu PLLA oleHuBamy Mo HaKOIUIGHUIO B TMAPOJM3ATe €ro MOHOMEpA — JiakTara. [IJis OLEeHKM CKOPOCTH
rugpomnsa HA B ruzponusare onpefessyii KOHLEHTPALMIO MOHOB KajbLiust M MOHOB (ocdara. CreneHb KPUCTAIMYHOCTHU MOTMMEPHON MaTpPUIIbL
oneHnBamM mMetonom muddepeHumanbHON cKaHUpyloleil kasopumerpun. Pesymbrarbl. I'mapomns PLLA u HA B ofpasiiax Bcex MarepuasioB
MPOUCXOAWII CTyleHuaro. Buauasne rupponnsoBaicst PLLA, satem HA. Ha moment nosnsoro ruaposmsa PLLA kommyectBo ruaposmsyemoro HA
cocraBiisiio He 6osee 15 %. BbIcBOGOKIEHME MOHOB Kalblyist U3 TECTUPYEMbIX MaT€PMUAJIOB HAUMHAIOCH C LIECTON HeAe M MHKyOaumu IJis BCex
06pasios, hocdar-noHoB - ¢ Tperbeil Hemenu. CyMMapHOe KOIMUYECTBO BbICBOOOXKIEHHBIX MOHOB KasiblLivsl U Gocdar-MOHOB CHMXKAIOCh B PSIAY:
marepuan 3 > marepuan 4 > marepuan 1 > marepuai 2. VIoHbI KaybLysl B TMIPOJIM3aTaX BCeX 0OPaslOB OOHAPYKMBAIMUCh O 42 Hemenu MHKyOauyn,
docdar-nons - 1o 52-it Hegen. O6cyRmenue. VicciienoBane Mokasaso, YTo cTeneHb KpyucraumyHocty PLLA Biusia Ha KUHETUKY BbICBOOOXKIEHMUS
HA u3 06pasiioB nccienyemMmbix MaTeprasoB. C MOBbILIEHNEM KPUCTA/UTMYHOCTH PAacTeT CKOpocThb ruapoin3a HA. Takoe HabmoneHne MOYKHO OOBSICHUTD
TEeM, YTO HOJIMMED B KPUCTAINYECKOI (ase MofiBepraicsi raponsy ObicTpee, ueM B amopdHoii. 3akmouenne. [TosbiiieHne kpyuctaumynocty PLLA
3a CYeT ero OTKUra MOBBILIAeT CKOpOCTh ruapoimsa HA, BkiatouenHoro B PLLA-matpuny. VismeHenue comepskanust HA 1 creneHy KpUCTaJUIMYHOCTHI
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Abstract

Introduction Assessment of biological characteristics of polylactide/hydroxyapatite (PLLA/HA) biodegradable materials is requiered to specify
indications for the use of PLLA/HA composite implants in clinical practice. The present study was aimed to measure the kinetics of calcium and
phosphate release from PLLA and its dependence on polymer structure crystallinity. Material and methods Four types of biodegradable materials were
studied in vitro. Samples of type 1 and type 3 made of crystalline PLLA after annealing contained 25 % and 50 % of HA mass fraction, respectively.
Samples of type 2 and type 4 made of amorphous PLLA (without annealing) contained 25 % and 50 % of HA mass fraction, respectively. In every group,
6 samples were tested. The samples were incubated in an aqueous medium at 37 °C for 52 weeks. The rate of PLLA degradation was assessed by the
accumulation of lactate monomer in the hydrolysate. The concentrations of calcium ions and phosphate ions were determined for assessment the HA
hydrolysis rate. The degree of crystallinity of the polymer matrix was evaluated by scanning calorimetry. Results The hydrolysis of PLLA and HA in the
samples was not simultaneous. The PLLA was hydrolyzed first followed by HA hydrolysis. By the moment of complete hydrolysis of PLLA, there was
only 15 % of hydrolyzed HA. The release of calcium ions occurred from the sixth week of incubation for all tested samples, that of phosphate ions from
the third week. The total amount of the released calcium ions and phosphate ions decreased in the line: material 3 > material 4 > material 1 > material 2.
Calcium ions in the hydrolysates were detected up to 42 weeks of incubation, phosphate ions up to the 52" week. Conclusion Higher crystallinity
of PLLA achieved by annealing results in increased rate of hydrolysis of HA from PLLA matrix. Biological activity of PLLA/HA implants can be
determined by degree of polymer crystallinity and saturation with HA.

Keywords: biodegradable implant, polylactide (PLLA), hydroxyapatite (HA), crystallinity, hydrolytic degradation
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BBEJEHUE

B Hacrosiiee BpemMs MeIMIIMHCKME W3LeINUs U3 TIO-
JIMMEepHbIX OMomerpagupyeMblx MaTepuajoB Ha OCHOBe
nomutaktuga (PLLA) ¢ BKIIOUEHMSIMM THUIPOKCHATIATU-
ta (HA) 9BASIOTCS TEPCIEKTUBHBIMU JJIT KJIMHUYECKOW
npaktuku [1-4]. Hammume B o6beMe mosnmMepa TUAPOK-
cuarnarura obecreurBaeT IMOBBILIEHNE OCTEOUHIYKTUB-

HBIX ¥ OCTEOTeHHbBIX XapaKTePUCTUK MU3OeIuil Ha OCHOBE
PLLA[5]. IIpu1 aTOM OTMEY€eHO, UTO IIpU yBETMUEHUN JOIN
HA B PLLA mnoBbIIIAIOTCS OCTEOMHIYKTUBHbIE CBOMCTBA
Marepuasa 3a cueT OGOJIbILEeN ITMMUHALIUU U3 er0 COCTaBa
KanbLyst u pocdara [6]. OnHako yBenMueHue cogepsKaHust
HA B monmumepe MOKeT MPUBOLUTH K CHUKEHMIO OMoMe-
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XaHMYECKUX XapaKTePUCTUK MaTepuasa. [lostomy K Ha-
CTOSIILIEMY BpeMeHY Hapsiy C MOBBIIIEHVEM OCTEOTeHHbIX
CBOJICTB MarepuajioB Ha ocHoBe PLLA BaskHOV Tpebye-
MO XapaKTePUCTUKOI SIBJISIETCSI UX MOPUCTOCTb U MeXa-
HMYeCKast IPOYHOCTh [7, 8]. B aTOM HampaBieHuu B psize
MCCIIeOBaHMIA TIOKa3aHO, YTO ISl 06ecrievueHys] MexaHu-
YeCKOM MPOYHOCTU U ycTonunBocT PLLA K rumponausy
MOSKET CTaTb IMOBBIIIEHNE CTENIEH) €ro CTPYKTYPUPOBAH-
HocTM (KpucTayummyHocTty) [9-11]. OT0, MO MHeHMIO psna
aBTOPOB, MOXXeT 00EeCHeuuTb ellle OOIbLINI TOTeHLMAT

npuMeHeHMs: cTpykTypupoBaHHoro PLLA kak B obmactu
KOHCTPYKIMOHHBIX, TaK U B 06/1aCTY GMOMH)KEHEPHBIX Ma-
TePUAJIOB, TAKUX KaK MCKYyCCTBEHHbIE KOCTY U TKaHEBbIe
Kapkacel [12]. B aTom 1uiaHe ompezesieHMe B3aMMOCBSI3U
CKOPOCTM ruapon3a marepuasnoB cocraBa PLLA/HA B 3a-
BUCUMOCTY OT KPMUCTAJUIMYHOCTHU TIOJIMMepa M ComepsKa-
Hus B HeM HA sBisieTcst akTyalibHOM 3amaveii.

Ilennb - n3yyeHre KMHETUKY BbICBOOOXKIEHMS KaJIbIIVST
u pocdara u3 PLLA B 3aBUCMMOCTY OT KPUCTAJUTUUHOCTHU
CTPYKTYDBI MOJIMMeEpa.

MATEPHAJIbI I METOJIbI

OG6pasipl U3AeINii U3rOTaBIMBAIM METOIOM 3KCTPY-
3UM U3 Kommo3uta Ha ocHoBe PLLA c HamomHenuem HA
25 % m 50 % maccoBbix mosent (Mac. %). [IJist TIOBBIILIEHMST
kpuctaumuHoct PLLA yacTb 06pasijoB moaBepraayu oT-
skury mipu temmeparype 110 °C. O6pasiipl umenu Gopmy
UMAVHApA IIMHOM 1 ¢M U IuaMeTpom 2 MM.

WccnenoBanu 4 Buma MmarepuanoB. Marepuainsl 1 u 3
Ha OCHOBe Kpucrammyeckoro (mocye omkura) PLLA
(PLLACc) comepskaymn 25 % u 50 % maccoBbix moneit HA
COOTBeTCTBeHHO. Marepuabl 2 1 4 Ha OCHOBe aMOpP(HO-
ro (6e3 orskura) PLLA (PLLAa) comepskamu 25 % u 50 %
MaccoBbIx fnoseit HA cooTBeTcTBeHHO. B Kasknoii rpyrie
MccaenoBau Mo 6 o6pasIoB.

Pesynbrarhl 1CCIENOBAHNMS TEPMUUECKUX XapPaKTEPUCTUK
MCCTIenyeMbIX MarepuaaoB MeTomoM auddepeHIaIbHOM
CKaHUPYIOIIEN KaJIOPUMETPUY TIONTBEPAMIM YBEIMUEHME
KPUCTA/UTMYHOCTY TosimmepHoyt PLLA marpuiipl mocie oT-
skura  (tabm. 1). VcorenoBanme mpoBommM Ha Tipubope
NETZSCH DSC 204 F1 Phoenix (NETZSCH, T'epmanmst).

Ta6muua 1

3HavyeHMst CTerleHn KPUCTAJUIMYHOCTU
uccienyemMbiX MaTepurasioB 4O U IOCJie OTKUra

Marepuan CreneHb KPUCTAJIMYHOCTH, %
Marepnan 1 - PLLAc/HA25 % 46,1 £ 3,0
Marepuan 2 - PLLAa/HA25 % 34,3 £ 2,7
Marepuan 3 - PLLAc/HAS50 % 17,6 + 3,2
Marepuan 4 - PLLAa/HA50 % 12,4+1,8

st usyueHus TUAPOIUTUYECKON Aerpajaluy BbIIOJI-
HSUTM SKCIIEPUMEHTHI in vitro. Kaskapiii ob6pasery momMelia-
JIM B OTHEJbHYIO M3MEPUTENIbHYIO SUeliKy, 3all0JTHEHHYIO
IUCTWIIMPOBAHHO BOMOM, 06beM KOTOPON OIpemessin
u3 pacuera 4 vl Ha 1 cm? moBepxHOCTM Ob6pasua. anee
06pasiibl MTHKYOMPOBaIM B TepMOCTaTe TPy TeMIleparype
37 °C. Tlocne Hemenu MHKyGayu cpemy MeHsuin. Ha me-
CTO CTAporo pacTBOpa 3aJMBaJiM HOBbIM. ['mMaposnmsar
MOJBEPTaIY XUMUYECKOMY aHAIM3y Ha Haau4JMe JIaKTara,
MOHOB KaJblMsl ¥ Heopranudeckoro ¢ocdara. CkopocTb
nmerpaganyy PLLA olleHMBaiM MO HaKOIJIEHUIO B TUIPO-
JM3are ero MOHoMepa — Jiakrara. [IJis OLleHKM CKOPOCTH
runponusza HA B ruzmponmsaTe omnpenesuiM KOHIEHTpa-
LIMIO MOHOB KaJIbLVs M MOHOB (ocdara.

InurenpbHOCTh MHKYOaLMM 06pasIioB BCEX MaTepUasioB
cocraBuia 52 Hemesy (TMIPOIM3AT Ha JAHHOM CPOKe He CO-
Iepska o6Hapy>KMBaeMbIX BelllecTB). OnpeneneHye JakTa-
Ta, Kby U hochaT-MOHOB OCYLIECTBIISUIA C TIOMOIIBIO
peareHtoB ¢yvpmMbl BioSystems (Mcnanms) Ha 6GuoxumMmye-
ckom anaym3arope Hitachi 902 (Hitachi Ltd., SAmonwus).

[IJi1 KONMMYEeCTBEHHBIX MapaMeTPOB ONpPeNesisii Cpem-
HIOIO apudmernyeckyio (M) U CTaHAAPTHOE OTKJIOHEHME
(SD). [IoCTOBEPHOCTb MEKTPYIIIOBBIX Pa3IMUMIl OLEHU-
Basm ¢ nomortipio H-kputepust Kpyckana - Yomumca. Pas-
JIAUMS CUUTAIY CTATUCTMUECKY 3HaumMbiMu ipu p < 0,05.
CratucTnuecknii aHaau3 MPOBOAMIM C MCIIOIb30BaHMEM
Hazcrporku AtteStat 13.1 k anekTpoHHbIM Tabmuam Excel.

PE3VJIbTATBI

Pe3y/brarhl 1CCIEIOBAHMS TOKA3aJIH, YTO CKOPOCTb TUIPO-
ymsa PLLA, Haxopsierocst B Kpuctaummueckoy dase, ¢ co-
nepskarmem HA 25 mac. % (marepman 1) Oblta MakCuMasbHa
B TeueHMe MepBbIX [BYX HeMeldb MHKyOaiyu, st obpasia
PLLAC/HA 50 % (marepuait 3) — TOJBKO Ha TIEpPBON Hemesie

MHKyOaiyu (tabm. 2). I'mmpomus obpasios PLLA, Haxons-
IIMXCSL B TIPEMMYLIECTBEHHO aMOP(GHOM COCTOSIHVUM, C COLep-
skanmem HA 25 mac. % (marepuai 2) 6bUT HauOosIee MHTEHCH-
BEH B TeueHMe TIePBbIX YeThIpeX Heleslb MHKyOauyu, obpasta
PLLAa/HA 50 % (marepuai 4) — B iepBble TPy HEIEJIA.

Tabymmmna 2
CkopocTb ruapomsa PLLA Ha cpokax MHKY6Galmy TeCTMPyeMbIX MatepuasioB (% OT BCEro JiakraTa, 00pasoBaHHOIO B Pe3y/IbTaTe TMaposi3a)
Henenst uHKy6ammm PLI\SZTepMan 1 . Marepmain 2 . Marepuain 3 . Marepuasn 40
c¢/HA25 % PLLAa/HA25 % PLLAc/HAS50 % PLLAa/HA50 %
1 47,9 %55 47,4 6,0 90,2 £ 8,2 67,0 £4,7
2 20,9 £ 3,2 15,0 £3,3 33+1,1 10,8 £ 3,6
3 7,5+1,1 19,7 £ 4,9 3,0£0,7 16,2 £2,0
4 9,5+2,0 10,9 3,0 3518 3,4%0,9
5 7,2+1,4 7,9 2,0 0 1,3+0,5
6 4,2%0,9 47+1,8 0 1,2+0,3
7 2,7+0,8 39%0,6 0 0
8 0 2,2+0,7 0 0
10 0 59+1,0 0 0
11 0 0 0 0
[ IUTeTbHOCTD TUAPOIN3a, Heleau 7 10 4 6
Ipumeuanue: >XVpHbIM HIpUQTOM BbifeeHbl 3HaueHust >10 %.
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IyHaMuka BbICBOOOKIEHMSI MOHOB KajIblMs U MOHOB
docdara 13 TecTupyeMbIx 00pasOB IpUBeLeHa Ha PUCYH-
ke 1. O6Hapy)keHO, UTO 3HAYUTETbHOE BBICBOOOKIEHME
JMIOHOB KaJTbIINS U3 TECTUPYEMbIX MaTepMaIOB HAuMHAIOCh
C IIIeCTOV HefesIM MHKYOaluu s BceX 06pasiios, ocdar-
JMIOHOB - C TpeTbey Hemem. [1pu 3ToM cymMapHOe KoJnye-
CTBO BBICBOOOKIEHHBIX MOHOB Ka/blus U Gocdar-moHOB
CHIKAJIOCh B DPSOy: Marepuan 3 > marepuan 4 > marepu-
an 1 > marepuan 2. VoHbl KajbliMsg B TUAPOIM3aTax 006-
PaslioB BCeX MaTepuaioB OOHAPYKMBAJIUCh [0 42 Hemenmn
uHKyGatyn, pocdar-noub — 10 52-7 Hemesm.

CymMapHOe KOJIMYECTBO BbICBOOOKIEHHOTO KasIbIINs
u ¢docdara U3 KCCaeIyeMbIX MaTepuajoB MPeaCcTaBIeHO

——matepuan 1 —&—mMaTepuan 2

B Tabsuiie 3. OueBMIHO, YTO KOJMUECTBO BbII€JIEHHbBIX 1O-
HOB 6bLIO GoJIbIlle B 06pasiax ¢ GOJBIINM COOepP KaHUEM
HA (o6pasupbt N° 3 u N2 4) (p < 0,05). IIpu 3Tom mocTyn-
HOCTb JAHHBIX MIOHOB U3 MaTep1asioB, B KOTOPBIX TOJMME]D
6bLIT B KPUCTA/UTMUECKOI (hase, Oblia BbIllle OTHOCUTETHHO
06pasioB, B kKoTopbix PLLA Haxomwiach B Ipeumyliie-
ctBeHHO amopdHou dase (mapbl N°N° 1-2 u N°N? 3-4).

PesynbTaThl COMOCTAaBJIEHMS KWHETUKM TUAPOSIU3A
PLLA u HA u3 TecTupyeMbIX MaTepuajoB IIpeacTaBiie-
Ho B Tabsuie 4. [TokasaHo, uTo 3a nepuop pacrnaga PLLA
(IIMTEeNbHOCTh TUAPOIM3a yKasaHa B Tabiuie 1) BbICBO-
60K manoch He 6osee 15 % OT Bcero BbHICBOOOKIEHHOIO
kasbiyst v ot 40,9 no 61,1 % docdara.

—&—mMmaTepuan 3 —a—mMaTepuan 4

5 16
14 [
4
12 T I
3 - 10 /T/ %/t
e
2

0 - T T T T T T T

0 3

42 a

5

6 14

22

30 42 52 6

Puc. 1. I'padmk HaKOIUIEHNS: @ — BBICBOOOKIABILVXCSI MOHOB KaJIbLIMSI M3 06PA3LOB 3@ BpeMsl MHKyOauuu; 6 — BbICBOGOKAABIIMXCSI MOHOB He-
oprannyeckoro Gocdara 3 06pasuos 3a Bpems uHKy6aumn. [To ocu OX - Hegeny nHky6aiyn, mo ocu OY - KOIMIEeCTBO MOHOB (MKMOJIb/CM?)

Tabmuia 3
CyMMapHOe KOJIMYeCTBO BBICBOOOXKIEHHOTO KayibLus U pocdara u3 ucciaeqyeMpix MaTepuaioB
Von Marepuan 1 Marepmain 2 Marepuain 3 Marepuan 4
Ca, MKMOJTb/CcM? 2,83 +(,34%54 1,03 £ 0,214 4,38 +0,82!2 3,79 + 0,46'?
P, MKMOJTB/CM? 6,18 = 0,68%3* 3,92 +(0,2354 14,31 + 0,494 11,55 + 1,063

Tpumeuanue: *P* e — pMarepyas, OTHOCUTEIBHO KOTOPOTO OTMEYAJIMCh 3HaUMMble oTvans ripu p < 0,05.

Tabmuiia 4
[TpolieHT BbICBOOOKAEHHOTO Kasiblivs 1 ocdara 13 1cciieAyeMbIX MaTePUAIOB 3a Iepuo, mojaHoro pacnaga PLLA
Non Marepuan 1 Marepmain 2 Marepuan 3 Marepuan 4
Ca, % 11,03 + 1,525* 15,12 1,813 5,46 = 0,6212 5,75 £ 0,69'2
P, % 40,9 + 2,8* 61,1 £4,1134 41,6 £ 3,0 48,2 + 257

Tpumeuanue: *PHimes — parepuasl, OTHOCUTEILHO KOTOPOrO OTMEYaIMCh 3HauMMble oTmrumst tipu p < 0,05.

OBCVY>KIEHUE

[TpoBeneHHbIE HAMM MCCIEIOBAHMS TOKA3aJIM, UTO CTe-
neHb KpuctasmyHoct PLLA Biusia Ha KMHETUKY BbI-
cBobosknenust HA 13 06pasiioB ucciieyeMbIx MaTepyuasioB.
B vactHOCTM, OGHAPY’KEHO, UTO C MOBBIIIIEHNEM KPUCTAaJI-
JIMYHOCTY pociia ckopocTb ruaposmnsa HA. Takoe Ha6mio-
JIeHVe MOKHO OOBSICHUTD TE€M, UTO, KaK ITOKA3bIBAIOT HAIIIN
TaHHbIe, TIONMMEP B KPUCTALIMUECKON (dase momBepraacs
TUAPOSU3Y ObICTpee, ueM B amMoOpbHO. IDTO M CIOCO6-
cTBOBaJIO H0J1ee oJHOMY ruapousy HA.

E1le omHOM 0COGEHHOCTBIO M3YYEHHON HaMy KMHETU-
KU siByisieTcs To, uto ruaponus PLLA n HA mpoucxommn
cryneHvyaro. BHavase rupposnm3oBasncs MoamMMmep, 3aTem
HA. Ha sto yka3bIBaeT TO, UTO Ha MOMEHT IIOJIHOTO I'M-
npomsa PLLA xommnuectBo rugpomsyemoro HA cocras-

JIs10 He 6ostee 15 %. B 1ies1omM Takas 1oc/jiefoBare/IbHOCTb
nporiecca aerpagauuu PLLA u nHanonautens (HA) siBisi-
€TCSl IOCTaTOYHO Ba>kKHOM XapaKTEPUCTUKON Marepuasa
IJIST TIPAKTUKH, T.K. TIOApasyMeBaeT Hajauuue Jiar-nepuona
[IpY MMILIAHTALMM, CBI3aHHOIO C CUMAPOJIM30M YaCTU I0-
JuMepa 6e3 BbICBOOOKIEHNUST B OKpYysKatolliee MpOCTpaH-
CTBO VIOHOB KaJIbIIVsl.

B 11e710M 3Ke 110 pe3ysibTaTaM BbIITOJTHEHHOI'O MCCIeI0Ba-
HMSI MOYKHO TOBOPUTh, UTO HACBILIEHME KPUCTAIINUECKOTO
PLLA ruapokcuamnaTuTOM MOKET SIBJIITbCSI ONTYMAaJIbHbIM
BapMaHTOM [JIS CO3JAHUSI MaTepuayioB [Jisl MPOEKTUPO-
BaHMsI MEIULIMHCKUX U3Aeuii Ijs1 opronenuu. [Ipu sTom
BOIIpoC Haubosee mpuemsiemoro comepykanust HA 8 PLLA
ocraercs OTKpbIThIM. C OFHOV CTOPOHBI, IMOKa3aHa OMO-
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sjornueckast 3((eKTMBHOCTb MaTepuasioB, COMAEpsKaIlX
Kak HebosbiIoe kosmuectBo HA (mo 10 mac. %), Tak u 3Ha-
ynTenpHylo ero noso (1o 80 mac. % HA) [13, 14]. C mpy-
TOl CTOPOHBI, OCTeOTeHHAast aKTMBHOCTb MaTepuasioB Ha OC-
HoBe PLLA moBbiiaeTcsi ¢ yBesmueHueM copepykanust HA
B cocTaBe nonumepa [6].

Haure  wmcoremoBanme, Kak M MCC/IENOBaHME
Zhang et al. [15], mokasbIBaeT, 4TO CTPYKTYPUPOBAHHOCTD
(KpUCTATMYHOCTD) TIOJIMMEpa HapsiAy ¢ comepskanneM HA
ompernessieT YpoBeHb Aerpamupyemoctu HA u, ciemosa-
TeJIbHO, OMOJIOrMYecKye XapaKTepUCTUKU Marepuaya Co-
craBa PLLA/HA. Tlostomy mokasaresib KpUCTALTMYHOCTU
PLLA u ero HacbliieHHOCTb HA SIBJISIIOTCSI OCHOBHBIMM Xa-
pakTepuctukamy Marepuana PLLA/HA, onpenenstonmmm
ero 3¢ GeKTUBHOCTD U MMOKa3aHMs K IPUMEHEHMIO.

ITo pesynbTataM BBITOJHEHHOTO aHa/M3a TOBOPUTH
00 MCKITIOUNTETHHOM IMPEBOCXONCTBE KAaKOro-imbo M3 us3-
YUEHHbIX HAMM MaTepuajioB He KOPPEeKTHO. MBI mojiaraem,
YTO BCE M3yUeHHbIE MaTepuasbl M U3LEIUS Ha UX OCHOBE
MOTYT OBITb MCIOJb30BAHbI B KJIMHUYECKON TIPAKTUKE.
Bcé saBucut OT BbIGOpa TMOKA3aHUI AJIT UX MPUMEHEHMSI.
Ha sT0 yKasbIBaeT 1 KIMHUYECKUI OITbIT IIPUMEHEHUST U3/Ie-
st u3 matepuaia PLLA/HA, KOTOpbIi OTMeYaeT, 4TO BbI-
60p 6MoAErpaIMPyEMOTO U3EJINS AO/DKEH OCYILECTBIISIThCS
C y4eTOM XapakTepa Jerpagauum ero noiimepa [16].

B maHHOM 1U1aHe MBI TTOJIaraeM, 4To TOKa3aHUSIMU K TTPU-
menenuto umspemmii w3 PLLA, naceiuennsix HA 6onee

yem Ha 50 mac. %, MOT'yT CTaTh CJTyyan 3aMereHnst KPYITHbIX
nedekros, korga HA B cocraBe nomivepa GpakTUYecKu Cra-
HOBUTCSI PE3ePBOM KasIbLIMSI JIJIS1 JIOKQJIbHOTO OOpa3soBaHMST
KocTHO TKaHu [17]. Kpome Toro, OMOTHUTETBHBIM [UTFOCOM
TaKUX U3OEINI MOXKET CTaTh TO, UTO HA TIOBEPXHOCTM Mare-
puasioB PLLA c BbICOKOM HaChIIIEHHOCTbIO HA sHaunTeIbHO
CHIKEHA CIIOCOBHOCTD S. aureus U P. aeruginosa o6pasoBbI-
Bath 6uoruteHku [18], a cam marepuas 061aiaeT mpy TaKOM
conepskaHmny HA onTyMaibHOM MTPOYHOCTBIO Ha CKaTue.

Menee HacbieHssie HA marepmainsr (< 25 mac. %),
BO3MOYKHO, HalyT CBOE IMpMMEHEHMe IJIsl JIeUeHUsl He-
6onbimx gedekros [19].

QOueBMaHO, YTO BapbMpoBaHue comepskanusi HA u cre-
reHn kpuctaumuHocTy PLLA mo3BoiMT OnTMMU3MPOBaTh
M BapMaHTbl MpMMeHeHus1 Matepuanos coctaBa PLLA/HA
IUIsT CO3TaHMsl WMILIAHTATOB MHAMBUIYAJIbHOTO IIpUMe-
Henus [14, 20, 21]. IlepcreKTMBHOCTb TaKOMy Marepuay
TIPUIAET U TO, YTO OH COBMECTMM C IPYTMMM TOJIIMEPaMM,
MCTIONb3yeMbIMI B OPTOTIENVM, a TaK)Ke MOYKET ObITb WC-
TI0Tb30BAH KaK MaTpPUIA JJ1s1 KJIETOUHBIX 2JIeEMEHTOB [22, 23]
¥ JIEKAPCTBEHHBIX MTPENapaToB.

OTaenbHO HYKHO OTMETUTb BO3MOSKHBIE PUCKU KJIU-
HMYECKOT'O MCITOJIb30BaHMsI MaTeprajoB C BbICOKON CTelre-
HbIO HackIeHHocT HA. Bosbliiasi ckopocTh erpagaimm
PLLA m HA mnoBbIiaeT puck paHHEro HexkesaaTeIbHOro
CHIKEHMSI MEXaHMUYECKMX CBOWMCTB MMILIAaHTMPOBAHHBIX
M3IeNNiA M PUCK U3OBITOYHONM occuduKayy TKaHen.

3AKJ/IFOYEHUE

Takum o6Gpa3om, MPOBEJEHHOE MCCIeAOBaHUE TOKa-
3aJI0, YTO TOBbILIeHMEe KpucTtammyHocT PLLA 3a cuer
ero OTKUra IOBBIIIAeT CKOPOCTh ruapoansa HA, Bkiio-
yenHoro B PLLA matpukc. Msmenenust comepskauust HA
u creneHu KpuctasummyHoctTu PLLA mosBossier perynu-

poBaTh OMOJIOTMUECKME XAPAKTEPUCTUKM (MeXaHuuecKast
YCTOMYMBOCTD, BBICBOOOKIEHME KasbIUsl, OCTEOTeHHbIE
cBoiicTBa) MatepuasnoB cocraBa PLLA/HA. Dto Takke
pacimpsieT MoKas3aHus K BO3MOKHOMY UX KIMHUYECKOMY
MIpUMEHEHMIO.

Kondgnuxkm unmepecos. Aemopwsi coobujaiom 06 omcymcmeuuu 8HbIX U NOMEHYUAIbHbIX KOH(AUKMOS UHMePecos, CEA3aHHbIX ¢ nyoaukayuel Ha-

cmosuweli cmamou.
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AnHomauyus

BBepenmne. [TpoGieMa ¥MIUIAHTAT-aCCOLMMPOBAHHBIX MHQEKLMI B apTPOIIaCTMKe, OCTEOCHHTe3e IePeJIOMOB U TIaTOJIOTMY TTO3BOHOYHMKA JaieKa
OT cBOero paspeliieHusi. [TepcrieKTUBHOI SIBIsIeTCs pa3paboTKa G1opassiaraeMbIX MMILIAHTATOB ¢ 610aKTMBHBIMY cBolicTBaMu. Llenn. OueHuts in vitro
6GaKkTePULIMAHYIO aKTUBHOCTb MMIUIAHTATOB, M3TOTOBJIEHHbIX U3 pasjiaraeMoro mMarepuasa (MOJUKaNpOIaKTOHa), POMUTAHHOTO I'MIPOKCUAIATUTOM
u aHTMOMOTMKOM. Marepuanbl M mMeToabl. st M3ydyeHMs] JOCTYMHOCTM aHTUMOMOTMKOB IyuIMHApUYeckue obpasiel 13 PCL, mmnperaupoBaHHbie
aHTUOMOTHMKOM (N = 6), MHKYOMPOBAIM B AUCTMIUIMPOBAHHOI Bofe rpu Temmneparype 37 °C. st OLleHKY aHTMOAKTePUAIbHBIX CBOCTB UCIIOIb30BAIN
006pasiibl B BIE MOPUCTHIX JUCKOB: KOHTPOJb — 06pasiibl 13 PCL; 1 — o6pasiisl 3 PCL, TOKpPBIThIE aHTMOMOTUKOM U TUAPOKCUATIATUTOM; 2 — 06pasiibl
u3 PCL, MOKpbIThIE TONBKO aHTUOMOTUKOM; 3 — 06pasiibl 13 PCL, MOKpbIThIE TOIBKO IMAPOKCHAIaTUTOM (N = 6 Ha KaskAbIi BUL, TECTUPYEMBIX 0OPa3IOB).
TIpumensun aycko-nyddy3MOHHBI METO, OTIpeieIeHNs] YyBCTBUTEIBHOCTY MUKPOOPTaHM3MOB K aHTMOMOTHKAM. VICIoIb30Baiy ITaMMbl MMKPOGOB
S. aureus ATCC 25923, P. aeruginosa ATCC 27853 u E. coli ATCC 25922. TeCT-MMKPOOPraHM3Mbl KY/JIbTMBMPOBA/IM Ha TOBSKbE-TIEIITOHHOM arape
(MIIA) nipu 37 °C B Teuenne 24 vacos. KommuecTBeHHbIE HaHHbIE MOABEPraayu CTaTUCTMUECKO o6paborke. Pesynbrarsl. Onpenenmmn, uto 82,6 %
aHTMOMOTIKA BBIJEJISIETCS B TeUEHMe MePBbIX CYTOK MHKyOaumm u 8,2 % - Ha BrOpble cyTKU. KOHTpOJIbHBIE 06pasipl He OKa3aau GaKTepPULIMIHOTO
JencTBYsL. Y 06pasiioB 3 BbISIB/IEH aHTMOAKTepuasbHbI 3 deKkT B oTHOLIeHNM KybTypbl E. coli. O6pasip! 1 1 2 B paBHOI CTeNeHM IIPOAEMOHCTPUPOBAIN
3HauUuTeJIbHOe MHIMOMpoBaHue pocta S. aureus, P. aeruginosa, E. coli. O6cykpenue. Bosbiuas 4actb aHTMOMOTMKA BBIAENSETCS B TUAPOJIM3AT
B TeUEHMe MEePBBIX IBYX CYTOK MHKyOauuu. ITopucTbie MMIUIaHTaThI, U3roTOBIEeHHbIe 13 PCL 1 nponmTaHHble aHTMOMOTUKOM, 06JIaJat0T BbIPasKEHHOM
AHTUMMKPOOHONM aKTMBHOCTHIO B OTHOIIEHMM HanboJiee paclpoCTPaHEHHbIX IPAMOTPUIATENBHBIX U IPAMIIONIOKUTEbHBIX GaKTEPUIA, BHI3bIBAIOLIMX
THOJHBIE OCJIOKHEHMSI B XUPYPrMYecKOi IpakTyuke. HaHOCTPYKTYypMPOBAHHbBIA T'MIPOKCMANATUT Ha MOBEPXHOCTM MMIUIAHTaTa He CHMKAeT
6GaKkTepULIMIHYIO aKTUBHOCTh. 3aK/II0oueHue. VIMIUIaHTaThl 13 MOPUCTOTO MOJIMKAINIPOIaKTOHA, HATOJTHEHHbIE I'MAPOKCUAIaTUTOM Y aHTUOMOTHUKAMMU,
OyoyT CrIOCOGCTBOBATH CTUMYJISILIMM pereHepanyy KOCTM UM OSHOBPEMEHHO ObGecreumBaTh aHTUMUKPOOHBIA 3ddekt. HaHOCTPYKTYypUpOBaHHbBIN
IYIPOKCUAIIATUT Ha TIOBEPXHOCTY MMIUIAHTATA He CHYDKAeT GakTepUIMAHYIO aKTMBHOCTb.

KiroueBble coBa: OMOAKTMBHBIM MMILIAHTAT, IIOJIMKANPONIAKTOH, TMUApOKcuanatut, Staphylococcus aureus, Pseudomonas aeruginosa,
Escherichia coli, aHTUMUKpOOHAS] aKTUBHOCTb, TUAPOIUTHYECKAS Jerpamarst
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Abstract

Introduction The problem of implant-associated infections is far from being solved in arthroplasty, osteosynthesis of fractures, and spinal pathology.
The development of biodegradable implants with bioactive properties is a promising direction. The purpose of this study was to evaluate the in vitro
bactericidal activity of implants made from a degradable material polycaprolactone (PCL) impregnated with hydroxyapatite and an antibiotic.
Material and methods To study antibiotic availability, antibiotic-impregnated PCL cylindrical samples (n = 6) were incubated in distilled water
at 37 °C. To evaluate the antibacterial properties, samples in the form of porous disks were used: control samples from PCL; 1) PCL samples coated
with antibiotic and hydroxyapatite; 2) PCL samples coated only with antibiotic; 3) PCL samples coated only with hydroxyapatite; (n = 6 for each
type of tested samples). The disk diffusion method was used to determine the sensitivity of microorganisms to antibiotics. The microbial strains
used were S. aureus ATCC 25923, P. aeruginosa ATCC 27853 and E. coli ATCC 25922. Test microorganisms were cultivated on beef peptone agar
(MPA) at 37 °C for 24 hours. Quantitative data were subjected to statistical processing. Results It was determined that 82.6 % of the antibiotic was
released during the first day of incubation and 8.2 % on the second day. Control samples did not show a bactericidal effect. Samples 3 showed an
antibacterial effect against E. coli culture. Samples 1 and 2 equally demonstrated significant inhibition of the growth of S. aureus, P. aeruginosa,
and E. coli. Discussion Most of the antibiotic is released into the hydrolyzate during the first two days of incubation. Porous implants made of PCL
and impregnated with an antibiotic have pronounced antimicrobial activity against the most common gram-negative and gram-positive bacteria that
cause purulent complications in surgical practice. Nanostructured hydroxyapatite on the surface of the implant does not reduce bactericidal activity.
Conclusions Porous polycaprolactone implants filled with hydroxyapatite and antibiotics are targeted to stimulate bone regeneration and simultaneously
ensure antimicrobial activity. Nanostructured hydroxyapatite on the implant surface does not decrease bactericidal activity.

Keywords: bioactive implant, polycaprolactone, hydroxyapatite, Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, antimicrobial
activity, hydrolytic degradation
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BBEJEHUE

3a mocwiegHNe OeCSITh JIET OOCTUTHYT 3HAUMTETbHBIN
mporpecc B pa3paboTKe XUPYPruvyecKux TEXHOJIOTUN pe-
KOHCTPYKIIMM KOCTU C MCIIOJIb30BaHMEM OMOpe30opoupy-
eMbIX MMIUIAHTATOB, OGJIAaJAIONINX OCTEOUHIYKTUBHOM
aKTUBHOCTHIO. [lepBbie (GUKCUpYIOIIME YCTPOICTBA, U3-
TOTOBJIEHHbBIE U3 GMOpa3araeMbIX MaTepraoB, CTaIN JO-
crynHbl ¢ Havana 1980-x romos [1, 2]. Ouu no cux nop
JCITOJIb3YIOTCSI B TPaBMAaTOJIOTUM B KadyecTBe HITU(TOB
¥ BUHTOB ¥ TTO3BOJISIIOT M36€5KaTh OTepaly 1o yIaJIEHUIO
mMIutaHTara [3-7]. Takue mWTHHTHI B OCHOBHOM U3IOTOB-
JIEHbI U3 TIOJIMMOJIOYHOV KMCJIOTHI U He 06J1afaioT OCTe-
OTeHHOJ aKTMBHOCTBIO, a 3aKMBJIEHME IepeioMa IPOouC-
XOIUT B OOBIUHBIE CPOKM [4, 8].

Pucky cenTuyeckux OCAOKHEHMI TIOC/IE BHYTPEHHETO
OCTEOCMHTe3a He SIBJISIIOTCS He3HauuTesbHbiMK. Mccite-
IOBaHMsI, HallpaB/IeHHbIe Ha MOBbBILIEHVE 6M0aKTUBHOCTH
MOJIMMEPHBIX MMIUIAHTATOB, HAITOJIHEHHBIX aHTUOMOTUKA-
v (Bromatpuke, Annomarpuke-umiiaat, Octeomarpuke,

Komnallan G, Kosnallan L), nmpomemoHcTpupoBamu 3¢-
dexTuBHOCTD IaHHOTO Moxxoza [9, 10]. OnHako maTpuia
TaKUX MMIUIAaHTATOB MMeeT GopMy MeIKO3epHUCTOTO Ma-
Tepuasa Wix TOHKOM BOJIOKHUCTOV TIeHKK. Takum obpa-
30M, OHM He 06eCleuyrBaloT CTAOMILHOTO OCTEOCHMHTE3a.
B monmenupoBanuy metogom HartasieHust [11] nist medatu
MMITIAHTAaTOB ¢ 3D-CTPYKTYpoJi B HacTosIee BpeMs MC-
MOJIb3YIOTCST HUTY U3 JIMHEMHBIX GMOpe30pOupyeMbIX TO-
JM3GUPOB, TaKMX Kak monumosiouHas kuciaora (PLLA),
nonukamnpojaktod (PCL), mnonuraukosieBass KuUCJIOTa
(PGA) u ux conomumvepsl. HacbllieHne 3TMX MMIUIAHTA-
TOB @HTMOMOTHUKAMM MOXKET 06eCIeUnTb aHTUMUKPOOHYIO
aKTUBHOCTD, CBSI3aHHYIO CO CTPYKTYPHOM I[€JI0CTHOCTHIO
¥ KOHTPOJIMPYeMOl pe3opbimeii MMIUIAHTaTA.

Ilennb — OLEHUTD in vitro GaKTEPUIIUAHYIO aKTUBHOCTD
MMITJIAHTaTOB, M3TOTOBJIEHHBIX M3 pa3jiaraeéMoro Marepua-
Jia (TOJMKAIIPOIaKTOHA), TIPOTIMTAHHOTO TUAPOKCHAIIaTH-
TOM U aHTUOMOTHUKOM.

MATEPHAJIbI I METO/IbI

IIBa TMma 06pa3IioB MMIUIAHTATOB GBIV M3YUEHBI in Vitro.
Tun 1 umen Gopmy MHTpaMeTyUIIPHON CIMIIbI, VICTIOb3Y-
€MOI B OPTONEAMYECKON XUPYpruu (UMIMHIPUIECKME 06-
pasupl PCL mmmont 10,0 v u impuHon 2,4 Mm). C ero uc-
TOJTb30BaHMEM OLIEHMBAJIACh JTOCTYITHOCTb aHTUOMOTYKOB.
[ usyueHnss GaKTEPULIMIHON aKTUBHOCTU MCIIOJIb30BaIN
nyicku qyametrpoM 10 MM ¥ TOMIIMHOM 1 MM, M3rOTOBJIEHHBIE
u3 PCL ¢ nomoitisio TexHonornn 3D-neuatn. [Iyicku nmenn
siyeliky quamerpoM 1-1,5 MM, orpaHiMJyeHHble Mepek/iaayHa-
MM auamerpoM 1 MM (Kak MMILIAHTAThl, MpegHasHaueHHbIe
I1st JiedeHust mebekToB KocTH). [ToBepXHOCTb BCeX MMITIaH-
TaTOB GbLIA MPOMUTAHA 11e(hOTAKCUMOM, KOTOPBI OTHOCUTCST
K aHTUOMOTUKAM ILIMPOKOTO CIIEKTPa TECTBYSL.

WimrutaHTaThl OB pa3paboOTaHbl M M3TOTOBJIEHBI
B TOMCKOM TMOIMTEXHNYECKOM yHUBepcuTeTe. KommoHeH-
TaMu JJisi TIPUTOTOBJIEHMST KOMITO3UITMOHHBIX MaTepuaioB
CIYKWIM  e-TIoNMKarposiakToH  (Sigma-Aldrich, CIIA;
Mn 80000) n ruppokcuanarut (Fluidinova, ITopryranms;
10 £ 5 mxm). s npurorosnenust kommnosuta PCL pac-
TBOpsUIM B aneToHe ocobon umctorbl («IKOC-1», Poc-
cust) B KoHueHTpauuu 15 mac. %. T'uppokcuanartur (TA)
MpeaBapUTEIbHO M3MeIbUa/Iu B 1IapOBOI MEJIbHUIIE B Ke-
pamMuuecKoii Kamepe ¢ KepaMuueCcKUMM MeTIONINMU Teja-
MM C [IOOaBKOM alleToHa B MacCOBOM COOTHoIneHuu 1,5:1
IIPU CKOPOCTHM BpaileHust 72 o6/MuH B TeueHnue 12 4acos.
IMocne usmenbuenns I'A B kamepy mo6asisii pactsop PCL
M TIepeMelluBaaM B LIApOBOi MesbHuile. [locie cyuiku
TIOJTYYEHHBIN KOMIIO3UT M3METhYaIy B HU3KOCKOPOCTHOM
nonmmepHoii npo6wike (Shini SG-1621N, TaiiBaub). 13-
MeJIbUEHHBbIE KOMIIO3UThI SKCTPYAMPOBAIM C IIOMOIIbIO
onHoirHekoBoro skcTpynepa Filabot EX2 (Filabot, CIIIA)
C mosiyyeHneM Huten nuamerpom 4 mm. Kpome Ttoro, ua-
ctuipl /A HaHOCUIMCH HA TTOBEPXHOCTb MMIUIAHTATA ITy-
TeM TIOTPYsKeHMst B CyCIieH3uio mopoiika ['A 1 aHTMOnoTH-
Ka 1edoTrakcuma B paCTBOPUTEJe, a 3aTeM BbICYIIMBAINACD
IIIST YOAJIEHUST OCTaTKOB PACTBOPUTEIS.

171t Mi3ydeHust TUIPOUTUYUECKOM erpafalluy KK bl
uMMHApudeckuit obpasen u3 PCL (n = 6), uMnperaupo-
BaHHBI/ AHTMOMOTUKOM, TIOMEIAIM B OTHAETbHYIO M3Me-
PUTEJIbHYIO SIUENKY, 3allOJIHEHHYIO IOVCTWIIMPOBAHHOM

BOMOM, 06bEM KOTOPOJ OMpPEeNesIsyics U3 pacueTa 4 MJI Ha
1 cm? moBepxHOCTM O6pasia. lamee 06pasibl MHKYOUPO-
BaJii B TepmocTare rnpu Temmneparype 37 °C. Muky6aiu-
OHHYIO Cpefy MeHsUTM exkeHEeBHO. ['Mapoamsar nmogsepra-
JIM XMMMUYECKOMY aHaJIM3y Ha CcofepskaHue aHTMOMOTHKA,
KOTOpOe OMpefesisuii Ha CHeKTpodOoTOMeTpe 1O WHTEH-
CUBHOCTH TIOIJIOIIEHMSI Ha JIJIMHE BOJIHBI 243 HM OTHOCHU-
TeJbHO CTaHIAPTHOM KammbpoBouHOM KpuBou. ITpomosn-
SKUTEJIbHOCTb MHKYOalMm cocTaBmia 7 gHEN.

Ilis BbIABIEHUST OGAKTEPUIIMIHOV aKTUBHOCTU MIPU-
MEeHSUTU IMCKO-IbdY3MOHHDIN MeTO[, ONpeneeHns YyB-
CTBUTEIBHOCTY MUKPOOPraHM3MOB K aHTHOMOTHKaM [12].

IJig OIIeHKM aHTUOAKTEPUATbHBIX CBOWCTB MCIOJb-
30Ba/IM CJIEAYIONIME IITaMMbl MUKPOGOB: Staphylococcus
aureus ATCC 25923 (rpammosioskutesibHble GakTepun),
Pseudomonas aeruginosa ATCC 27853 (rpamotrpuriia-
tenbHble Oaktepuu) u Escherichia coli ATCC 25922
(kumieuHble  GakTepuu). YCIOBMS — KyJIbTUBUPOBAHUS
TeCT-MUKPOOPTaHM3MOB: TeCT-MUKPOOPTaHU3Mbl KYJIBTU-
BMPOBAJIM Ha rOBsKbe-TenToHHoM arape (MITA) mpu 37 °C
B TeueHMe 24 yvacoB. Pabouyio CyCHeH3MIO TeCT-KYJIbTyp
TOTOBMJIM U3 KYJIBTYPbI JAHHOTO TECT-IIITaMMa, BbIpallieH-
HOJI Ha TUIOTHOW muTarenabHou cpeme (MITA) mpu 37 °C
B TeueHue 24 uvacos. IluTarenbHONM Cpemoit OJisI OLIEHKMU
GaKTEPUIIMIHBIX CBOMCTB MPOAYKTOB CAYKUI arap Miosn-
siepa-XuHTOoHA. [IJIs1 IPUTOTOBIEHNUST MHOKYJISITA MCITOTb30-
BaJI METOJ, MPSMOTO CYCIIEHIMPOBAHUS KOJIOHUI YMUCTON
KYJBTYpbl GaKTepuii B CTEPUILHOM M30TOHMUYECKOM pac-
TBOpe 18-24-yacoBoii, BbIpallleHHbIX Ha IIJIOTHOM HeCeseK-
TUBHOI TutatenbHoi cpene (MITA). IlnotHOCTb cycrieH-
3um cocrasisiia 0,5 crangapra mytHoct Mak®apianza.

Ha cyTounyto cBexxyro cpeny MUKPOOHO TeCT-KYJIbTYPbI
HAaHOCWIM JMCKU TeCTMPYeMbIX IMPORYKTOB. Bpemst mexxmy
TIOITOTOBKOJ MUKPOGHOTO KYJIbTYPHOTO Ta30HA ¥ HaHEeCEHM-
€M Ha Hero JIVICKOB COCTaBJIsuIo He 6ostee 15 MUHYT.

Kourponem cryskwmm gucku 6e3 mOKpbITHst GocdaTom
KaJblus U 6e3 aHTUOMOTHMKOB. pyrumu Turmavu ObUm u-
CKM, TIOKPBITbIE THUAPOKCHAMATATOM ¥ aHTUOMOTMKOM (1),
JIVICKY, TIOKPBIThIE TOJILKO aHTMOMOTUKOM 6Ge3 rMApOoKCcHara-
TITa (2), IUCKU, TIOKPIThIE TOIBKO TUAPOKCUANATATOM (3).
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Vuky6anmst mociie HaJOXKeHUs JMCKOB IPOBOAMIACH
npu Temmeparype 35 % 1 °C u npogosmskanachk 18 yacos.
Bcero npoBeneno 36 uccienoBanmit (n = 6 Ha KaskIbIi BUT,
TeCTUPYEMbBIX 06PasIoB).

BakTepuiimaHyo akTMBHOCTb MMIUIAHTATA OL@HUBAJIN
I10 30He 3a[ePXKKI POCTA TECTUPYEMbIX MUKPOOPTaHU3MOB
BOKpYT 1uCKOB. I[IpoBepka MpoBOAMIACH B OTPaKEHHOM
cBere. TIpu mM3MepeHM 30HBI 3aTEPKKU POCTa OPUEHTH-
POBAJIUCDH Ha 30HY TIOJHOTO MOAaBIEHSI BUAMMOrO POCTa.

BaxkTepuiaHyo akTUBHOCTD TPeNapaTtoB CYNTAIM 3HAUM-
MO, eCJIM 30Ha 3a[IeP>KKY POCTa BOKPYT IMCKOB COCTABIISI-
s1a 6omnee 1 mm.

CrartucTiyecKuil aHaM3 IIPOBOIMIICS C UCTIONIb30BAHNU-
em nporpammbl AtteStat 13.1 (Poccust). Onpenensiiu me-
nuanHble 3HaueHus (Me), crangapTHoe oTkyioHeHue (SD),
a Take HOKHMIA U BepxHUT KBapTwi (Q1-Q3). OueHky
HOPMaJIbHOTO pacIipeziesieHNsi BBIOOPOK MPOBOAMIIN C TIO-
morpio Kputepus lamvpo - Yiika.

PE3VJIbTATDBI

WccnepnoBanue mokasano, uto 82,6 % aHTMOMOTMKA
BBICBOOOIMIOCH B TIEPBbIM [eHb MHKyOarmym (Tabsm. 1).
3a 9TOT Mepuoj, HeSHAYUTEJIbHO YBeJIMUMIach Macca 06-
PasiioB, YTO MOXKHO OOBSICHUTD ITOTJIOIIEHEM BOMbI TTOJIN-
MepoM. B ocrasnbHble JHM MTepyrofa Hab/IFoIe s 3SHAUMMO-
r'O M3MEHEeHMsI Macchl pob He poucxoawio. LlesocTHOCTD
BCex 06pasIioB 3a BeCh Mepuo, MHKYOAIy COXPaHsIach.

KoHTposbHbIe A1CKM, HaHECEHHbIe Ha Ta30HbI OT BCEX
BUIOB GaKTepuii, He OKasaau GAKTEePUIIMIHOTO IENCTBUS.
Boxkpyr myckoB HabGMIOmACS HEMPEPbIBHBIN POCT MUKPOG-
HBIX Ky/IbTYDp (puc. 1). Y Bcex 06pasiioB 30Ha 3aI€P5KKM PO-

CTa BOKPYT JMCKOB He omnpenesiach (Tadi. 2). Ota cepust
MIOATBEPAMIA, YTO MATPUIIA MMIUIAHTATA U3 YMCTOTO TOJIN-
KaIlpoJIaKTOHA He OKa3bIBaeT GAKTEPUIIVIHOTO JEMCTBUS.

Ivicku o6pasiia 3, MOKPIThIE TOJBKO I'MAPOKCHUAIIATH-
ToM (6€3 aHTMOMOTMKA), ITOKA3aau OaKTEPULMIHOE Meii-
CTBME TOJIbKO B OTHOILIEHUM KynbTypbl Escherichia coli
(puc. 2, B). 30Ha 3af€P>KKM POCTa y 3TUX 0OPa3IOB B Cpel-
HeM mpeBbiiiaia 4 Mm (Tabim. 2).

IyickM ¢ aHTUOMOTUKOM MM aHTUOMOTUKOM B COUYeTa-
HUM C TUAPOKCHANIATUTOM ITPOIEMOHCTPUPOBAIM 3HAUM-
TeJbHOE MHTMOMPOBaHMe pocTta H6akTepuit (puc. 3).

Tabmuma 1

Cpem—me 3Ha4YEeHUA COOep KaHusT LIeCl)OTaKCI/IMa B ryugpomnsare n Cpe,ﬂHI/If/I BeC 06pa3u03

CyTKM MHKYOaLumu C,p Mr/cm?, M £ SD Bw V Macca, mr OTO/;:ICV;(::)N;S{}E)eI‘}(;M;pD(;[:;SIBZO)

0 0 0 66,2+29 0
1 0,534 £ 0,074 82,6 66,5+ 3,0 100,5
2 0,044 = 0,009 8,2 66,4 2,8 99,8
3 0,019 £0,012 3,6 66,3+29 99,8
4 0,022 £ 0,008 4,0 66,0 3,0 99,6
5 0,004 £ 0,001 0,8 66,0 £ 3,0 99,6
6 0,002 £ 0,001 0,4 65,9 £ 3,0 99,6
7 0,002 * 0,001 0,4 65,529 99,3

Wroro 3a 7 gueii 0,627 0,050 100 - -

[Mpumeuanns: C e ~ KOHIEHTpauus aHTMOMOTHKA B TUApOsM3are; B

AHT

- BBIXOJL, aHTUOMOTHKA (B %) OTHOCUTENIBHO UTOTOBOTO 3HAYEHMSI.

Puc. 1. MOZ[]/ICI)VIL[MPOBHHH])II‘/’I Z[MCKO-I[M('I)EI)Y3MOHHBII>’I MeTO[, olpeneseHnsa YyBCTBUTEJIbHOCTU MUKPOOPraHM3MOB K aHTMGI/IOTI/IKaM, OTCYT-

CTBMe 30HbI MHIMOMPOBaHus pocta: a — S. aureus; 6 — P. aeruginosa; B - E. colli

Tabmuua 2
BakrepuiuygHble CBOMCTBA TeCTOBBIX 00PA3I[0B MMIUIAHTATOB T10 OTHOIIEHMIO K MUKPOGHBIM TecT-Kybrypam (Me (Q1-Q3))
30Ha 3a]epP>KKM pOoCTa, MM
[ITamMmmMbl MUKPOGOB KouTposnbHbIii 06paser] O6paser 1 O6paszer 2 O6paser; 3
PCL AHTUOUMOTHUK T'A+ aHTMOMOTHK HA

Staphylococcus aureus 0 21,25 (20,54-21,56) 23,11 (22,77-23,41) 0
Pseudomonas aeruginosa 0 15,85 (15,33-16,0) 17,23 (15,88-17,47) 0
Escherichia colli 0 22,37 (21,12-23,08) 23,80 (23,10-25,77) 4,27 (2,89-4,94)
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Puc. 2. MogubuumpoBaHHbiit IyucKo-ayddy3MOHHbI METOH, ONIPeIesIeHNsT YYBCTBUTEIbHOCT MUKPOOPraHU3MOB K aHTUOMOTHMKAM: a — OT-
CYTCTBYME MHIMOMPOBAHUSI POCTa KYJIbTYpPbl S. aureus; 6 — OTCYTCTBME yIrHETEHUsI pOCTa KyIbTypbl P. aeruginosa; B — 30Ha 3HAUUTEbHOM

sagepskku pocra E. colli - 4,27 (2,89-4,94) mm

OKCIepyMeHTaIbHOE MCCIeOBaHNe BbIIBMIIO BHICOKYIO
aKTMBHOCTb MMILIAHTATOB C aHTMOMOTMKOM B OTHOIIIEHUU
KynabTypbl P. aeruginosa, S. aureus v E. coli. 30Ha TOIHO-
ro nozjasJieHMs1 pocra 6akTepuii cocrasasuia 15,5-23,0 MM

Puc. 3. 3HaumTespHasI 30HA 3aJePXKKU POCTA: a — KYJIbTypa
S. aureus (o6paser 1, cieBa; obpaser; 2, crpasa); 6 — Ky/b-
Typa KyabTypsl P. aeruginosa (o6paser 1, cieBa; obpaser 2,
crpaBa); B — Ky/ibTypa E. coli (o6pasers 1, cieBa; ob6pasers 2,
cIipaBa)

B o6pastax 1 un 15,8-25,7 mm B o6pasuax 2 (Tabm. 2). Cremy-
€T MOIUePKHYTh, UTO HaHeCeHKe Ha TIOBePXHOCTh MMILIaH-
Tara HAHOCTPYKTYPMPOBAHHOTO I'MApOKcHanaruta (06pas-
IIbI 2) He CHIKAET GaKTEPUIIMIHOE AEVICTBYE aHTUOMOTHUKA.

OBCY>KIEHUE

Haunbosiee mepcreKTMBHBIMY CUHTETUIECKUMM TTOJIV-
MepaMu IS MeOVIIMHBI SIBJISTIOTCS aydarndeckme mosm-
3(upbl HA OCHOBE TUAPOKCHAIKAHOKAPOOHOBBIX KUCJIOT:
MTOJIVJTAKTH, TIOJIATIMKOMN, TIOMUIUIPOKCHOyTHUpar. Vx
CITOCOGHOCTDh K PasJIOKEHMIO TIOf, BO3HENCTBMEM OMOJIO-
rMueckux (HakTOpOB MOYKET ObITh MCITOJb30BaHa B HOBBIX
YCTPOICTBAX ¥ UMILIaHTaTax. BrouHepTHbIE MMIIIAHTAThI
cienyeT OIMYaTh OT 6GMOPe30pOoUPYeMbIX OTUMEPOB, UC-
MOJIb3YeMbIX B PEKOHCTPYKTUBHON Xupyprun. Pesopbupy-
eMble TIOJIMMepbl 06eCeunBaloT Heo6XOIUMYI0 (HYHKITUIO
¥ CTPYKTYpPY B TIepMoJ, pereHepaiuy TKaHel OpraHu3Ma.
OHM [OKHBI MMETh BO3MOKHOCTh PasjiaratbCsl 1Mof BO3-
IeliCTBMEM SKMIKOCTEel opraHmsMa ¢ oOpasoBaHMEM He-

TOKCUYHBIX MPOAYKTOB. CKOPOCTb pachaza TBEPIObIX
610pe30pPOUPYEMBIX MOIMMEPOB MMILJIAHTATa HA SKUAKUE
MIPOAYKTBI NOJIKHA ObITb KOHTPOJMPYEMOW U He TPEBbI-
1IaTh CKOPOCTb pereHepanuu TKaHey (Ipyu KOCTHOM pere-
Hepaiyy 3To epuop, Mecsines) [13, 14].

B HacTosiiiiee BpeMst B MEIUIIVHE HIMPOKO UCIOJb3YIOTCS
TIPOIYKThI U3 TIOJIMMOJIOYHON KMUCTIOTHI 1 MOJIMKAPOIAKTOHA.
BBezenne HeopraHM4YecKMx BEILIECTB B COCTaB MOJMMEPHON
MaTpUIIbI TIO3BOJISIET YIIPAB/ISATH (PU3MKO-XUMUIECKUMI U Me-
XaHMUEeCKMMI CBOMCTBaMy mosmwiaktuaa [15-17]. Ognako mx
TIpMMeHeHve 71t GUKCAIY KOCTHBIX OTJIOMKOB HE MOy UIIIO
IIIMPOKOTO PACITPOCTPAHEHsT, TOCKOJIbKY He OTBevYaeT TpeGo-
Banysv npyHImoB AO/ASIF [13, 18].
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HoBble HampaBieHuss wuccaeqoBaHMII HapaBieHbl
Ha pa3paboTKy MaTepuajoB M MMILIAHTATOB, Obecredn-
BaIOILIMX OCTEOMHTErpalyio MMIUIAHTATa C MOC/IeyIolein
KOHTpOMpyeMoi pe3op6umert marpukca [19, 20]. OnHa-
KO HOBOE IOKOJIeH)e VMIUIAHTATOB He MCKIII0YaeT PrcKa
THOMHBIX OCJIOKHEHWUM, CBSI3aHHBIX C XUPYPrUUYECKUM
BMelaTeabCTBOM [21, 22].

CBs13b 6GaKkTepuaJbHOIO areHTa C IOoJMMepaMy MU
C KepamMyuyeckoy TMOBEPXHOCTbIO MMIUIAHTATOB OCTAETCS
HesicHol. Tem He MeHee, GOJIBIION KIMHUYECKMUII Mare-
pUa MO MCIOIb30BAHUIO BHYTPUKOCTHBIX VMIUIAHTATOB
B BUE CIUI] C OMOAKTMBHOM MOBEPXHOCTHIO U3 TUIPOK-
CUATIATUTA BBISIBWJI MTOJIHOE OTCYTCTBME BOCIAIUTETbHBIX
ocnokHenmit [23]. s neyeHusl epesioMOB U IICEBLOap-
TPO30B IIPUMEHSIETCSI TEeXHOJIOIUSI MHTpaMenysUIIPHOTO
apmupoBanus crimiamu ¢ TA-mokpeituem [24, 25].

B kauecTBe MaTpuIIbl IS pas3jiaraeMoro MMILIaHTaTa
MbI BbiOpasiu mosnukanposaaktoH (PCL) u3-3a ero xumu-
YeCKUX CBOJCTB, 06ECIeYNBAIONINX KOHTPOJIb €ro TpeX-
MEpHOM MEeXaHWYeCKOM CTPYKTYypbl (paccachbIiBaHue
nnutest 1,5-4 roga) [26, 27]. Komnosut ¢ 'A Ha ocHoOBe
PCL coxpaHsieT MeXaHMYeCKYI0 MPOYHOCTb M OKa3bIBa-
€T OCTEeOMHAYLUMpYIOIee [eliCTBMe Ha pereHepauuio
koctu [28, 29]. MBI npeamnonoskKuau, 9YTo MPOIUTKA UM-
rmanTata PCL aHTMOMOTUKOM MPpUAACT aHTUOAKTepUasIb-
HbIl 9 deKT, 0c06eHHO HEOOXOAMMBbIN B paHHEM MOCJIe0-
nepanyoHHOM Iepuose.

AHTMGaKTepMagbHasi aKTUMBHOCTb KepaMUUecKUX Ha-
Houactuil (Zn0, TiO, ), HaHeCEHHbIX B KAYECTBE TIOKPBITHS
Ha MeTa/uTMyecKye MMIUIAHTaThl, ObLIa MPOAEMOHCTPU-
poBaHa B ucciegoBanuy Colon | et al. [30]. DTo nOKpsI-
TME 3HAYUTEJbHO YMEHbIIaIo aare3uio Staphylococcus
epidermidis Ha TIOBEepXHOCTM WMMIUIaHTaTta. Hampotus,
KOHCTATMPOBAIY TIOBBIIIEHHYIO aAre3ui0 OCTEeOOJIACTOB.
OTO OTKPBITHE MO3BOJWIO CHENATh BBIBOA, UTO OOJIBIIINE

IO TIOBEPXHOCTM HaHO(a3bl IO CPAaBHEHUIO C MU-
Kpodas3oi1, BbICOKAsi IMOBEPXHOCTHAsI JHEPIUsi, IPUCYT-
CTBYIOLIASI B MOBEPXHOCTHBIX CJIOSIX HAHOUYACTMUII, MOTYT
MIPUBECTY K YBEIIMUEHUIO CKOPOCTH PACTBOPEHUS KepaMu-
YeCKoJi MMOBEPXHOCTH, UTO HapylIaeT GYHKIMOHMPOBaHME
GakTepuii. ITO UCCIeNOBaHME TIO3BOJISIET TPEATIOIONKNATD,
YTO TEXHOJIOTHSI GMOAKTMBHOTO MOKPBITUS MMILIAHTATa
TUIPOKCUATIATUTOM MO3BOJIIET 0OECIIEUNTDb €r0 JOTIOTHM-
TeJIbHOE HACBIIIEHME 3KeTaeMbIM aHTUOMOTUKOM IIIMPOKO-
IO CIIEKTpa JIEICTBUSI WIX B COOTBETCTBUM C €I0 aHTUMU-
KpOOHOM aKTMBHOCTBIO B OTHOIIEHUM MHOUIMPOBAHHBIX
TKaHel naieHTa. Hailii pe3ysbrarbl COIJIacyroTCs C 9TOU
TUIIOTE30M, TEMOHCTPUPYST OaKTepULIMIHOE JEMCTBME Ha-
HOCTPYKTYPUPOBAHHOTO TUAPOKCHAMATUTHOTO MOKPHITHUS
PCL nportus Escherichia coli.

MpbI npenjiaraeM HaTOJMHATh MaTpUIly 61opesopoupy-
eMbIX MMIUIAHTaTOB aHTMOMOTMKaMM. B couetanuu c Ha-
HOCTPYKTYPHBIM TOKpbITMEM 13 ['A. DTu pasjaraemblie
VMMILIAHTaThl ObGecrieyar CTabMWJIbHOCTh OCTEOCHMHTE3a
(CBSI3aHHYIO C KOHTPOJMPYEMOI pe3opoiyent), CTUMYJISI-
IIMI0 pereHepauyy KOCTM M TPeJOTBpAllleHMe THOMHBIX
OCJIOKHEHMII. B Hallem sKcrepyMeHTaJTbHOM MCCIIeI0-
BaHMM MPOAEMOHCTPUPOBaHa aHTMOAKTepyuaabHasl aKTUB-
HOCTb OGMOAaKTMBHOV MTOBEPXHOCTY UMIUIAHTATa B OTHOLIIE-
HMM HamboJiee paclpOCTPAaHEHHBIX T'PaMOTPUIATETbHBIX
Y TPaMITOJIOSKUTEIbHBIX GaKTePHi, BbI3bIBAIOIIMX THOHbBIE
OCJIOKHEHMSI B XUPYPrUUecKux KanmHukax: P. aeruginosa,
S. aureus, E. coli. iccnenoBaHus 1MoKasaay, YTO OOJIbIIIAsT
YacThb MMITPErHMPOBAHHOTO aHTUOMOTMKA BBICBOOOKIA-
eTcsl M3 MOpUCTbIX uMmIiaHTatoB u3 PCL B ruaposmsar
B TeUeHMe TMepBbIX ABYX OHeN MHKybaumu. Hamu ycra-
HOBJIEHO, YTO HAHOCTPYKTYPUPOBAHHBIN TUIPOKCUATIATUAT
Ha MOBEPXHOCTM GMOpPa3iaraeMoro MMIUIAHTATa B UMCTOM
cocTaBe 00J1afaeT BbIPasKeHHOM 6aKTepULIMIHON aKTUBHO-
CTBhIO TOJILKO B OoTHOIeHuu Escherichia coli.

3AKJIFOYEHUE

VImrutaHTaThI 3 TOPUCTOTO TTOIMKAITPOIAKTOHA, HATION-
HEHHbIe TUAPOKCHATIATUTOM ¥ aHTUOMOTMKAMHU, TPU3BAHBI
CTUMYJIMPOBATh pereHeparyio KOCTH 1 OFHOBpPeMeHHO 00e-

CIeUMBaTh AHTUMUKPOOHYIO aKTUBHOCTb. HaHOCTPYKTYpU-
POBaHHbBI/ TMIPOKCHANIATUT HA MOBEPXHOCTY VMILIAHTATA
He CHIMKAeT GaKTepUIMIHYIO aKTUBHOCTb.

Kongnuxkm unmepecos. Bce asmopul 3asenstom 06 omcymcmauu KOH(AUKMa uHmepecos.

Hcmounuk ¢punancuposanus. Paboma evinonnena 8 pamkax npozpammovt HUP I'ocydapcmeennozo 3adanus Ha 2021-2023 ze. «BuoakmueHuiii ocme-

ocuHme3s nogpexcoeHull ONUHHbIX Mpyouamoix Kocmeu».
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Abstract

Background Management of bone defects with autologous bone grafting has always been the "gold standard" but it is not always possible to use
it for a number of reasons. Preprocessed materials of biological and non-biological origin were developed as an alternative. A new branch of these materials
is tissue-engineered constructs that fully imitate autologous bone in required volume. Aim is to study in vivo the possibility of using deproteinized
human cancellous bone tissue as a matrix for creating tissue-engineered constructs. Methods The study was carried out on 24 NZW line rabbits, since
this line has a fully characterized stromal-vascular fraction formula (SVF). The study design included 3 groups. Fikst group (control) had surgical
modeling of bone defects in the diaphysis of the contralateral femur without reconstruction; Group 2 had bone defect reconstruction using fragments
of a deproteinized cancellous bone graft; group 3 underwent bone defect reconstruction using fragments of deproteinized cancellous bone matrix along
with the autologous adipose tissue SVF (obtained according to ACP SVF technology). Animals were sacrificed with ether anesthesia at 2, 4 and 6 weeks
after the operation and subsequent histological study followed. Result During all periods of the study, the newly formed bone tissue volume density
in the 3" group (reconstruction with deproteinized human cancellous bone + stromal-vascular fraction) was 1.78 times higher (p < 0.001) than in the first
group (bone defect without reconstruction), 1.21 times higher (p < 0.001) than in the 2™ group (reconstruction with deproteinized cancellous bone alone).
The dynamics of changes in the mature bone tissue volume density was similar to those of the newly formed bone tissue. Discussion The comparative
analysis of reparative processes using a tissue engeneered construst based on deproteinized cancellous human bone with adipose tissue stromal vascular
fraction revealed that the use of these bone substitute materials contributes not only to the early activation of reparative regeneration of the main
structural elements of bone tissue at the site of bone defect, but also their timely differentiation. Conclusion The use of deproteinized cancellous bone
matrix combined with stromal-vascular fraction to create a tissue-engineered construct could unleash several regeneration mechanisms and accelerate
the process of bone defect site repair, compared with 1st and 2nd group of study.

Keywords: Bone defect; bone matrices; deproteinized cancellous bone; bone defect reconstruction; adipose tissue stromal-vascular fraction
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3ameuieHue KocmHoix dechekmos mKaHeuHx eHepHol KOHCmpyKyuel
Ha oCHoge 0enpomeuHuU3Upos8aHHoli 2y6yamoii Kocmu: 3KcnepuMeHmaneHoe uccnedosaHue
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AHnHomayus

AKTya/IbHOCTDb. 3aMellieHne nedeKToB KOCTM TPy MOMOIIYM ayTOJIOTMYHON KOCTM BCerAa OGbUIO «30JIOTHIM CTaHAAPTOM», OLHAKO 10 Py MPUYMH
€eJICII0/Ib30BaHNe He BCeria BO3MOXKHO. B KauecTBe abTepHaTVBbI GbUIY pa3paboTaHbl MaTepUasibl GMOIOr MUeCKOTO M HEGMOJIOT Y€ CKOTO IIPOVCXOXKIEHMS
C UX IpegBapuTesibHO 06paboTkoit. HOBbIM HalpaBieHMeM TaKuX MaTepuasoB sBJSIOTCS TKaHEMH)KEHEPHbIe KOHCTPYKIVM, CIIOCOGHbIE MTOTHOCThIO
VIMUTMPOBATb ayTOJOTMYHYIO KOCTh B Heo6xoaumMoM oobeme. Llenb. V3yunts in vivo BO3MOSKHOCTb MCIIONIb30BaHMsI I€MPOTEMHU3MPOBAHHON I'y6UYaToin
KOCTHOJI TKaHM YeJIOBeKa B KaueCTBe MaTPMIIbI JJISI CO3LAHNMSI TKaHEMH)KEeHEePHbIX KOHCTpYKumii. Marepuasbl u MeTonbl. VccienoBaHne nposeneHo
Ha 24 xponkax siHu NZW, 1oCcKoJIbKY JaHHas! JIMHYSI MMeeT IOJTHOCTBIO OXapaKTepy30BaHHYIO (OopMYyJTy CTpOMabHO-BacKysisipHoii ppaxuym (CBD).
JlvzaiiH uccaenoBaHus BKIIOYAeT 3 IPYMbl: 1-s rpymmia (KOHTPOJIbHAS) — XMPYPruyeckoe MOAeIMPOBaHye KOCTHbIX JedeKToB B obsacTsx anadusa
KOHTpaJlaTepasibHOl GepeHHOI KOCTH 6e3 PeKOHCTPYKIMM; 2-51 PYIIa — 3aMelleHre KOCTHOro gedekra ¢parMeHTaMy OerpoTeMHU3MPOBAHHOM
ry6uaToit KoCTu; 3-s rpyrmma - 3aMelleHe KOCTHOro JedeKra ¢ UCMOosb30BaHeM (HParMeHTOB AeMpPOTENHU3UPOBAHHONM I'yGUaTol KOCTU COBMECTHO
c ayronornyHoi CB® skupooii Tkauu (rmomyueHHyIo 1o TexHonorn ACP SVF). JKuBoTHbIX BBIBOIMIIN 113 9KCIIEpUMEHTA 10T, 3(MPHBIM HAPKO30M UYepe3
2,4 11 6 HeeJb IOCJIe OTlepaLyy, C ITOCJIeNYIOIM I'MCTOJIOTMYeCKUM uccenoBaHneM. PesynbraTsl. Bo Bce cpoku nccienoBanmst 06beMHast INIOTHOCTD
HOBOOGPa30BaHHO} KOCTHOM TKaHM B 3-ii rpyrmie (PeKOHCTPYKLMS ANPOTEMHU3MPOBAHHOI I'yGUaTON KOCTHIO Y€JIOBEKA CO CTPOMAJIbHO-BACKYIISIPHOM
dpaximeit) 6puta B 1,78 pasa Beiue (p < 0,001), yem B 1-i1 rpymnme (medekT KOCTHON TKaHM 6e3 pekoHCTpykumu), B 1,21 pasa Bemue (p < 0,001),
yem BO 2-# rpymme (PeKOHCTPYKIUMS JelpPOTeMHM3MPOBAHHONM I'yoUyaToi KOCThIO). JMHaMMKa M3MeHeHMs] 06beMHO IIOTHOCTM 3PeJioii KOCTHOM
TKaHM OblJIa aHaJIOTMYHA AMHAMMUKE M3MEHEeHUs: 06beMHON IUIOTHOCTY HOBOOOPa30BaHHOI KOCTHOUM TKaHu. O6cykaeHue. CpaBHUTEIbHBIN aHAIN3
pernapaTyBHBIX MPOLIECCOB C MCIOIb30BaHMEM TKaHEMH>KEHEPHON KOHCTPYKIMM Ha OCHOBE JeNpOTEMHM3MPOBAHHON Iy64aToii KOCTM COBMECTHO
CO CTPOMAJIbHO-BACKYJISIDHONM (pakiyeit >KMPOBOM TKaHM IOKas3aj, 4TO IPVMMEHeHMe JaHHOrO KOCTHO3aMeILAMLIero Marepyuajga CIOoCOOCTBYeT
He TOJIbKO PaHHEe! aKTMBALMM PEerapaTMBHONM pereHepaiyy OCHOBHBIX CTPYKTYPHBIX 3JIEMEHTOB KOCTHOJ TKaHM B 00JacTM 3amelleHus aedekra,
HO U cBoeBpeMeHHOV ux muddepenimposky. BeiBogpl. Vicnonb3oBaHue [eNpOTEMHM3UPOBAHHON T'yGUaTOil KOCTY COBMECTHO CO CTPOMAaJIbHO-
BaCKy/ISIPHOM (pakumeii IJis CO30AHNUSI TKAHEMH)KEHEPHONM KOHCTPYKLMY TTO3BOJISIET Peay30BaTh Psifi MPOLECCOB pereHepanuy ¥ YCKOPUTh MPOLecc
BOCCTAHOBJIEHMsI ieheKTa KOCTH [0 CPaBHEHMIO C 1-01 1 2-0i TPYIIIION UCC/IeIOBAHMS.

KitroueBble c10Ba: KOCTHbIN JedeKT, JenpoTerHN3MPOBaHHAs TyGuaTas KOCTh, 3aMellleHyie KOCTHOTO JedeKTa, CTPOMaIbHO-BAaCKyJIsIpHast Gpakiust
SKMPOBOJ TKaHU

Ana yumuposanus: AHactacneBa E.A., YeppnaHuesa J1.A., Tonctukosa T.I., Kupunoa M.A. 3amelleHne KOCTHbIX AedeKTOB TKaHEUH)KEHEPHOW
KOHCTPYKLMEN Ha OCHOBE eNpOTEMHU3MPOBAHHOM rybyaToi KOCTU: SKCNepUMeHTanbHoe uccnenoBaxue. lequli opmoneduu. 2023;29(6):602-608.
doi: 10.18019/1028-4427-2023-29-6-602-608. EDN: FYLPOS.
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INTRODUCTION

Bone defect repair remains to be a difficult prom
in the field of reconstructive surgery. Despite several
trends under study, autogenous bone grafting still is a “gold
standard” [1, 2, 3]. However, for a number of reasons,
it is not always possible to completely fill in a bone defect
with the graft [4, 5, 6]. As an alternative to autogenous
bone graft, bone substitute materials have been used.
They can have different origin: biological or non-biological
one. One of the ways of bone reconstructive technologies
development is the use of combined tissue engineered
constructs together with the patient's own cell material.

Such construct design is able to fully imitate autogenous
bone tissue in the required volume [7]. Currently, according
to literature data, the most suitable in terms of its properties
as the basis (or matrix) for such constructs is bone
allograft [3, 8, 9]. Nevertheless, allogeneic bone cannot
unleash the stimulation of the osteogenesis processes [3].
That is why autologous non-immunogenic cell material is
strongly needed [7].

Aim is to study in vivo the possibility of using
deproteinized human cancellous bone tissue as a matrix
for creating tissue-engineered constructs.

MATERIAL AND METHODS

The study was carried out on 24 NZW line rabbits,
since this line has a fully characterized stromal-vascular
fraction formula (SVF) [10, 11, 12, 13, 14, 15]. The study
complies with international standards and ethical principles
for laboratory research ISO 10993-2, ISO 10993-6-2021.
The design of the study included 3 groups. The first group
(control) had surgical modeling of bone defects in the areas
of the diaphysis of the contralateral femur without
reconstruction, similar to the study groups; 2™ group had
surgical modelling of the femoral diaphysis defect with its
reconstruction using fragments of a deproteinized cancellous
human bone graft (matrix); 3 group underwent surgical
modeling of femoral diaphysis defect with its reconstruction
using fragments of deproteinized cancellous human bone
matrix together with the autologous adipose tissue stromal-
vascular fraction. Stromal-vasular fraction was obtained
according to ACP SVF technology (Patent US10512659B2).
Animals were sacrificed with ether anesthesia at 2, 4 and
6 weeks after the operation. Under the standard conditions,
the material was harvested for subsequent histological
assessment to evaluate the bone substitute materials local
effect on living tissues and the implementation of reparative
osteogenesis in the bone defect reconstruction area.

Adipose tissue material was taken through the dorsal
paravertebral approach during the main surgical procedure. It
is for this localization in adult rabbits that the largest amount
of beige adipose tissue is typical [11, 16]. After obtaining
adipose tissue, fragments of cancellous deproteinized bone
matrices, 5 x 5 mm in size, were installed paravertebral and
subcutaneously to determine their impact on living tissues.

To assess the effectiveness of reparative osteogenesis
in the bone reconstruction site, fragments of deproteinized
cancellous bone were implanted into simulated bone defects
according to the study design. To confirm the absence
of variability in the morphological manifestations of bone
tissue reparative regeneration in the conditions of each
individual animal, an additional defect was formed
in the femur diaphyseal part on each limb.

After the harvesting, study samples were fixed in 10 %
neutral buffered formalin solution for 72 hours, followed
by decalcification in the Richmann-Gelfand-Hill solution
for 10 days at a temperature of 20 °C. After standard
histological processing in a series of alcohols and xylene
increasing concentration, bone tissue samples were
embedded in paraffin blocks, followed by making serial
sections 4-5 um thick and staining them with hematoxylin
and eosin. For differentiated quantitative assessment
of "mature" and emerging connective tissue in the study
samples, histological sections were stained according
to Van Gieson and impregnated with silver. Light
microscopy with obtaining overview micrographs was
carried out on an OLYMPUS CX 43 laboratory microscope
with an OLYMPUS UC 90 camera (Olympus Medical
Systems Corp., Japan). Morphometric study of histological
samples of matrices heterotopic and orthotopic
implantation sites was performed using the Image] software
(version 1.530, 2022, Wayne Rasband and contributors
National Institutes of Health, USA) at 200 magnification.
The numerical density of the vessels (Nai), the percentage
of implantation zone full-blooded vessels (%), the volume
density of mature collagen fibers (Vv%), the volume
density of argyrophilic connective tissue fibers (Vv%),
the volume density of mature and newly formed bone
tissue (Vv%) were evaluated in histological sections.

The obtained morphometric data were statistically
processed using the RStudio program (version 2022.02.1
Build461 - © 2009-2022 RStudio, Inc., USA)
in the R language (version 4.1.3 (2022-03-10), Vienna,
Austria). Comparison of continuous scores between
the groups was performed by a non-parametric unpaired
Mann - Whitney U-test. The distribution bias was calculated
with the 95 % confidence interval. Categorical scores were
compared by Fisher's exact two-sided test. Correction for
multiple testing error when comparing categories was carried
out using the Benjamini - Hochberg method, the difference
was considered statistically significant if p < 0.001.

RESULTS

From the 2™ week of the study, light microscopy of the
heterotopic implant fixation area histological skin samples
revealed the formation of a thick-walled connective tissue
capsule with weak infiltration of the walls by macrophages
and mononuclear leukocytes between the dermis and the
muscle. Between the fibers of the connective tissue, a large
number of small thin-walled blood vessels without signs

of hemocirculatory disorders were revealed. Fragments
of mplanted deproteinized cancellous bone matrices
were represented by mature bone tissue. In the tissues,
perifocal to the area of implantation of bone matrices,
the formation of a cellular inflammatory infiltrate was
not detected. Visual examination of the experimental
bone defects modeling tissues areas with orthotopic
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reconstruction using bone-substituting materials showed relative the control group 1 (p < 0.001) was determined.

no signs of a local inflammatory reaction in all animals. There were no significant differences between group 2
The assessment of reparative osteogenesis according and 3 at this stage (p = 0.699). A significant prevalence
to hystological sections is presented at the Table 1. of the group 3 indicators over those in group 2 was noted

From the 2" week, a significant prevalence of indicators ~ from the 4th week of the study (p < 0.001) and persists
of the vessels numerical density of groups 2 and 3 by the 6th week (p < 0.001) (Fig. 1).

Table 1
Histological study results of reparative osteogenesis in orthotopical reconstruction of bone defects
with different types of bone substitute material (M * m)
Study groups
1% group 2M group 3 group
Study parameters (control) (deproteinized cancellous bone graft) |(deproteinized cancellous bone matrix with SVF)
Timeline (week of study)
2 4 6 2 4 6 2 4 6
Vessels numerical 5.61%1.5|8.25 1.5 16.66 + 5.7|10.43*  3.5|18.73%  2.2|23.70* * 6.8| 10.40* + 3.41 [20.36"** £ 4.52631%** £ 7.9

density, Nai

Full-blooded vessels |54 44 + 0 9/78.82 + 0.296.58 + 0.1 38.3* £ 0.2 | 75.49% £ 0.2(92.20% £ 0.1|81.19%** £ 0.2| 64.45% £0.2 | 97.37 0.3
percentage, %

Mature collagen fibers | 5 154 | 708+ 1.1 12,68 + 2.5 6.35* + 3.8 [8.83* £ 2.53/ 9.26" = 1.6 | 6.88* = 1.5 | 9.30% + 1.1 |10.68"** £ 1.6
volume density, Vv%

Argyrophilic connective
tissue fibers volume 7.33+0.711.83£1.1/114.19 £2.4| 7.25+ 1.8 | 9.95% £1.6 |10.03* £ 2.2]9.66*** £ 1.3| 10.23* £ 1.9 | 10.65* £ 2.1
density, Vv%

Mature bone tissue 2.88+0.7|643+0.8|8.98%1.6( 598 +2.8 | 8.81% 1.5 |12.83" £ 1.5 8.63%* £ 2.2 | 11.51%%* £ 2.5|14.58*** £ 2.2
volume density, Vv%

Newly formed bonetissue | 3 g1+ (7| 6,43+ 0.8 9.26 £ 2.1 | 6.11% £ 3.2 | 9.81% £ 1.6 |13.53* £ 2.7| 0.51%** £ 2.2 |12.95%** + 2.71| 1643%** £ 2.1
volume density, Vv%
* — statistically significant differences from indicators in the control group, p < 0.001; ** - statistically significant differences from indicators
in the 2" group, p < 0.001
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Pairwise test: Dunn test, Comparisons shoun: only significant

Fig. 1. Vessels numerical density and full-blooded vessels percentage for each group of the study at 2, 4 and 6 weeks
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By 6 weeks, the percentage of full-blooded vessels
progressively increases in all groups. Only a small decrease
in this parameter in group 2 compared to the control group 1
was determined as statistically significant (p < 0.001)
(Fig. 1 and 2).

The value of the newly formed bone tissue volume
density progressively increased from the 2™ to the 6™ week
of the study in the 1% group - 1.6 times, in the 2™ group -
2.2 times and in the 3 group - 1.7 times (Fig. 3 and 4).
During all periods of observation, the newly formed bone
volume density in the 3rd group was on average 2.1 times

Group 1 (control)
35 100%

90%

80%

Full-blooded vessels, %

Vessels numerical density, Nai
Vessels numerical density, Nai

.
0 0%

2weeks 4weeks 6 weeks

2weeks 4weeks 6weeks

Group 2 (bone graft)

2weeks 4 weeks 6 weeks

higher than in the 1% study group (p < 0.001), and on average
1.36 times higher than in the 2" group (p < 0.001).

The mature bone tissue volume density in the study
samples increased from the 2™ to the 6" week in all groups;
in the 2" and 3" groups the indicators were greater than
in the 1% group of the study during all period of study.
The dynamics of changes in the mature bone tissue
volume density was similar to those of the newly formed
bone tissue. The studies indicated a more active process
of differentiation of the newly formed bone tissue starting
from the 4™ week of the study.

Group 2 (bone graft + SVF)
100% 2
40 La— 90%

80%

70%

60%

40%

Full-blooded vessels, %

30%

30%

Vessels numerical density, Nai
Full-blooded vessels, %

20% 20%

10% L 5 10%

0%

0
2 weeks 4 weeks 6weeks 2weeks 4 weeks 6 weeks 2 weeks 4 weeks 6 weeks

Fig. 2. Diagram showing vessels numerical density (left) and full-blooded vessels percentage (right) for each group of the study at 2, 4 and 6 weeks
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Fig. 3. Volume density of newly formed bone tissue (Vv%) and mature bone tissue (Vv%) for each group of the study at 2, 4 and 6 weeks
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Fig. 4. Diagram showing volume density of newly formed bone tissue (right) and mature bone tissue (left) for each group of the study at 2, 4

and 6 weeks

DISCUSSION

The choice of the rabbit animal model for this study
was justified by a similar type of reparative osteogenesis,
the Haversian type in this species of mammals and
humans [11, 17]. This allows the results of this study to be
extrapolated to humans.

The choice of deproteinized cancellous human bone
tissue as a bone matrix is justified by scientific literature
data and the results of our previously conducted studies,
which revealed the properties of this material, allowing it
to be used as an independent bone-replacing material and
considered as a bone matrix for creating efficient tissue
engineering constructs [3, 18].

In the case of using a construct based on a deproteinized
bone matrix containing an autologous material that can
have impact on bone tissue regeneration, all four processes
of bone tissue regeneration are switched on: osteoblastic,
osteoinductive, osteoconductive, and stimulated
osteogenesis (Fig. 5).

Despite the fact that in this study the bone matrices
used are xenogenic for animals, starting from the 2" week
macro- and microscopic morphological signs of a local
inflammatory reaction of soft tissues and rejection
of bone matrices in areas of their heterotopic implantation
were absent.

The adipose tissue stromal-vascular fraction, isolated
and processed according to the standard method, was
chosen as a biologically active component for creating
a tissue-engineered construct based on a deproteinized
cancellous bone matrix, enabling to exclude an additional
experimental quantitative assessment of the cell
composition of the obtained fraction [14, 15, 19].

This is justified by the cell composition of the fraction
and the cells properties themselves - adipose tissue stem
cells, endothelial and blood vessels smooth muscle cells and
their precursors, fibroblasts, macrophages, T-lymphocytes,
pericytes and other cells that cause a pronounced
regenerative potential, anti-inflammatory effect and
immunoregulatory activity. Also, the stromal-vascular
fraction factors stimulate the formation of the vascular
network, which contributes to the regeneration of bone
tissue [2, 15, 20, 21, 22].

The comparative analysis of reparative processes using
a deproteinized cancellous human bone tissue matrix and its
combination with adipose tissue stromal vascular fraction
revealed that the use of these bone substitute materials
contributes not only to the early activation of reparative
regeneration of the main structural elements of bone tissue at
the site of bone defect, but also their timely differentiation.

Tissueengineered
constructs,
containing autologic cell

Osteoplastic osteogenesis:

and/or recipient
growth factors

Osteoinductive osteogenesis

Osteoconductive osteogenesis

Fig. 5. Mechanisms

of osteoplastic material
effect on the processes
of bone regeneration

Xenograft

Synthetic
materials

Stimulated osteogenesis

Composite materials

CONCLUSION

According to the results of macro- and microscopic
assessment at the deproteinized bone matrices heterotopic
and orthotopic implantation sites, there were no signs

of inflammation and destructive changes in the tissue.
That fact is a sign of biological safety of deproteinized
cancellous human bone tissue in relation to living tissues.
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The use of deproteinized bone matrix in combination accelerate the process of bone defect site repair, compared
with stromal-vascular fraction to create a tissue-engineered  to the situations with the use of a deproteinized bone matrix
construct may unleash several regeneration mechanisms and  alone or without reconstruction of a bone defect.
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Biological fixation of customized implants for post-traumatic acetabular deformities and defects
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Abstract

Introduction The number of surgical interventions using additive technologies in medicine has been growing both in Russia and with every year.
Due to the development of printing customized implants, the use of standard (imported) designs has decreased by an average of 7 % in the provision
of high-tech medical care. However, the issue of the pore size of customized implants for management of post-traumatic defects in the acetabulum remains
open. Objective To evaluate the results of the treatment of patients with post-traumatic acetabulum defects and deformities with the implementation
in clinical practice of customized implants with structure and size porous surface that are optimal from the point of view of biological fixation.
Material and methods Porous implants with different types of porous structure were produced by direct laser sintering using Ti-6Al-4V titanium
alloy powders. Experimental work was carried out in vitro to determine the ability of living fibroblasts to penetrate the pores of different sizes.
Next, the clinical part of this study was conducted in order to determine the signs of biological fixation of customized acetabular implants in a group
of patients (n = 30). Results The results of this experiment performed to analyze the penetration of living fibroblasts into the porous structure of implants
with different pore size demonstrated that metal structures with a pore size of 400-499 um can be singled out from all others. Discussion Analysis
of the literature data shows that there is no consensus on the structure and size of the pores of a customized implant. In our work, we investigated
the ability of human living fibroblasts to penetrate into the surface structure of a customized implant, as a result of which we determined their optimal
pore size of 400-499 microns. It should be noted that this study was conducted for a definite anatomical location: the acetabulum. However, it cannot
be excluded that the data obtained are relevant for other anatomical locations. Conclusion Management of bone defects in the acetabulum area with
customized implants featuring the surface pore size of 400-499 microns is a justified and relevant method. A prerequisite for the use of such implants is
strict compliance with the indications for their use, careful preoperative planning and correct positioning.

Keywords: individual implant, porous surface, pore structure, 3D printing technology
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U3syueHue 6uosozuyeckoli puxkcayuu UHOUBUAYAIbHbIX UMNIAHMAMO8 Npu 3ameuieHuu
nocmmpasmamuyeckux decpopmauuil u 0egpekmos sepmayHHoi 6NAOUHbI

B.A. baznos, A.A. MpoHckux, A.A. KopbiTkuH, T.3. Mamynaase, M.B. Ebpumenko, B.B. Naenos™

HoBOCMBUPCKMIA HAayUYHO-MCCNEA0BATENLCKUIA MHCTUTYT TPAaBMaToN0MMuK U optoneauu um. S.J1. LuebsHa, HoBocubupck, Poccus
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AHnHOomayus

Bgegenue. EkeroqHo 4mciio onepaTyBHbIX BMELIATETbCTB C TPUMEHEeHMEeM aIJUTYBHBIX TEXHOJIOIMI PACTET KaK B POCCUIICKOI MEIMLIMHE, TaK 1 B MUPOBOI
npakTyke. C MosiBIeHeM BO3MOKHOCTY [TeUaTyt MHAMBUAYAIbHBIX MMIUIAHTATOB COKPATMIIOCH MCIIONIb30BaHYe CTAHAAPTHBIX (MMIIOPTHBIX) KOHCTPYKLIVIA
B cpenHeM Ha 7 % B paMKax OKa3aHVsl BHICOKOTEXHOJIOTMUYHONM MeIUIMHCKONM momony. OZHAKO BOMPOC pasmepa IMOp MHAMBMIAYAIbHOTO MMIUIAHTATa
MIpY 3aMeLleHNY TIOCTTPAaBMaTUUECKMX 1e(eKTOB 06IaCTH BEPTIIYKHOM BIIAAMHbI OCTAeTCst OTKPBITHIM. Llenb. OLeHNTh PesysbTaThl JIeUeHus MaleHToB
C OCTTpaBMaTiyeckumy gedexramu 1 gedopMarysiMy BepT/TYKHOM BIIQAVHbI C BHEAPEHMEM B KIIVHMYECKYIO TIPAKTUKY MHAMBULYAIBHBIX MMILUIAHTATOB
CO CTPYKTYPOI U PasMepoM TIOPUCTOI TOBEPXHOCTH, ONTUMAIbHBIMY C TOUKM 3peHust Grosorndeckoit ukcauym. Marepuassl u MeToabl. VMrutaHTarsr
C PasIMYHBIMM TUIAMMU TIOPUCTON CTPYKTYPbI MPOU3BOAMINCH METOLOM MPSIMOTO JIA3€PHOTO CIIeKaHMsI U3 TOPOIIKOB TUTAHOBOrO crutaBa Ti-6Al-4V.
[TpoBezmeHa sKCIIepUMMeHTaIbHAs PaboTa in Vitro Mo onpeneneHunio CIIOCOOHOCTHM MTPOHMKHOBEHMST JKUBBIX (1OPOGIACTOB B CTPYKTYPY MOP Pa3IMuHOM
BEJIMYMHBL. 3aTeM IPOBENEHA KIIMHMYECKAs YacTb MCCIENOBAaHMsI C LEIbI0 OMpeNeseHNs MPU3HAKOB OMONOTMUYeCKOl (MUKCAIMA MHAMBULYATHHBIX
MMIUTAaHTAaTOB B 06JIACTM BEPTIIY’KHOM BIIAAMHbI Y rPyIbl naiyeHToB (n = 30). Pe3ynbrarbl. Pe3ysbraThl SKCIIEpUMEHTA 110 U3YYEHMIO TIPOHMKHOBEHMS
SKUBBIX (DMOPOGIACTOB B MOPUCTYIO CTPYKTYPY MMIUIAHTATOB C Pas/IMYHBIM PasMepoM IIOp IOKasajy, YTO META/UIOKOHCTPYKLMM C PasMepoM Iop
400-499 MKM MOKHO BBIIEJUTb M3 BCEX OCTaJbHBIX, MOCKOJIBKY MPM HAHHOM pasMepe IMOp MPOHMKHOBEHME KMBBIX (MOPOGIACTOB B CTPYKTYPY
MOBEPXHOCTY MMILIaHTaTa Haubosbliee. 3amelieHne 1edeKToB KOCTHOM TKaHM B 00JIaCT BEPT/IY>KHOI BIIAAMHbI C MCIIOIb30BAHMEM VHAMBUILYATbHbBIX
VIMIUTAHTAaTOB, MMEIOLIVX MOBEPXHOCTD B BUZIE€ CETUATOl MOPUCTON CTPYKTYpbI (400-499 MKM), MOKa3aI0 HaJIMuye MPU3HAKOB GMOIOrnueckoit Ghukcanmm
B OKPY’KaIoIleli MHAMBUAYAIbHBIN VMIUIAHTAT KOCTHON TKAaHM Yy TPYIIbI MCCIELyeMbIX ciycTst 12 mecsiueB. O6cyskaeHue. AHaamM3 JIuMTepaTypHbIX
JTAHHBIX ITOKa3bIBAeT, YTO EAMHOIO MHEHMS 10 ONTMMAJIbHOM CTPYKTYPe M pasMepy IOp MHAMBMAYaJIbHOIO MMIUIAHTAaTa He CYIIeCTByeT. B Haiieit
paboTe MblI MCC/IENOBAIM CIIOCOOHOCTh MPOHMKHOBEHMSI SKUBbIX (DMOPOGIACTOB UesioBeKa B CTPYKTYPY MOBEPXHOCTY MHAMBUAYaIbHOTO MMIUIAHTATa,
B pe3yJIbTaTe 4ero OIpenesi ONTUMaIbHbI pasmep mop — 400-499 mrm. Heo6xommmo OTMeTHTB, UTO JaHHOE MCCIIeNOBaHe IIPOBOAWIOCH B MIPeiesiax
Y3KOV aHaTOMUYECKOH JIOKaIM3aLMM — BEPTIIY)KHON BIIaJMHbI, COOTBETCTBEHHO, HEJIb3sl MCKJIFOUATh, YTO TOTyUeHHbIe JaHHbIe aKTyalbHbI U IS APYTUX
aHATOMMYECKMX 30H. 3aKiaodeHue. 3ameleHne nedeKToB KOCTel 06JacTy BepPTIYKHOV BHAAVHbI MHAVBMIYAJIbHBIMM MMIUIAHTaTAMM C PasMepoM
mop 400-499 MKM SIBJISIETCST OMPABIAHHBIM ¥ aKTyaJabHbIM MeToroM. O6s13aTesIbHbIM YCIOBMEM UCIIOIb30BaHMsI TAKMX MMIUIAHTATOB SIBJSIETCSI CTPOTOe
COOIONEHYIe TOKA3aHMI K VX MPYIMEHEHNIO, TIaTeIbHOe MPefonepalyioHHOe IUIaHVPOBaHKe U MPABUIIbHOE MO3UIMOHMPOBAHNE.

KitroueBble cj10Ba: MHOVBYULYaIbHbI MMIUIAHTAT, TOPUCTAst IOBEPXHOCTb, CTPYKTYpPa MOp, TeXHonorus: 3D-mnevatn

Ana yumuposarus: baznos B.A., MpoHckux A.A., KopbitknH A.A., Mamynag3se T.3., Edumenko M.B., Maenos B.B. M3yyeHune 6uonornyeckom pukca-
LMWU UHAMBUAYANbHbBIX UMMIAHTATOB MPY 3aMeLLEeHUM NOCTTPaBMaTUYECKMUX fAedopMaLumii 1 LedeKTOB BEPTIYXKHOM BNaAMHbI. [eHuli opmoneduu.
2023;29(6):609-614. doi: 10.18019/1028-4427-2023-29-6-609-614. EDN: EKWKXK.

INTRODUCTION

The total incidence of acetabulum fractures among 100 thousand people per year. [1]. According to several
the adult population reported by literature sources authors, primary total hip arthroplasty may be a surgery
ranges from 1 case per 50 thousand people to 3 cases per  of choice in the presence of risk factors for osteosynthesis.
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Such factors include multi-fragment fractures, massive
damage to the articular cartilage in loaded parts, femoral head
impaction [2, 3]. Due to untimely or incorrect treatment, there
is a high risk of developing complications of acetabulum
fractures such as aseptic necrosis of the femoral head,
or degenerative ischemic damage to intra-articular
cartilage [4-6]. The main difficulties faced by a surgeon
in the treatment of post-traumatic coxarthrosis are primarily
acetabulum bone tissue defects that do not allow achieving
strong primary fixation of standard acetabulum components
[7, 8]. Different autografts can be used to replace acetabulum
defects; however, in case of the treatment of the consequences
acetabulum fractures, the development of post-traumatic
aseptic necrosis of the femoral head does not allow the
use of autobone. In such cases, concomitant acetabulum
deformation requires the use of augments and individual
acetabulum components. The main issues during the planning
of such surgical interventions are the following: absence
of a common classification of pathological acetabulum
changes [9], low reliability of the standard methods
of preoperative planning using plain radiographs [10, 11].
Therefore, multispiral computed tomography is required, and
the surgery is planned according to the developed 3D models.
In several cases, when standard acetabular components and
augments do not help in replacing the defect and achieving

stable biological fixation, customized implants printed
on a 3D printer are used [12].

One of the most important conditions for the implant
surface formation is the possibility of the integration of bone
tissue into the porous structure of a customized implant [12].
The size and structure of implant surface pores are essential
for interacting with bone tissue in terms of primary and
subsequent biological fixation of customized implants
[13]. The absence of a unified approach to determining
the size and geometry of the porous structure of implants
is primarily associated with the analysis of bone tissue in
different anatomical zones — lower and upper extremities,
bones of facial and cerebral skull - since bone tissue has
different macro- and micro architecture due to its organo-
specificity [14, 15]. In addition to providing stable biological
fixation of the acetabular component, an important condition
for achieving good functional results is the restoration
of anatomical relationships in the affected joint that are close
to a healthy countralateral side.

Objective To evaluate the results of the treatment
of patients with post-traumatic acetabulum defects and
deformities with the implementation in clinical practice
of customized implants with the structure and size of their
porous surface that are optimal from the point of view
of biological fixation

MATERIALS AND METHODS

The study was carried out in two stages to solve
the task. Stage 1 included the experiment to determine
the optimal pore size and shape of titanium coating
for implants. Samples of porous implants with different
surface pore size were obtained by direct laser sintering
using Ti-6Al-4V titanium alloy powder. Twenty samples
with different sizes of porous surface were prepared for this
experiment: 4 batches of 5 plates (10 mm x 10 mm x 5 mm)
(Table 1).

Table 1
Description of test samples
Sample | Pore size, micron | Pore depth, Sample size (L x W x H)
No. (um) mm

1 200-299
2 300-399

3 400-499 4 10 mm x 10 mm x 5 mm
4 500-599
5 600-699

An in vitro experiment was conducted to determine
the ability of living fibroblasts to enter the pore structure
of different size. This experiment was carried out
together with the Novosibirsk Federal Research Center
of Fundamental and Translational Medicine. 3D printed
surgical hardware samples were colonized with fibroblasts
(human living fibroblast culture), then stained with
fluorescent stains: Hoechst 33342 (nuclei staining), DiOC6
(mitochondria staining) and Propidium Iodide (PI, nuclei
of necrotic cells staining). Fluorescence intensity was
registered using a LSM710 confocal microscope (Carl Zeiss);
mean fluorescence intensity (mean RFU) for each section
along the Z axis (depth, um) was evaluated; the depth
analyzed was up to 2 mm. At the end of the incubation
period, the medium in chamber cells was replaced with

FluoroBrite DMEM Media (Gibco, USA) that contains
fluorescent stains: 5 pg/mL DiOC6, 5 pg/mL Hoechst 33342,
1 pg/mL Propidium lodide (manufacturer: Sigma, Germany).
Incubation continued 30 minutes. The medium was replaced
with fresh FluoroBrite DMEM Media (Gibco, USA) and
analyzed using a LSM710 confocal microscope (Carl Zeiss)
in z-stack mode. Photo processing was performed using
Fiji Image] software (NIH, USA) algorithms.

For detailed qualitative and quantitative description
of such pathological acetabulum changes as deformation
and bone defects, our clinic uses the method of layered
3D visualization. Choice of the tactic of implanting
acetabuluar components is based on the original
method developed at the Novosibirsk Research Institute
of Traumatology and Orthopedics [16]. The method
is carried out as follows. Based on the MSCT data,
a volumetric 3D model is developed that helps to determine
reference angles and lines, and the hemisphere of a healthy
joint by mirror transfer of marks to the pathological
side. The hemisphere is divided into three sectors that
correspond to the pubic, ischial and supra-acetabular
parts of the acetabulum. To determine the sector
of the corresponding size, a geometric figure is selected
from the pre-formed library at 1 mm intervals. The sector
is spatially located in such way that at least 75 %
of the surface of its base is in contact with the supporting
dense bone tissue, and the apex matches the rotation center.
After selecting a properly oriented sector with known
values of volume and surface area, these parameters are
described for each sector corresponding to the pubic,
ischial and supacetabular surfaces of the acetabulum. Area
difference in percentage is specified as the deformation
of supporting bone tissue, and the volume difference -
as the defect of the abnormal segment (Fig. 1)
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Fig. 1. Appearance of a 3D pelvic model with a sector-by-sector determination of acetabulum bone defect

In significant defects (bone deficiency of more
than 40 %), it is essential to use customized acetabular
components with a set polyaxial insertion of screws,
or to use augments with a set direction of fixing screws.

The stage 2 of the study was carried out to determine
the clinical efficacy of the proposed method: preoperative
planning and surgical management of acetabulum defects
with customized implants. A test group was formed that
included 30 patients with significant post-traumatic
acetabulum defects of grade I1I and IV according to AAOS
classification. All patients underwent preoperative planning

results, analyzed parameters included the state of bone
tissue surrounding the customized implant, restoration
of anatomical relationships in the hip joint, such as three-
dimensional spatial displacement of the rotation center
and change in femoral offset in relation to the healthy
contralateral joint parameters. Gender and age composition
as well as distribution according to the defect type are
presented in Table 2.

Table 2

General characteristics of the test group

Test group (n = 30)

according to the developed algorithm [17]; customized Parameters Type Il AAOS (n = 11) | Type IV AAOS (n = 19)

implants with the pore size determined in the experiment Average age, years 6124 49 £ 22

(400-499 um) were created, and surgical treatment of the Gender (m) 6 (20 %) 10 (33 %)

defects was carried out. In addition to clinical and functional Gender (f) 5(17 %) 9 (30 %)
RESULTS

Together with the Research Institute of Experimental
and Clinical Medicine (Novosibirsk), an in vitro experiment
was conducted in order to analyze the ability of living
fibroblasts to enter the pores of different sizes. The results
obtained were subjected to statistical analysis (Table 3).

Figure 2a shows the results of implant surface confocal
microscopy in the 3D mode: sample 3 (400-499 um) - even
stained, homogeneous arrangement of living fibroblasts
at the depth of up to 2 mm; meanwhile, Figure 2b
shows the results of the confocal microscopy of sample
2 (300-399 pm) - uneven, predominantly along pore edges,
distribution of living fibroblasts at a depth of up to 2 mm
in the structure of sample surface is observed.

Considering the results obtained during in vitro
experiment, we observed the best penetration capacity
of living human fibroblasts in sample 4 with a pore size
of 400-499 um. In the experiment, this sample was evenly

colonized by living fibroblasts at a depth of up to 2 mm,
while the cells remained viable with probability that was
twice higher than in other samples.

In the clinical part of this study, the above approach was
used in the test group (n = 30 clinical cases) for management
of post-traumatic acetabulum defects grade III and IV
according to AAOS with customized implants [18].

The average time of the surgery was 96.74 * 43.57 minutes;
intraoperative blood loss was 392.39 + 198.6 mL. No revision
interventions for component loosening or recurrent dislocation
were required during 12 months following the surgery.

One vyear after the surgical treatment, the signs
of biological fixation of customized implants were evaluated
using the technique developed by Moore et al. [19].
Their method for assessing the biological fixation
of the acetabular component of hip arthroplasty involves
the analysis of five radiographic signs (Table 4).

Table 3

Results of the experiment performed to analyze the penetration of living fibroblasts into the porous structure of implants with
different pore size structure

Sample | Pore size, | Maximum depth of implant | Evenness of colonization | Staining of mitochondria with Conditional living/necrotic cell
No. um colonization by culture, ym at a depth of 200 um DiOC6, conditional unit ratio (Hoechst/ Propidium Iodide)
1 100-299 50 even 1 172
2 300-399 50 uneven 1 1/1.8
3 400-499 under 250 oven ﬂ}mrescence intensity is twice 11.3
higher

500-599 300 even 1 1/16

5 600-699 under 400 uneven 1 1/1.7
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Fig. 2. Confocal microscopy in 3D mode: a - sample 3, fibroblasts are stained with green, 400-499 pm; b - sample 2, fibroblasts are stained

with green, 300-399 pm

Table 4
Distribution of the number of radiographic signs
of bone tissue change in the acetabulum region corresponding
to the biological fixation of customized implants in the sample

Number of Rg signs of piological Patients %
bone tissue fixation (n =30)
5 4 13.4
4 10 33.2
3 12 39.8
2 2 6.8
1 2 6.8

Moore et al. in their work proved that implants
with three or more biological fixation signs had
no manifestations of loosening [19]. Thus, after one
year following the surgery, 86.8 % of patients had
3 or more radiographic signs; this fact indicates that
there was no loosening of the customized components
in the acetabulum area.

Tendency in the recovery of anatomical relationships
were registered according to radiographs and MSCT before
surgery and 12 months after it (Table 5).

The results obtained prove that due to the rational
preoperative planning and use of customized implants,
the most accurate restoration of anatomical relationships
in the replaced joint was achieved in relation to a healthy
contralateral joint.

In the test group (n=30), VAS parameters were
evaluated, as well as the results of Harris and SF-36
questionnaires over time, i.e. before surgical treatment,
at discharge and a year after surgical intervention. Results
are shown in Table 6.

In the test group (n = 30), there was a significant
decrease in VAS score from 7.4 to 2.7 twelve months
after surgery with the use of customized implants
(on average by 47 %); this fact demonstrates an effective
reduction in pain syndrome. Assessment of the changes
in Harris Hip Score demonstrates that the average
value increased from 48 to 75 points over 12 months
(on average by 23 %), so, it can be characterized as
excellent and good results. SF-36 questionnaire also
showed a significant increase in the quality of physical
and mental health: average PH value increased

Table 5 by 46.7 %, MH value - by 38 %.
Shift of anatomical parameters in regard to healthy contralateral The pore size of a customized implant surface equal
joint in mm t0 400-499 um is optimal from the point of view of expected
Value 12 months biological integration of bone tissue into implant surface up
Parameter Value before surgery . .
after surgery to 2 mm depth and, as a result, it determines good subsequent
Vertical shift 12.89 £12.42 3.72 % 3.69 fixation of the implant that is confirmed by the X-ray signs
Horizontal shift 11.09 * 12.93 5.87+3.96 of the changes in bone tissue of the acetabulum region.
Anterior-posterior shift 841781 209+1.21 These data were also supported by an in vitro experiment
Offset 7.37+8.54 420 * 2.85 conducted with the use of confocal microscopy.
Table 6
Evaluation of Harris and VAS scores and SF-36 questionnaire in the test subgroup (n = 30) over time
P . Before surgery 12 months after surgery Intragroup comparison, Mann - Whitney U test
arameter
Me [Q1; Q3] Me [Q1; Q3] Difference [95 % CI] p value

0-1: -3.5 [-4.0; -3.0] 0-1: < 0.001*

VAS, points 81[7; 8] 2.5[2; 3] 0-2: -5 [-5.5; -4.5] 0-2: < 0.001*

1-2: -1.5 [-2.0; -1.0] 1-2: < 0.001*

0-1: 57 [48.0; 61.5] 0-1: < 0.001*

Harris, points 48 [38.2; 52] 75 [73.2; 78] 0-2: 56.5 [46.0; 60.5] 0-2: < 0.001*

1-2: -1.5[-6.0; 4.5] 1-2: < 0.469

0-1: 26 [22.0; 29.0] 0-1: < 0.001*

PH 27.5[24;29.7] 65.5[61;71] 0-2: 39.5 [32.0; 43.0] 0-2: < 0.001*

1-2: 12.5 [8.5; 15.5] 1-2: < 0.001*

SF-36, % -

0-1: 27.5 [25.0; 30.0 0-1: < 0.001*

MH 31.5[29.2;35] 67 [65; 69.7] 0-2: 33.5 [28.0; 39.0] 0-2: < 0.001*

1-2: 8.5 [4.5; 11.5] 1-2: < 0.001*
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Assessment of social and clinical adaptation parameters
(VAS, Harris, SF36 questionnaires) confirmed the high
effectiveness of customized implants with set surface
structure over time. However, it should be mentioned that

this study was carried out within a narrow anatomical
location, i.e. the acetabulum, accordingly, it cannot be
ruled out that the data obtained are also relevant for other
anatomical areas.

DISCUSSION

Laser selective sintering technology enables
to manufacture implants with pore size control up
to 20 microns [20, 21, 22].

However, the authors note that the optimal pore size
of a customized implant surface has not been determined.
The lack of a unified approach to determining the size and
geometry of the porous structure of the implant is primarily due
tothe study of bonetissue of various anatomical zones - the lower
and upper extremities, the bones of the facial and cerebral
skull - because bone tissue, depending on organ specificity,
differs in its macro- and microarchitectonics [15, 23]. Taniguchi
Naoya in his work examined three samples of porous titanium
implants (with an estimated porosity of 65 % and a pore size
of 300, 600 and 900 microns), designated as implants P300,
P600 and P900 [23].

Accordingly, the P600 implant (632 microns)
demonstrated significantly higher fixation ability after
2 weeks than the other implants. After 4 weeks, all models
showed a sufficiently high fixation ability in the detach test.

Ran Qichun et al. work studied the effect of the pore
size of implants on biological characteristics (in particular
osseointegration), conducted a number of experiments
on implants with a pore size of 500-699 and
700-900 microns, both in vivo and in vitro [24, 25, 26].
According to the study, implants printed on a 3D printer

with a given pore size up to 600 microns outperform
the other groups in terms of osseointegration of bone tissue
into the porous structure of the implant surface.

Yuhao Zheng, Jing Zhang et al. in their study
of the porous surface of customized implants noted that
the issue of the implant surface with a pore size of less
than 300 microns was not well investigated at the moment.
Yuhao Zheng, examining the average pore sizes
of cylindrical implants 542, 366, and 134 microns, indicated
that with a porosity of more than 60 %, the optimal pore
size is 366 microns; however, they did not describe the pore
geometry [27, 28, 29, 30].

The pore size of 400-499 microns of the surface
of a customized implant is optimal for managing
post-traumatic acetabular defects from the point
of view of the predicted biological fixation of the bone.
This approach determines a good subsequent fixation
of the implant, which is confirmed by the presence
of radiological signs of changes in the bone tissue
of the acetabulum area. The findings are also confirmed
by an in vitro experiment conducted using confocal
microscopy. However, it is worth noting that this study
was conducted for a definite anatomical location -
the acetabulum. However, it cannot be excluded that
the data obtained are relevant for other anatomical zones.

CONCLUSION

The analysis of porous structure size in this
experimental work led to conclusion that the optimized
parameter of implant surface porous structure for better
osteogenic result is 400-499 um. Too small or too large
pore size may more or less interfere with cellular behavior
and bone regeneration. Thus, the management of bone
defects in the acetabulum region using customized

Conflict of interest All authors declare no conflict of interest.

implants with the surface of a mesh porous structure
(400-499 pm) is a justified method that is also relevant and
socially significant due to the increasing number of patients
requiring such surgical interventions. A mandatory
condition for using such implants is strict compliance with
the indications for their use, careful preoperative planning,
and correct positioning.
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anIMEHEHue 6uoakmueHo20 6u00eapaaupyemoeo umMnjiaHumama u3 noaukanpoiakmoHa
019 leveHus OCMEOXOHopaﬂbeIX dedJeKmoe: 3KcnepuMeHma’sjibHoe uccnedosaHue

A.B. Nonkog, E.C. Top6au™, E.H. lop6au, H.A. KoHoHoBKY, E.A. Kupeeea, [1.A. Monko.

HaunoHanbHbI MeOUUMHCKMIA MCCNen0BaTeNbCKUIA LLIeHTP TPaBMaToNoru 1 optoneamMmn uMenn akagemuka LA Mnusaposa, KypraH, Poccus

Asmop, omeemcmeeHHbiii 3a nepenucky: EBrennii Cepreesmy lop6au, gorbach.evg@mail.ru
AnHomauyus

Beepenne. [ToBpeskeHe CyCTaBHOTO XPsiiiia KPYITHBIX CYCTABOB SIBJISIETCS YaCTOM [TATOJIOT el OTIOPHO-ABUTaTeIbHOTO anmapara. OfHaKo O HACTOSIIETrO
BpPEMEHM BOCCTAHOBJIEHME MOPAYKEHHOI CYCTaBHOM MOBEPXHOCTM OCTAETCsl HepellleHHOM npobiemMoii TpaBmarosioruu u opronenuu. Lemsb. OueHnTb
9 HeKTUBHOCTD MPUMEHEeHNsI 37IaCTMYHOTO GMOAKTUBHOIO G1OAerpasypyeMoro MMIUIAHTaTa 13 TOMKAIIPOIAKTOHa, MMIPErHMPOBAaHHOTO YaCTUL[AMM
IMAPOKCHUATIATUTA, [JIs1 3a5KUBJIEHVSI OCTEOXOHIPAIBHOTO HedeKra Mblieska 6epeHHON KOCTH Y KpbIic. Marepuasbl U MeToabL. Y 76 KpbIC JTMHUK
Bucrap, pasneneHHbIX Ha 2 TPYIIIbI, MOJEIMPOBAJIM KOCTHO-XPSILIEBOI Ae(eKT MeIMalIbHOrO MbIle/iKa OepeHHOI KOCTU. B onbITHOI rpyrie gedekTt
3amMelaay 6mopasiaraeMoi 610aKkTUBHO MeMOPaHOIi M3 MOIMKAIIPOJIAKTOHA C I'MIPOKCHANATUTOM. B KOHTPOJIBHOV IPyIITie CMOAEIMPOBAaHHbIN TedeKT
He 3amerani. OH 3aKMBaJI €CTECTBEHHBIM ITyTeM. Pe3yIbTaTsl 66UV OLIeHEHbI B TeUEHVe TOfia KIMHNYECKUMI, aHATOMIYIE CKVMM, TUCTOJIOTMYECKUMI,
61OMeXaHNYeCKVIMU U CTaTUCTUUECKUMI MeTofnamMu. Pesynbrarsl. [[uanasoH JBMsKEHMIT B KOJIEHHOM CYCTaBe y JKMBOTHBIX OIBITHOM I'PYIIIbI HA BCEX
JTamax KCIepyMeHTa ObLT CYILIECTBEHHO JTyulile, YeM B KOHTposie. IMmiaHTaT o6ecrneunBal LeJIOCTHOCTD i KOHIPYSHTHOCTh CyCTaBHOM [IOBEPXHOCTI.
Ha 180-e cyTku Ha MecCTe 3aMeIeHHOTO MMIUTAaHTaToM JedeKTa HabJIIoNaICst HOBOOOPA30BaHHbII YUACTOK CYCTABHON TOBEPXHOCTI OPTaHOTUTINYECKOTO
CTPOEHMsI C BOCIIOJIHEHMEM CYOXOHIPAJIbHOM KOCTM KOCTHOJ TKAaHbIO, @ CYyCTAaBHOI MMOBEPXHOCTH — XPSIILEBON TKaHbIO. VIMILIAHTAT K 3TOMY TI€PUOLY
MOJTHOCTBIO GMozerpaaupoBas. bruomexaHnueckme CBOMCTBA MOBPEKAEHHON CYCTABHONM MMOBEPXHOCTHM B OMBITHONM IPYIIIEe BOCCTAHABIMBAIICH Uyepe3
60 mHel O YpOBHSI MHTAKTHBIX KMBOTHBIX. B KOHTPOJIbHON TPYIINe, JaXke uyepes rof, OCTaBajuch Hiske Ha 27-29 %. O6cykaenne. BocrnonHenme
nedekra 37aCTUYHBIM VMIUIAHTATOM 13 TOJIMKAIIPOIAKTOHA C IMIPOKCUANATUTOM OOeCIeunBai0 PaHHIOK (GYHKIMOHAIbHYIO HArpysky Ha CyCTaB.
CTpyKTypa MMIUIaHTATa, MMUTUPYIOLAsi BHEK/IETOUHBI MaTPUKC, CIIOCOOCTBOBAJIA POCTY, posudepauum 1 HanpaBieHHON auddepeHIPoOBKe KIeTOK
B 00O/IaCTV OCTEOXOHAPATBHOTO Hedekra. YMepeHHas CKOPOCTb GMOErpafguMpyeMOCTM Marepuasia TO3BOJISIa MOCTENEeHHO 3aMEeCTUTh MMIUIAHTAT
opraHocrnenyduueckuMy TKaHsIMU. 3aK/al4eHMue. BuomerpaaupyeMblii MMIUIAHTAT M3 IOJMKANPOIAKTOHA, MMIIPErHMPOBAHHbIA YacTUIIAMU
rUIPOKCHAnaTuTa, 3pQGeKTUBeH 1151 3a)KUBJIEHNUST KOCTHO-XPSIIIEBbIX 1e(DEKTOB.

KiroueBsble ¢JI0Ba: CyCTaBHOM XPSILLl, OCTEOXOHAPAIbHBII fedeKT, G1omerpanypyemMbie MMIUIAHTATBI, OJIMKAPOIAKTOH, T POKCHAIATUAT

Ana yumupoearus: NMonkos A.B., fop6ay E.C., lopbay E.H., KoHoHoBu4 H.A.,Kupeesa E.A., Monkos [.A. MNpumeHeHne 61MoakTMBHOro 6uoaerpaam-
pyemMoro MMnnaHTaTa U3 noaunKanponakToHa A1 NeYeHns 0CTEOXOHAPasbHbIX fedeKTOB: SKCNepMMeHTaNbHoe UccnenoBaHue. eHuli opmoneduu.
2023;29(6):615-628. doi: 10.18019/1028-4427-2023-29-6-615-628. EDN: BOVIC.
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Bioactive biodegradable polycaprolactone implant for management of osteochondral defects:
an experimental study

A.V. Popkov, E.S. Gorbach™, E.N. Gorbach, N.A. Kononovich, E.A. Kireeva, D.A. Popkov
Ilizarov National Medical Research Centre for Traumatology and Orthopedics, Kurgan, Russian Federation
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Abstract

Introducrion Repair of the affected articular surface still remains an unsolved problem. The purpose of this study was to assess the efficacy
of a biodegradable polycaprolactone implant coated with hydroxyapatite on the healing of an osteochondral defect of the femoral condyle in rats.
Materials and methods An osteochondral defect of the medial femoral condyle was modeled in 76 Wistar rats divided into 2 groups. In the experimental
group, the defect was replaced with a biodegradable polycaprolactone membrane coated with hydroxyapatite. In the control group, the defect remained
untreated. The results were assessed within a year. Results In the experimental group, the animals had a significantly better range of motion at all
stages of the experiment than the control animals. The implant ensured the integrity and congruence of the articular surface. On day 180, a newly
formed area of the articular surface of the organotypic structure was observed in the defect. Biomechanical properties of the repaied zone restored
after 60 days while in the control one they remained lower by 27-29 %. Discussion Filling the defect with an elastic implant made of polyprolactone
with hydroxyapatite provided early functional load on the joint. The structure of the implant, simulating the extracellular matrix, promoted the growth,
proliferation and directed differentiation of cells in the area of the osteochondral defect. The moderate rate of biodegradability of the material provided
gradual replacement of the implant with organ-specific tissues. Conclusion A biodegradable polycaprolactone implant impregnated with hydroxyapatite
particles might be effective for experimental osteochondral defect repair.

Keywords: articular cartilage, osteochondral defect, biodegradable implants, polycaprolactone, hydroxyapatite

For citation: Popkov AV., Gorbach E.S., Gorbach E.N., Kononovich N.A., Kireeva E.A., Popkov D.A. Bioactive biodegradable polycaprolactone
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BBEJEHUE

[ToBpeskeHMe CyCTaBHOrO Xpsllia KPYMHBIX CyCTa-
BOB SIBJISIETCSI 4aCTO} MAaTOJIOTMeli OMOPHO-ABUTaTe b-
Horo ammapara. AHanu3 6osiee 30000 aprpockomuye-
CKUX BMEIIATeIbCTB, CBSI3aHHBIX C TOBPEXAEHUSIMU
” 3a60JIeBaHMSIMU KPYITHBIX CYCTaBOB, MOKaszand B 63 %
HaOGJIIOMEeHM MMaTOJOrMUecKue M3MeHeHMs Xpsia pas-
JIMYHOM cTenenu [1, 2].

JlokasibHble HapYIIIEHMsT XPSIIEBOM BBHICTWIKA U TMOI-
JiesKalen CyoXOHAPaIbHOM KOCTY MBIIIEIKOB 6eIpeHHO
KOCTM B GOJIBILIMHCTBE CJIy4aeB SIBJISIIOTCS CJIICTBYEM
TpaBM WM 3a00JIeBaHMI KOJIEHHOTO CyCTaBa, a HeCBOEB-
peMeHHOe WM HeaJeKBaTHOe JIeueHMe MOSKET IIPUBOIUTD
K PasBUTHIO JereHepaTMBHO-IUCTPOPUUECKNUX Iopayke-
HUI CyCTaBoB [3].

© MNonkoB. A.B.,Top6au E.C.,Top6ay E.H., KonoHoBuy H.A., Kupeesa E.A., Monkos [.A.,2023
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Kak mpaBmio, KOCTHO-XpsiiieBbie Ae(eKTbl KPYIHBIX
CyCTaBOB TPeOyIOT XMPYPruueckoro jedyeHus [4].

Hecmorps Ha BHempeHMe B KIMHMYECKYIO MPAKTUKY
LIVPOKOTO CIEKTPa XUPYPrUUECKUX METOOVK JIEUEHUS T10-
BPEXIEHMI CYCTaBHOTO XpsIlia, HA COBPEMEHHOM 3Talle
pPasBUTKS MeAMLMHBI U OGMOTEXHOJIOTUI TIOMCK METOIOB
BOCCTAHOBJIEHVSI CYCTaBHBIX ITOBEPXHOCTEN OCTAeTCs
OueHb aKTyaJIbHOU U HepelIéHHOM 3amayuei [5].

Huskast cnoco6HOCTh Xpsillia K pereHepanyy OTMeyve-
Ha MHOTMMM MCCJIEOBATEISIMU U CBSI3aHA C OTCYTCTBUEM
B HEM KPOBOCHAOXKAIOIIMX Y MHHEPBUPYIOUIMX COCTAaBJISI-
IOLMX. B CBS3M C 3TMM MPOBOAMIIOCH U TPOBOIMUTCS MHO-
SKeCTBO MCC/IeIOBaHMI, HAIIPaBIeHHbIX Pa3pabOTKy HOBBIX
MeTOJOB, KOTOpbIe, KaK IIPaBUJIO, HApaBjeHbl HA CTUMY-
JISIIIMIO U BOCCTAHOBJIEHNME CyCTaBHOTO Xpsia [6, 7].

Ha cerogusiumii 1eHb OOHUM U3 HauboJiee pacrpo-
CTpaHeHHbIX 3(QQEeKTUBHBIX U He 3aTpPaTHBIX METOLOB
SIBJIIETCSI METOJ, MMKPOQPAKTYPUPOBaHUSI B Pa3IUIHBIX
momudukanmsx. OmHako 06pasyIoUInincs B 30He CyOXOH-
IasbHOTO medeKTa pereHepar y mamyeHToB crapiie 35 et
yacTo nopBepraercst msucy [8, 9].

Hcrnonb3oBaHue MO3aUMYHOM XOHJPOILJIACTUKYU  CIIO-
COOCTBYET YCIIELTHOMY JIOJITOBPEMEHHOMY 3aMeIeHNIO
TMOBPEXOEHHOIo ydyacCTKa KOCTHO-XPSAIIE€BbIMU CTOI[6‘{8.-
TBIMM QJIJIOTPAHCIUIAHTATaMM, 3a0paHHBIMU U3 HEHarpy-
sKaeMbIX 30H cycTaBHOM moBepxHocTu [10, 11], HO MOKeT
BbI3bIBaTh OOJIE3HEHHOCTDb ¥ JereHepaTuBHbIE M3MEHEHMUs
B 9TUX YyYyacTKax, 160 TpeOGyeTcs UX BOCIOJHEHUE Jpy-
I'YIMM MMIUTAHTAIMOHHBIMM MaTepyajiaMy, YTO BJIeUeT J10-
TIOJTHUTEJIbHBIE 3aTPaThI U YBEJIMUMBAET BPeMSI Ollepalui.

B mocnenHme KoOpl YCIENTHO BHEAPSIIOTCS KJIETOUHbBIE
TEXHOJIOTVM C BHEJIpeHMeM B 00J1aCThb XPSIIEBOro gedeKTa

ayTojornuHbix xoHapounutoB (ACI) u couetaHmem mpu-
MEHEeHMST ayTOJIOTUUYHBIX XOHAPOLMTOB M KOJJIAar€HOBBIX
matpul, (MACI) [12]. HemocraTkoM MeTOHOB SIBJISIETCSI
UX TPYIOEMKOCTh ¥ BbICOKAsI CTOMMOCTb.

AJTbTepHaATMBON BbIIIETIepeUMCAeHHbIX METO/IOB Jieye-
HUS OCTE0apTpo3a SIBJSIIOTCS MaTPUKC-MHIYIVMPOBaHHbIE
TEXHOJIOTUM (ayTOJOTUYHBIA XOHAPOTeHe3, MHAYIIMPOBaH-
HbIN KoyimareHoBov Mmemb6paHoii AMIC), korma co6CcTBeH-
HbI€ KJIETKM KOCTHOTO Mo3ra u majoauddepeHIpoBaH-
Hble TIepPUBACKYJIIPHbIE KJIETKM, TPOHMKAIOIIME B 06IaCTh
nedekra B pesyjbTaTe IpeaBapUTEIbHOIO MUKpPOdpaK-
TYPUHTA, 3aCeJISTIOT MMILUIAHTUPYeMble GMOCOBMECTUMbIe
6uopmerpamupyembie matpuiibl. CoBpeMeHHbIe MyOJIMKa-
LMY TTOCBSIIEHbI MPEUMYIIECTBEHHO pesy/ibTaTaM 3aMe-
IEHNS XPSILIEBbIX TeGeKTOB KO/UTareHOBbIMY MaTpPUIIaMIA.
OpHako MaTpUIbl U3 TPUPOMHOTO KOJIJIareHa JTOCTAaTOUYHO
JIOPOTOCTOSIIIN, @ UX TIPUMEHEeHe He BCeraa pesyibTaTyB-
HO B OTJAJIEHHbIX Neprofax Habmonenns [13, 14, 15].

B mocnennve rombl MOSIBWIVCH MTYOIMKAIMMA 00 YCIIel-
HOM TPUMEHEHUM CUHTETUUECKUX TMOJMMEPHBIX Guomerpa-
JIMPYEMbIX MMITIAHTAIMOHHBIX MaTepyaioB, KOTOPbIE ropas-
IO IellieBIe U He BbI3bIBAIOT MMMYHHBIX peakimi [16-21].

Opnako TpebyeTcsl IPOBeIEHME KOMILJIEKCHBIX 3KC-
NnepryMeHTaIbHbIX I/[CCJIe,E[OBaHI/Iﬁ C OOJITOCPOYHBIM IIe-
pUOIOM HAOIONEeHUsT i1 OObEKTUMBHOTO OOOCHOBaHMSI
MpYMeHeHMsT TIOIOGHOrO Pojia MaTepPUaJoB M TEXHOIOT I
B KJIMHUYECKOV TIPaKTHKeE.

Hens - omeHuTh 3PHEKTUBHOCTD MPUMEHEHUS 3j1a-
CTUYHOTO 6M0aKTUBHOTO 61OerpagpyeMoro MMIUIaHTaTa
13 TIOJMKAIPOJIAKTOHA, MMIIPETHUPOBAHHOTO YaCTUIIAMU
TUAPOKCHUANATUTA, JJIST 3aKUBJIEHMST OCTEOXOH/IPaTbHOTO
nmedekTa MblIieIKa 6epeHHO KOCTH Y KPbIC.

MATEPHAJIBI 1 METO/IbI

WccnenoBaHye BBITIOJIHEHO Ha 76 KpbIcax JIMHUM «Bu-
cTap», BO3pacT KOTOPbIX B HayaJie SKCIIePMMEHTA COOTBET-
CTBOBaJI 7 MecsiaMm.

Bce skKMBOTHBIE ObLIM pacipenesieHbl B 2 TPYIIIbL.
JKMBOTHBIM MOZEIMPOBAIM OCTEOXOHAPAIbHBIN medekT
CYCTaBHON TMOBEPXHOCTU. B OMBITHOI I'pytre nedekT 3a-
Mellaii 6uomerpagupyemMoli MeM6paHoii U3 TOJMKAIpo-
JIAKTOHA C TOGaBJIEHMEM TUIPOKCUATIATHTA.

OmnepaTyBHbIE BMEIIATEIbCTBA OCYIIECTBISUINCH B CTe-
PWIBbHBIX YCJIOBUSIX OIEpaIyIOHHOM 1101, 061mmM 06e36051m-
Banuem (Pomerap 2 % - 1-2 mr/kr, broBera, Yexus; 3ome-
i 100 - 10-15 mr/kr, «Virbac Sante Animale», ®paniims).

OcCyIIeCTBISUIM XUPYPIUUECKUI JOCTYI K KOJIEHHOMY
CyCTaBy, C MIOMOIIbIO (Ppe3bl JuaMeTpoM 2 MM MOMETNPO-
BaJI OCTEOXOHIPAIbHBIN JAeheKT MenaJIbHOTO MbIIIe/Ka
OenpeHHON KOCTU IUMPUHOI 1,5-2 MM, [JTyOMHOM 2 MM.
VY SKMBOTHBIX OIBITHOM T'PYIIIbI MOJOCTh AedeKTa 3armosi-
HSJIM  OMomerpaguMpyemMbiM 9JaCTUUYHBIM MMITJIAHTaTOM
13 TIOJIMKATIPOJIAKTOHA C COZlepsKaHueM TMAPOKCHUANaTUTa.
OKCIIepYMeHTaIbHAsT MOJe/lb BbIOpaHa B COOTBETCTBUM
C TPUHIUIIAMM TECTUPOBAHMS MMILIAHTAIMOHHBIX Mare-
pMaJIoB Ha JIABOPAaTOPHBIX SKUBOTHBIX [22, 23].

Knunuueckue memodut

B TeueHme skcrepMmMeHTa 3a BCEMM KMBOTHBIMM OCY-
MECTBISUTM KJIMHIYECKoe HabIoneHme.

OueHnBamu ux obllee COCTOsIHME U (PUBNYECKYIO aK-
TUBHOCTb. IIpy MOMOIIM 3JIeKTPOHHBIX BECOB M3MEPSUIN

Maccy Tejia, OBIIYIO TEMIIEPATYPY ¥ JIOKAJIbHYIO TEMITEPa-
TYPY B 06J1aCTHM OMEPATUBHOTO BMEIIATEIbCTBA U B aHAJIO-
TMYHOW 30HE KOHTPAJIaTePasIbHON KOHEUHOCTU U3MEPSIN
JOVICTAHI[VIOHHBIM MEOMLIMHCKUM MHGPaKPaCHbIM Tep-
mometpom (BWell Swis AG, Llsenuapust). OueHuBanu
BHeIITHee COCTOsTHYE MATKMX TKaHel rojieHn B 06/1acTy o-
BpEXIEHMST U (QYHKIMOHAIbHOE COCTOSTHME KOHEYHOCTH.
CaHTMMETPOBOI JIEHTO! M3MEPSUTM OKPYKHOCTb TOJIEHU
B BepxHell TpeTu. YIJIbl TaCCUBHOTO pasrubaHus u cruba-
HUST KOHEYHOCTY U3MEDPSUTM CTAHAAPTHBIM YIJIOMEPOM.
3akuBjieHne nedekra U3yuyaau Mpy MOMOIIM MUKPO-
aHATOMMYECKMX U TUCTOJIOTMYECKUX METOHOB. [l 3TOro
SKMBOTHBIX BBIBOIVJIM U3 OIbITA MEPeI03UpPOBKOM Gapou-
TypaToOB MOCJIe MPeqBapuUTeIbHOM MpeMenuKaluu ooIie-
MPUHSTHIMU  (PAapMAaKOJOTMUECKUMY —TIperaparamu — ye-
pes 14, 60, 180 1 360 cyTok 3KCIIepMMeHTa.
VccnemoBaHye MPOBOAMIIOCH C COBTIOMEHMEM TPUHITN-
noB EBpomeiickoii KoHBeHIMu 1O 3aliiyuTe MO3BOHOUHBIX
skuBoTHbIX, JupexkTusbl 2010/63/EU EBpomnerickoro map-
namenTa 1 CoBera EBpormeiickoro corsa mo oxpaHe >Ku-
BOTHBIX, OMOGPEHO 3TUUECKUM KOMUTETOM YUPEXKIEHUSI.
AHamomuueckue memoosl
ITocne 3BTaHa3MM JKMBOTHBIX BBIWIEHSIM GEAPO OIepu-
POBAHHOWM KOHEYHOCTH U TIPENapupoBasM OT MSITKMUX TKaHeN
GepeHHYI0 KOCTh. B o6acti meTadusa Gppe3oit OTIMIMBaIn
ee IUCTaJIbHBIA CycTaBHOM KOoHell. OlieHuBam 0CO6eHHOCTHI
obnacty Jedekra CyCTaBHONM MOBEPXHOCTH U CYyCTaBHYIO I10-
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BEPXHOCTb B 11€JIOM, OOpaIliasi BHMMaHe Ha BOCCTaHOBJIEHME
KOHI'PYSHTHOCTH. Vcronb30Bam CTaHAapThl MAKPOCKOMAYe-
CKOM O1leHKM MeskayHapomHOro o6I1iecTBa BOCCTAHOBIEHUS
xpsitia (ICRS) [23]. Makpockonyueckast OLeHKa OCTEOXOH-
npanpHoro BoccraHosieHus ICRS mmpoko mcronb3yercs
B KayecTBe MHIMKATOPA I OLIEHKM BOCCTAHOBJIEHWSI KOCT-
HO-xpsieBoro nedekra in vivo [24, 25, 26]. Isa xupypra-
OpTOTIEAa U VICCIIENOBATENb-TUCTONIOT TMPOBEJIN «CJIEITYIO»
o1eHKy a¢dekTa BoccTaHOBIeHNs Aedekra. OcylecTBsum
(hOTOIOKYMEHTMPOBaHKE aHATOMUYECKUX IIPerapaToB TPy
niomortiy b poBoi HoTokamMephl.

Buomexanuueckue memodv!

15t aHa;m3a 61OMeXaHMYEeCKUX XapaKTEPUCTUK CyCTaB-
HOM TTOBEPXHOCTHM pereHepara, GopMMUPYIOLIETOCs B 061acT
OCTEOXOHAPAIbHOTO fedeKTa, Ha CBESKMX He(DUKCUPOBAHHBIX
aHAaTOMMYECKMX TIperiapaTax ONpenesisuii ee TOmaTIMBOCTh
(TT) (3amep BeMUMHBI PUIONKEHHOTO YCUJIVSI B Pe3yJIbTare
MIPUHYOUTEILHOTO BHEAPEHMST MHOEHTOpAa B UCCIENYeMYO
TKaHb). [JI 9TOTO MCIOIb30BaIM CTPEIOUHbIN MHIMKATOD C
npenenamu usmepenust ot 0 go 10 mm 1 nenoit genenns 0,01
vm (I'OCT 577-68) co cheprueckoii Gopmoii MHAEHTOPA.
BenuurHy KpMBU3HBI XPSIIEBOM TTOBEPXHOCTU ONPEIEIIsIN
pamgmycomepom B uuTepBasie pammyca 0,5-10 mm. Vismepennst
BBITIOJIHSIM CJIEAYIOILIMM OOPasoM: pagnyCoOMepOM U3MeEpSI-
JIV KPUBU3HY XPSIIIIEBOI TIOBEPXHOCTH, YCTAHABIIMBAS U3Me-
pUTEIbHOE YCTPOMCTBO Ha 11a6JI0H, COOTBETCTBYIOIIMI Pa-
IMYCY KPUBU3HBI XPSIIIEBOV TOBEPXHOCTY (YCTAHOBUBIIIEECST
TOKasaHue MHAuKaTopa — Mo), aHaJIOTMYHO TIPOV3BOIVIIN 13-
MepeHe BeIMUMHbl BHEApeHust nHaeHTopa B xpsiiil (M - o
TIOKA3aHMIO CTPEJIKM MHAMKATOpa). Bpemst conmpuKoCHOBEHMST
MHIEHTOpA C XPSILIOM — 3-5 cekyna. Kaskmoe m3 msmepeHmit
moBTopsui 3 pasa. [l pacueTa OGpaiu CpemHue BeIMUMHBI.
ITo dhopmysne P=10,5M + 70 (rme P - ycwmme TpysKMHHOTO
MexaHu3Ma, M3MepsieMoe B TpaMM-CWIbl (I'C)) OIpenessuim
Be/MUMHY yeusmvs P, ¢ KOTOPBIM MOABVIKHAST HOYKKA YCTPOI-
CTBA BHEIPSUIACH B XPSIIIL.

Omnpenenus BeMumMHy BHeApeHMs nHAeHTopa (d) (B co-
OTBECTCTBUM C MTOKa3aHUsIMM LIM(PPOBOrO MHAMKATOPA, Ie
d = Mo-M), paccuntsiBamu noparausocts (IT): IT = d/P
B MM/TC, yunThiBasi, uro 1 m/H = 0,102 mm/rc.

T'ucmonozuueckue memodsl

OTmpenapupoBaHHble OT MSITKMX TKaHe! (GparMeHTbI
TMCTAIbHOTO CYCTAaBHOTO KOHIIA GeIpeHHON KOCTU MUKCH-
poBanu B 10 % pactBope HeliTpajabHOro opmainHa B Te-

yeHue 3-5 cyTok. JlemMuHepasusainio 06pasioB OCyIIecT-
BJISTM B AEKAJIbLIMHUPYIOIEM pacTBope Ha ocHoBe DJITA
MpU TIOCTOSTHHOM BCTPSIXMBAaHMM ¥ CMEHE pacTBOPOB
Kakaple cyTku B TeueHue 7-10 cytok. [lyia merumparanym
KOCTHO-XPSIIIIEBBIX (DPArMeHTOB MCIIOIb30BaIM CITAPThHI
Bocxopsiieit kpernoctu (ot 70 mo 100°). Ianee o6pasiibi
MIPOITUTHIBAJIM U 3a7IMBAJIM B TTapaduH.

I'mcTonornyeckme cpesbl TOMIIMHON 5-7 MKM TOTOBM-
JI1 TIpy oMol caHHoro mmkporoma (Rieahard, 'epma-
HUST), pasMelaiM Ha MPeAMETHbIX CTEKIaX M BbICYIIMBa-
yu. [enapaduHN3MpPOBaHHBIE MperapaTbhl OKpPAIIVBAIN
reMaTOKCWJIMHOM M 03MHOM, a TaKyKe ajbI[MaHOBbIM CH-
HuM - cappaHnHoM-O. OcCylecTBIs/IM MTOCTAHOBKY UM-
MYHOTMCTOXMMMYECKOI peakiuy K aHtTutenam CD34 ¢ no-
KpalllMBaHUEM Te€MAaTOKCUIVMHOM M 303MHOM (ITPOTOKOJI
u aHTuTesna pupmel Abcam, Benmkobpuranus).

CBeTOMMKPOCKOIIMUECKOe MCCIefoBaHe u ouudpoB-
Ky TMCTOJIOTMYECKUX TPerapaTtoB OCYIIECTBIISUIA TPU TO-
MOIIM MUKpOcKomna «AxioLab.Al» u uudpoBoii KaMepbl
«AxioCam (Carl Zeiss Microlmaging GmbH, I'epmanmus). B
nporpamme «BumeoTecT Mactep-Mopdonorus 4.0» (OO0
«HITK “3enut”», Poccust) usmepsum IUIOIIAAM TKaHEBbIX
KOMITOHEHTOB B pereHepare, 06pasyloiieMcst B 30He fedeK-
T4, M BBIUMC/SUIM UX AOJIEBYIO COCTABJSIIOIIYIO B OOIIEN
IJIOLIAIY PereHepara B pas/iMyHbIe TIEPUOIbI SKCIIEPUMEH-
ta. [IpoBomMIM M3MepeHMe TOJMIIMHBI KOCTHBIX TPabeKyJ1
cy6xoHIpasibHOM KocTH. Ha orindpoBaHHbIX M306paskeHMSIX
TYCTOJIOTMUYECKUX MPENapaToB KMBOTHBIX OIBITHOW CEPUU
Y MHTAKTHBIX JKMBOTHBIX M3MEPSUIM TOJIIVHY XPSIIEBON
TKaHu B 30He nedekxra uepe3 180 u 360 cytok. [TpoBommin
TTOJTYKOJTMUECTBEHHYIO TYICTOJIOTMUYECKYIO OILIEHKY CJIETBIM
METOZIOM 10 cucteme, TpemsioskeHHor O'Ipuckosuiom [27]
M aJanTUPOBAHHOV Ui OIIEHKM BOCCTAHOBJIEHWS TKaHEN
TPV 3a5KUBJIEHMY CYOXOH/IPaIbHBIX JedekTos [28, 29].

Cmamucmuueckue memodol

CrartucTMUecKuii aHaiM3 BBINOJHSIM B IMPOrpaMMe
Attestat Bepcust 9.3.1 (paspa6otumk W.I1. Taiigeiiies, cep-
tudumkar o perucrpauyu B Pocmatente N° 2002611109).
3HaueHMs] TIOKasaresjel MpPeNCcTaBIsulM B BUIE MeAvaH
(Me) u kBaptueit (Q1-Q3). 3HaUMMOCTDb pasnuMii Ompe-
nmensum Kpurepuem Maunna — Yurtau. Ipu p < 0,05 pasiau-
YN CUUTATUCH CTATUCTUUECKM 3HAYMMbIMMU.

Hab6mionenns ocymectsiasui yepe3 14, 28, 60 u 90,
180 u 360 cyTOK mocJie onepaiun.

PE3VJIbTATBI

Pesynomamet kaunuueckux HabnaodeHull u ¢usukanb-
HOUl OUeHKU

Yepes 2 Hemeny KPbHICHI aKTUBHO IOJIb30BaJCh IIPO-
OTIepUPOBAHHO} KOHEYHOCTHIO. [loBeeHNe, mpyeM muIm
” ¢u3Myeckass aKTMBHOCTb y BCEX 3KCIIePYMEHTAIBHBIX
SKUBOTHBIX He OT/IMYaIach OT 340OPOBBIX HE MPOOIEPUPO-
BaHHbIX KMBOTHbBIX. BM3yabHO ompezesisiemast OTEYHOCTb
TKaHell COXpaHsUIach B TeueHne 7 CyTOK.

Vi3smepeHUs] OKPY>KHOCTM BepXHEN TPEeTM TOJIeHM MO-
Ka3aJio, YTO Ha BCeX 3Talax 3KCIIepYMEeHTa B IPOOIepu-
POBaHHBIX KOHEYHOCTSIX SKMBOTHBIX KOHTPOJIBHOM I'PYTIITBI
06beM MSTKMX TKaHel ObLT He3HAYUTETbHO MEHbIIle, YeM
B ONBITHOM (puc. 1).

B TeueHue Bcero sKCIepuMeHTaIbHOTO HAGTIONEH S TO-
Tepy Beca ¥ KPUTUUYECKNUX M3MEeHEeHMI 06ILIell TEMIIepaTyphl
TeJia y JKMBOTHBIX 06eMX I'PYTI He Habmonanoch (Tab. 1).

CcM @~ OlbIT === KOHTPOJIb

6,5

6 -

5,5

4,5

4 T T T T

ncxogHasa 1 mecay, 3mMecqaua 6 mecsiueB 1 rop

Puc. 1. [InarpaMma JUHaMMUKM M3MEHEHMI MSTKUX TKaHel roieHn
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Tabmmma 1
IyHamyka GU3MOIOrMYecKuX mokasaresieii JKMBOTHBIX (Bec, JIOKaJIbHas 1 ob1iiasi TeMIiepaTypa Tejia) Ha Tanax 9KCIepuMeHTa
TMepuon sxcriepumeHTa Cepust Mapaverpbt
Bec (rp.) Temmeparypa Tena (°C) JlokanbHast Temmeparypa (°C)
Hopma - 397,0 (342-406) 34,6 (34,5-35,1) 31,1 (30,1-31,8)
14 e KOHTPOTD 402,3 (331-409) 36,9 (36,4-36,9)* 33,7 (31,0-33,5) *
SKCTIepUIMEHT 403,8 (344-409) 37 (36,7-36,9) * 33,8 (32,4-33,8) *
30 el KOHTPOJIb 408 (328-410) 36,2 (36,1-36,4) * 32,2 (31,2-32,2)
9KCIIEPUMEHT 408 (344-416) 36,4 (35,8-36,5) * 31,2 (30-31,4)
60 et KOHTPOJIb 408,4 (343-412) 35,1 (34,7-35,4) 28,8 (28,5-28,9) *
9KCIIEPUMEHT 409,0 (348-419) 35,6 (34,7-35,5) 31,1 (30,4-31,5)
90 et KOHTPOJIb 410,0 (338-410) 34,9 (33,5-35,05) 30,2 (28,85-31,2)*
SKCIIEPUMEHT 410,0 (350-434) 35,03 (34,4-35,1) 31,3 (30,8-31,3)
180 e KOHTPOJIb 393(391-395) 35,1 (34,9-35,3) 30,8 (29,8-31,8)
9KCIIEPUMEHT 413 (411-415) 34,9 (34,7-35,1) 30,7 (30,1-31,8)
360 seii KOHTDOJIb 401 (398-404) 35,6 (35,5-35,7)* 30,4(29,7-31)*
SKCTIepUMEHT 418 (410-426) ) 35,1 (34,9-35,3) 30,9(30,4-31,4)
*-p<0,05

HVckimioueHne coCTaBWIO HE3HAUMTEILHOE TIOBBIIIEHME
00611Ielt TeMIepaTypsl B IIepBble JBe Hele MocIe onepa-
UMM Y BCEX MPOOIEePUPOBAHHBIX KMBOTHBIX M €€ He3Ha-
YUTEJIbHOEe, HO OCTOBEpPHOEe IOHMKeHMe OTHOCUTEeTbHO
HOPMbI Y KpbIC KOHTPOJIbHOV Tpymmbl. ITokasaTenu Jio-
KaJIbHOJ TeMIiepaTypbl B 06/1aCTV MOBPEXKIEHUST CyCTaBa
HaO6JTIONANCh B TEUEHME MeCsIIa ToC/Ie onepanun B 06enx
rpymnmnax Ha 2,3-2,4 °C Bblllle, @ B KOHTPOJIbHOM T'PYyIIIe U
uepe3 1 ron HabromeHu (Tabs. 1).

Ha Bcex sTamax skcrepuMmeHTa Iokasareu (QyHKIMU
pasrubaHMsI KOHEYHOCTH B KOJIEHHOM CYCTaBe Y OIbITHBIX U
KOHTPOJIBHBIX SKMBOTHBIX TOCTOBEPHO HE OTIMYAIACh OPYT
OT Ipyra M OT MHTAKTHbIX KpbIC (puc. 2). VckimoyeHme co-
CTaBWI TepMop, dyepe3 rop, HaOMIOmeHMI, KOTna 3HaueHUst
YIJIOB pa3rubanusi B 06enx rpymnax 6bui CHYSKEHbI OTHO-
CUTETbHO MPenbIAYIIMX CPOKOB dKCIepumMeHTa: Ha 8,1 % —
B ombITe, Ha 16,5 % - B KoHTpose. [Ipy 3TOM B OIBITHOM
IpyIINe 3HAYEeHUsT He MMeJM JOCTOBEPHbBIX OTJIMUMIA OT UH-
TaKTHBIX >KMBOTHBIX ¥ ObLIM BbIIIE, YeM B KOHTPOJIbHOM
rpymre Ha 11 %. B KOHTpOJbHOM I'pyTINe B JaHHbIN TEPUO,
rokasareJiv ObIIY HYDKE, YeM B MHTAKTHOM rpyrine Ha 19 %.

[TokasaTes GYHKIMM CrUOaHUSI KOHEYHOCTUM B KO-
JIEHHOM CYCTaBe KpbIC B 00euX Cepusx BO BCe IEePUOIbI
9KCIIEPMMEHTA HE OTJINYAJIMCH OT TAKOBBIX Y MHTAKTHBIX
SKUBOTHBIX. OHAKO MX HE3HAYUTEJbHOe CHUKEeHMEe ObLIO
oTMeueHO yepe3 30 CyTOK IKCIIEpUMEHTa B 06eMxX Cepusix

(B ombiTe - Ha 3 %, B KOHTpOJe — Ha 1,5 %) u yepes rop
B KOHTPOJIbHOM Tpytme (Ha 1,5 %). [Tpu atom B mepuopsl
¢ 90 cytok o 360 cyTOK moKasaTesu OMBITHOM T'PYTIIIbI
TIpEBBIIIAIM TAKOBbIE B KOHTpoOJIe Ha 2-2,9 %.

Takum 06pa3om, HECMOTPST Ha TO, YTO CYIIIeCTBEHHbIX
pasauuMii TI0 CPaBHEHWIO C MHTAKTHBIMM SKMBOTHBIMU
He BBISIBJIEHO, TEM He MeHee, aMIUTATYIa IBVKEHUN B KO-
JIEHHOM CYyCTaBe KPbIC OMBITHO I'PYIIIbI Obla 6oJiee MoJ-
HOJ, 4YeM B KOHTPOJIbHOIA.

Pesynomamet anamomuueckux u 2ucmono2uueckux uc-
cnedosanuli

VccenoBanne aHATOMMYECKMX —TIPENaparoB  [yC-
TaJIbHOTO CYCTaBHOTO KOHIIA GepeHHOM KOCTM MOKa3aslo,
YTO Y JKMBOTHBIX OIBITHOM cepuu, 6aaromaps MMITIaHTH-
POBaHHOMY MaTepuasy, 3amojHsolIEeMy 00beM fedeKTa,
y>ke uepes 14 cyTok Habironanach poBHasl O1ecTsilast Ccy-
CTaBHasI MOBEPXHOCTh C COXpaHEeHMeM aHaTOMUYEeCKOTrO
pesbeda MpooneprupoBaHHOro Mbiieaka. O6jacTb nedek-
Ta 6GbLIA TOKPHITA CJIOEM ITPO3PAYHOTO TKAHEBOTO HEeTPHU-
Ta, MOJ, KOTOPbIM BM3YaJM3MPOBAJICSI MMIUIAHTAIIMOHHbBIN
Marepuas, 3aMelalonnii Co3maHHbli aedekT (puc. 3, u).
[Ipu3HAKOB OTTOPKEHUS] MMILIAHTATa, BOCIAIATETHHON
peakiuy OKPYKaloIIMX ero TKaHeil U IMOJIOCTeN BOKPYT
Hero He Habmomanoch. Ha 60 cyTKku cjioli TKaHEBOTO [ie-
TPUTA Ha MMOBEPXHOCTU MMIUIaHTaTa ObUT GOJIee BhIPasKEH,
COXPaHSUIaCh KOHI'PYSHTHOCTh TIOBEPXHOCTH (PHUC. 3, K).

C—0nbiT EE KOHTPO/Ib e [AHTaKTHbIE

180 165 -
T T . T
J i
150 160 -+
5 120 1 3 155 - [
g >
>
=3 =%
g 2 8 150 - I L J
2 =
60 A 145 -
30 A1 140 -
0 135 +
ucxoaHaa 1 Mecau 3 Mecaua 6 Mecaues 1 ropg, ucxogHaa 1 Mmecau 3 Mecaua 6 MecaueB 1 ron
BENMUMHA BE/IMUMHA
Jtanbl JKCnepuMeHTa a Jtanbl 3KCnepuMeHTa 6

Puc. 2. IuHamuka yrioB pasrubanus (a) u crubanus (6) KOJIEHHOTO CyCcTaBa Ha 3Tarax 3KCIepUMeHTa
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14 cyTok

180 cyTtok

360 cyTok

- >~

Puc. 3. AHaToMuuecKkyie U TUCTOTONorpaduyeckyie Makpo- ¥ MUKPOGOTO OCTEOXOHIPAIbHOTO AedeKTa B PasMyuHble epPUOIbl IKCIIEePUMEHTa:
a-T - aHATOMMYECKE MPenaparhl AMCTAIbHOTO CYCTaBHOTO KOHIIA 6eIpeHOi KOCTH (KOHTPOJIb); /-3 — TUCTOTOMNOrpaduueckie cpesbl 061acTu
OCTEOXOHIPAIBHOTO JedeKTa MbIlesKa 6eIpeHHON KOCTH (KOHTPOJIb); M-M — QHATOMMYECKHME TIPeraparhl JUCTaIbHOTO CYCTABHOTO KOHIIA
6e1peHoit KOCTH (OTIBIT); H-P — TUCTOTOMOrpaduyecKyie cpesbl 06JaCTi OCTEOXOHAPATIBLHOTO AedeKTa Mbliieska GeIpeHHON KOCTH (OIIbIT);
5K — OKpacKa reMaTOKCIIIMHOM ¥ 303MHOM; I, 3, JI, H-D — OKpPacKa ajblMaHOBbIM CHHMUM-cabpaHiHOM. YBemuueHne (I-3, H-p) — 50

Ha Bcex ocTaibHBIX 3Tamnax, BK/II0Yast OTJajeHHbIe, aHa-
TOMMYECKUI pejibed MOBEPXHOCTH B 06J1aCTH IIOBPEXKIEHNST
TaKsKe coxpansuics (puc. 3, i1, m). Busyanmsaryst uMIuiaHTa-
Ta C KasKAbIM MOCIENYIONIMM MIEPUOAOM CTAaHOBWIACh MEHb-
e (puc. 3, K, Ji, M), Yepes mosiroga MecTo ornepanyy 6110
MOJTHOCTBIO 3aMEIIEHO GUOIOTMUECKMMM TKAHSIMMA.

HeomneprpoBaHHbIi1 MbILIENIOK GeqpPeHHON KOCTU CO-
XPaHsUT aHaTOMMYECKYIO (OpMY, 3pO3uii U PacTpeCKUBa-
HMI He HaGmomanoch. 1IBer 1 61eck MOBEPXHOCTU ObLT
aHajiornyeH Hopme (puc. 3, m).

B koHTposie nHO medekTa BO BCe MepUOIbl GbUIO BbI-
CTJIaHO T[JIQIKUM TKAHEBbIM CJIOeM, Oojiee TUIOTHBIM
M MeHee TMpPO3pauHbIM [0 TEpPUMETPYy Kpas zgedekra
(puc. 3, a-r). OnmHako o6beM mAedeKkTa He BOCIOJHSIICS
naske uyepe3 180 cyTok skcnepumeHTa (puc. 3, B).

Uepes 360 cyTok medeKkT HEPaBHOMEPHO ObLI 3aroyieH
COeIMHUTEIbHOTKaHHBIM cyocTparoM (puc. 3, r). KoHrpysHT-
HOCTb [TOBEPXHOCTH ObLIa HApYILIEHa BO BCE MePUOIbI IKCITe-
pumenTa (puc. 3, a-T). B HeonepnpoBaHHOM MbIILIEJ/IKE, HAUN-
Hast ¢ 60 CyTOK 3KCIIePUMEHTA, BU3YaIM3MPOBATNACh YUACTKA
C HAJIMYMEM 3PO3UiT Ha TOBEPXHOCTH Xpsiiiia (puc. 3, 6, B, T).

Ha Bcex sTanax sKcriepuMeHTa IOKa3aTean MaKpOCKO-
myuecKkoit orieHku 1o craugapram ICRS B onbiTHOIM TpyTI-
Tie 6bUTM TOCTOBEPHO BBIIIIE, YeM B KOHTPOJIbHOM (TabJI. 2).

MaxkcumabHble 6a/ITbl ObUTM OTMEUYEHBI B OMBITHOM TPYTI-
e uepe3 MOJITOJA M TOf, IKCIIepuMeHTa. B aTu mepuombl
BOCCTaHOBJIEHME Xpsiiiia ObUIO MPUOIMKEHO K HOPMaJIbHO-
My 1 cooTBeTcTBOBaIO Il cTenenn BoccrtaHoBieHus. Torga
Kak B KOHTpoJie pesynbraT coorBeTcTBoBai III u IV cre-
MeHNM, KOTOpble XapaKTepPU3YIOTCS KaK «HEHOPMajbHOe»
M «KpaliHe HeHOpMaJibHOe» BoccTaHOBjeHue. IlomyueH-
Hble pe3yJIbTaThl COBIAJAIOT C pe3y/lbTaTaMy OINucaTellb-
HOV1 MOP(OIOTUN.

Tabmmua 2

PesysbTaThl MAKpOCKOIIMYECKOJi OLIEHKY BOCCTaHOBJIEHMSI
OCTEOXOHIPAIbHBIX Ie(GeKTOB B COOTBETCTBUM
co craupapramu ICRS

Tpymna KomnuecrBo 6aoB Ha sTanax akcrepumenta, Me (Q1-Q3)
60 cyTok 180 cytox 360 cyTok
Konrpons 2,5(2,3-2,6) 4 (3,9-4,2) 4,5(4,3-4,7)
OmnbIT 10 (9,5-10,5) 10,5 (10,3-10,7) 11 (10,8-11,4)

p < 0,01 - paznuuust MeKIYy PyIamMmu BO BCe TIEPUO/bI JOCTOBEPHBI.

I'icTonormyeckue MeTOAbI IOKas3ajau, uto uepes 14 cy-
TOK 00JIaCTh JedeKTa B OMBITHOM I'pyIle OblIa MJIOTHO
3aMojiHeHa MMIUIAHTAIMOHHBIM — MaTepyuajioM, BOKPYT
KOTOPOTO OMpeessulach IPaHY/IALMOHHAS U PhIXJasi BO-
JIOKHUCTAsl COeNMHUTENTbHAss TKaHb U MMUKPOCOCYIbI
(puc. 3, H). TsKU PHIXJION BOJIOKHMUCTON COEAVHUTEIBHOM
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TKaHMU, cofiepsKallieii MMKPOCOCY/IbI, CKOTIeHMe Mastomud-
bepenuypoBanHbix GrOPo6IaCTONONOOHBIX KIETOK, Kile-
TOK MOHOLMTapHO-MaKpodaraabHOro psima M JumMdborm-
TOB BPacTai CO CTOPOHBI OKPYsKaloIei Cy6XOHIaabHOM
KOCTY B MPOCTPAHCTBA MEXKIY CTPYKTypaMy MMILIaHTaTa
(puc. 4, 6). Cpeoy HUX BCTPEUATUCH KJIETKM B COCTOSI-
Hum nenenus (puc. 4, B) BocnanurenbHbx MHOMUIBTPA-
TOB BOKPYT CTPYKTYpP MMILJIQHTAIMOHHOTO Marepuajia He
Ha6JIO#ANIOCh. B MeskTpabeky/IsIpHBIX MPOMEKYTKAX Cy6-
XOHJIpaJIbHOM KOCTM, MPUMBIKAIOIIEN K JedeKTy, orpene-
JISITTM TIPEMMYIIECTBEHHO KPaCHBI (T€MOTIO3TUYECKUI)
KOCTHBIM MO3r. CHapyku Ha 3amoJIHAIONIMI IedeKT M-
MJIAHTAlMOHHbBIN MaTepuaa CO CTOPOHbI COXpaHWUBIIIErO-
Cs1 TMaJMHOBOTO XpSIlia HAroj3aayu HeOObIMe YIaACTKU
IMaJIMHOMOZOGHOTO XpsIllia, COeAMHSIONIECs ¢ Geccocy-
IMCTON BOJIOKHMUCTONM COeIMHUTEIbHONM TKaHbIO C He6OJIb-
MMM YYaCTKaMy TPAHYJISILINI, TIOKPIBAIOIIYIO OOJIBIIIYIO
YyacTh NMOBepxXHOCTH nedekra (puc. 3, H; puc. 4, a).

B koHTposibHOM Tpytie aedeKkT GbUT 3aroHEH Tpe-
MMYILIECTBEHHO PhIXJION BOJIOKHMCTOM C Oyaramu rpaHy-
JIIUMOHHONM TKaHsSMu (puc. 3, m; puc. 4, 1, n). B mexxrpa-
GeKYJISIPHBIX MPOMEKYTKAX OTMEUYAIMCh BOCIIAIUTEbHbBIE
MHOWIBTPAThI, PBIXJIasi BOJOKHMUCTAS COEOVHUTENbHAS
TKaHb, OYaru KpoBeTBOpeHus (puc. 4, ).

Yepes 60 cyTOK 3KCIiepuMeHTa 0O6BbEM MMITJIAaHTALIMOH-
HOTO MaTepuasia CyIIeCTBEHHO YMEHbIIIAJICS B Pe3yJibTare
ero Guoperpagaiui 1 3aMeleHns: TKaHeBbIMY KOMITOHEH-
TaMi: B MPOEKIMM CYOXOHIPATbHON KOCTU — PETUKYJIO-
(bubpo3HOI KOCTHOM M PBIXJION BOJOKHMUCTOM COENVHU-
TeJIbHOV TKaHSIMM C MHOTOUMCIEHHBIMM MUKPOCOCYIAMM,
a B TPOEKIINU XPSIIEBOI BBICTUIKMA CO CTOPOHBI HEMo-
BPEXXIEHHOTO TMAJMHOBOTO XPSIlia — HeGOJIbIIMMU OYa-
raMu rMaJiMHONOA0OHO TKaHU, B CPEIMHHON YacTh — BO-
JIOKHMCTOM XPSILIIEBOI TKaHbIO (puc. 5, a, 6).

KoctHble Tpabekynbl 1o mepudepun obiactu mae-
tdexra 6buUM Gosiee 3peabIMM M MUHEPAIM30BAHHBIMU

(puc. 5,B). B cpenuHHON YacTu - CJIaBOMMHEPATIU30-
BaHHbIMM (puC. 5, B). 7T KJIETOYHOro cocraBa ObuIM
XapaKkTepHbl KJIeTKM 3muTennanbHoro, hpubpobractude-
CKOT'O, OCTEOT'€HHOTO ¥ MOHOIMTaPHO-MaKpoGarajibHOTO
mnbdeponos. Omnpenesuinch OCTEOKIAcTbl (puc. 5, r).
I'ranTckue KIJIETKM MHOPOOHBIX TeJ He OOGHapyKe-
Hbl. MuKpococynbl B obnactu aedekTa U Mpuieskaiimx
YYaCTKOB CYOXOHIPAJIbHOVM KOCTU OBLIM TOJTHOKPOBHBI
U paciiupeHbl. B mpoekimy Xpsiiia cocyapl He OO6Hapy-
SKMBAJIMCh. PaspeskeHnst cyOXOHIpabHOM KOCTM 3a 00JIa-
CThIO JedeKTa He MPOUCXOAMIo. B MeXTpabeKyIspHbIX
MIPOMEXKYTKAX BU3YaTM3UPOBAINCH COCYbI i TEMOTIOITH-
YeCKU-3KUPOBOV KOCTHBIN MO3T.

B KOHTpO/IILHON TpymIie B JaHHBIM MEPUOL CO CTOPO-
HbI CyGXOHIPAJIbHOM KOCTY Ie(eKT YaCTUYHO 3aKpPbIBaJI-
cs1 TpabeKyJSIpHOV KOCTbio (puc. 6, a). B meHTpanbHOI
yacTy — ObLI 3armoyiHeH GUOPO3HOI TKaHbIO (puUc. 6, a, 6).
KOHrpysHTHOCTb MOBEPXHOCTM He mocTturansacb. OTme-
yeHO O6GpasoBaHMe IMOIYTYHHOM BHAAMHbI (puUc. 3, 6, K;
puc. 6, a). Co CTOPOHBI XPSIIEBOM BBICTMJIKM HaIoJi3a-
HMsI TUaJIMHOBOM XpsIleBOV TKaHM B 06jacTh medekra
He oGHapyskeHO (puc. 6, 6). Cocymbl B MeKTPabeKyJsip-
HBIX MPOMEKYTKaX ObuTM pacumpensl. [To ux nepudepun
OTpeneIsIICh TuMboIMTapHbie MHOWIBTPAThI (PUC. 6, B).
OTMeueHO YTOJIIIEHWEe CYOXOHAPAJbHOM KOMIIAKTHOM
IJIACTMHKM Yy KpaeB Jedekra (puc. 6,6). KoctHbiin mosr
B MEXTPAOGEeKY/ISIPHbIX MPOCTPAHCTBAaX ObLI MpeuMylile-
CTBEHHO reMOMO3TUYE CKU-KUPOBBIM.

UYepes 180 cyTOK B OMBITHOV ¥ KOHTPOJBHOM CEPUSIX
B MPOEKIUM CYOXOHIPAJIbHOM KOCTM HedeKT 3aMelas-
cs1 TPaBeKyJIIPHOI KOCThIO C T€MOTIO3TUYECKU-3KMPOBBIM
KOCTHBIM MO3TOM B MEXTPaOeKyIIpHBIX MPOMEKYTKAX
(puc. 3, x, m; puc. 7, a, B; puc. 8, a, r). B xoHuTpone, 61u-
K€ K Hapy)KHOM TIOBEPXHOCTM MBbIIIEIKa, (POPMUPOBAJIMCD
YIUIOTHEHHbIE KOCTHbBIE KOHIJIOMEPAThI MO TUITY OCTeO(U-
TOB (puUc. 3, X).

Puc. 4. OcobenHoctu pereHepara B 06JIaCTM OCTEOXOHIPAIbHOTO Hedekra yepe3 14 CyTOK HKCIIEPUMEHTA: a — CyCTaBHAsl MIOBEPXHOCTb B
obnactu nedekra, 3aMeIIeHHOTO MMILJIAHTATOM B OIBITHONM cepuy; 6 — BpacTaHUe TSKeN PhIXJION BOJIOKHUCTON COEAMHUTENIbHOV TKaHU B
CPYKTYpY MMILIaHTaTa (OIBIT); B — MUTOTMYECKN AESILMECs KIETKY B pereHepare, hopMmuyIonemMcs: B 061aCTi OCTEOXOHPaIbHOTO fedeKTa
OTIBITHOM cepyy (CTPEJIKM); T — CYCTaBHAsl TOBEPXHOCTb B 06acTy fedexra (KOHTPOJIb); [ — PhIXJIasi BOJIOKHMCTAs CONMHUTEbHAS TKAaHb,
3anoyHsoast gedexr, u TpabeKysipHas CyOXOHIpabHasI KOCTb, 06pasyroLas jIoxke gedexra (KOHTPOJIb); a-1, — OKpacka reMaTOKCUINHOM U

903MHOM. YBeyueHue: a, 6, 1, 1 — 400x%; B — 1000x
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Puc. 5. OcoGeHHocTy peresepara B 06/1aCTi OCTEOXOHAPaIbHOTrO Aedekra yepes 60 cyTok
akcnepumenTa. OmbITHAS TPyMna: a — rucroronorpaduiueckoe 1306paskeHne mpoonepu-
POBaHHOTO MbIllleKa GeIpeHHO KOCTI; 6 — He3HAuuTeJIbHOE HAIoJI3aHMe TYaJIMHOBO
XPsILIEBOJI TKaHY Ha IOBEPXHOCTD fedekTa. PopmupoBaHye BOJIOKHICTON XPSILIEBOI TKa-
HU B TIOBEPXHOCTHOI 30He medekra; B — dbopmupoBaHme TpabeKysn peTukynobu6po3Ho
KOCTHOJ TKaHM B OGJacTM MMIUIaHTaUyM. Busyanmsanysi OCTaTKOB MMIUIAHTALMOHHOTO
Marepuana. PacumpenHble Mukpococynbl. OTCYTCTBME BOCIAIUTENIbHBIX VHOUIbTpa-
TOB; T — YaCTMYHASI GMOLerpajarys MMIUIAHTAIMOHHOTO MaTepuaa, YBeaueHHOe KO-
YeCcTBO KJIETOK MakpodaraabHoro psipa. Okpacka: a, 6, I — reMaTOKCUIMHOM M 303MHOM;
B - capaunHoM-O 1 abIMaHOBBIM CUHMM. YBenuuenue: a — 50%; 6, T - 200x; B - 100x

Puc. 6. OcobeHHOCTH pereHepara B 06J1aCTH OCTEOXOHAPaIbHOrO fedekra uepes 60 cyToK aKkcrnepumMeHTa. KOHTpOIbHAS IPyMIa: a — TUCTO-
Tonorpaduyeckoe u306paskeHe MPOONEPMPOBAHHOTO MbIIIENIKa OePeHHOI KOCTH; 6 — YTOIIIeHMe KOMIIAKTHOJ IJIACTUHKY CyOXOHAPaIb-
HOJ KOCTH y KpaeB fedekra. 3anonHeHne nedexTa BOTOKHUCTON COeAMHNUTENbHON TKaHbIO; B — PACIIMPEHHbIe KaUISIPbl CUHYCOMIHOTO
THna ¢ IMMpOLUTAPHBIM MHOUIBTPATOM B IEePUBACKY/ISIPHON o6actu. Okpacka: a-B — cadppannHoM-O 1 ajbLMaHOBBIM CHHUM. YBesnue-
Hue: a - 50%; 6, B - 100x

Puc. 7. OcobeHHocTH pereHepara B 06/1aCTy OCTeOXOHIpabHOTO Aedekra uepes 180 cy-
TOK 3KCIIePVMMEHTa, OIBITHAS IPYyIIa: a — (GOPMMPOBaHNe XPSIEBOJ BBICTUIKMA Ha BCEM
MIPOTSDKEHMM 3aMeCTHBILErOCsI OCTEOXOHAPAIbHOrO fedekra; 6 — 30HalIbHOE CTPOeHNMe
HOBOOOPa30BAHHOIO I'MaJMHOBOTO XPsiiiia. Pa3BoIOKHEHMEe HAPYIKHOI 30HbI, MOSIBIIEHME
M30TeHHBIX TPYII MOJIOBIX XOHIPOLMTOB B CPEIMHHON 30He, OObeMHasl 30Ha KasbIy-
ULMPOBAHHOTO XpSIId; B — eMOMOITHYECKIII KOCTHBI MO3T C SKMPOBBIMY KII€TKAMM
B MeKTPaGeKy/SIPHBIX [TPOMEKYTKaX 3aMEIeHHOrO yYacTKa CyGXOHIPAIbHOM KOCTH B
ob6racTy fedeKTa; I — BCTPOEHHBI B CTPYKTYPY KOCTHOJ TpabeKysibl pparMeHT UMIUIaH-
TauyoHHoro Marepuasa. Okpacka: a-T - cadppannHoM-O ¥ aybLIaHOBbIM CYHVM. YBeJu-
yenne: a - 50%; B - 100%; 6, r — 200x
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B mpoekuuu cycraBHOro xpsiina ob6nactb AedekTa
B OIIBITHOI Cepuy 3aMellanach CJIOeM TMaJMHOBOM Xpsi-
1eBoN TKauu (puc. 3, m; puc. 7, a, 6), B KOHTpOJIEe — CJIO-
€M BOJIOKHMUCTOM COEIMHUTETbHOM TKaHU (pUC. 3, K;
puc. 8, a, 6), B OTHEJLHOM CJyuyae — B COUETAaHUU C He-
6oMbIIMM (parMeHTaMy BOJIOKHMCTOM COeMMHUTEIbHON
Tkauu (puc. 8, B). OCTaTKOB MMILIAHTAI[MOHHOTO MaTe-
puania B obmactu medekTa y JKMBOTHBIX OMBITHOM CepuUn
He 0GHAPYKWIIU, UTO CBUJIETEILCTBYET O €ro MOJIHOM G1o-
nIerpajanyy K JaHHOMY Mepuonmy. B omHOM 1mose 3peHwmst
MOMNAJICSl YYaCTOK C HEOOJIbIIMM (PparMeHTOM MMILJIaHTa-
LIMOHHOTO Marepuaa, BCTPOEHHOTO B CTPYKTYPY KOCTHOIA
TpabekyJibl (puc. 7, r).

ITpu MMMyHOTMCTOXMMMUUYECKOM OKpariiBaHuy Ha CD
34 HOBOOGpPa3OBaHHbIE COCYIbI ObUTM OGHAPYIKEHBI B MO-
BEPXHOCTHOM COEIMHUTETHbHOTKAHHOM CJIO€ Y SKUBOTHBIX
KOHTpOJIbHOM cepun (puc. 9, 6). B ombiTe B HOBOOGpas3o-
BAaHHOI XpSIEBOM TKaHM, COPMMUPOBAHHONM B 30HE [e-
(dekra, TecT 6bUT OTpUIATENbHBIM (pUC. 9, a).

Uepes rof, SKCIIEPMMEHTA B OIBITHOM CEPUY OTMEYasIn
COXpaHeHMe IIeJIOCTHOCTM XPSIIeBOi BbICTUIKM. HoB0OG-
PasoBaHHbI XPSIILL IIpUoGpeTas 30HaJIbHOE CTpoeHne. B Hem
ompenessuIach MoBepxXHOCTHas (6osiee 06beMHast, YeM Y MH-
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Puc. 8. OcoGeHHocTM pereHepara B 0OOGJIACTM OCTEOXOHApAIbHOro nedekra uepes
180 cyrtok skcmepumenTta. KoHTposbHas rpymma: a — 3amojiHeHue ydvacTka jgedekra
BOJIOKHMCTO}M COEAMHUTENbHOV TKaHbi0. DOpMMpOBaHNME T'MIEPIIACTUYECKON KOM-
MTAKTHOV IUIACTMHKYM CYOXOHIPAIBHONM KOCTH; 6 — COeNVHNUTEIbHASI BOJOKHMUCTAsT TKAHb
Ha MOBEPXHOCTHM 3aMEeLeHHOTO CyOXOHAPaIbHONM KOCThIO AedekTta; B — hopmupoBaHue
YYaCTKOB BOJIOKHUCTOM XPSIILIEBOJ TKaHM Ha MOBEPXHOCTY HOBOOGPA30BaHHON B 06-
snacty gedekTa CyGXOHAPAIbHOM KOCTH; I' = FeéMOIO3TUYECKM-)KUPOBOJ KOCTHBI MO3T'
B MEXTPaOeKy/SIPHbIX MpoMekyTKax. OKpacka: a, B, T — FeéMaTOKCIIMHOM U 303MHOM,
6 - cadpannHoM-O 1 anbIMaHOBBIM CMHMM. YBesmuenue: a - 50%; 8 - 100x%, 6, r - 200

TaKTHBIX JKMBOTHBIX), IIPOMEKYTOUHASI C MEJKMMM M3OTEH-
HBIMM TPYIITIaMM U TTyOGOKast 30HbI (puc. 3, p; puc. 10, a).

B xonTposie moBepxHOCTHasi obnacTh Hedekra Oblia
3aMenieHa (GuUOPO3HOI TKaHbIO, MHOTAA C HEOOIbIINMU
yJacTKamMM BOJIOKHMUCTOTO xpsitia (puc. 3; puc. 10, 6).

Cy6xoHpasibHasl KOCTh B OIbITE MPAKTUUECKU HE OT-
JIMYaJIach OT TAKOBOM Yy MHTAKTHBIX KUBOTHBIX (PUC. 3, D;
puc. 10. 1, e), B KOHTpOJIe OblJIa HE3HAUUTEJILHO pa3peske-
Ha, MPY YTOJIIEHHOM KOMIIAKTHOM IJIACTUMHKE B 06J1aCTU
nedekra (puc. 3; puc. 10, m).

[TomykomuecTBeHHAsT OLIEHKA ITOJIHOTHI 3aMeIleHMs
M BOCCTAHOBJIEHMSI TKaHel B 06J1aCTU OCTEOXOHIPaIbHO-
ro gedexra mokasasa, 4To BO BCE MEPUOAbI IKCIIEPUMEHTA
6oJsiee MOJIHOE BOCCTAHOBJIEHNE ObLIO B OINBITHOM Cepuu
(Tabmn. 3). Yepes 60 cyTok MenmaHa OIbITHON cepuit Oblaa
BbIIlle TAKOBO¥ B KOHTposie B 1,7 pasa, uepe3 180 cyTok —
B 3,12 pasa, uepes rop skcrepumenTa - B 3,25 pasa. Ilo-
CKOJIbKY MaKCYMaJIbHbIIi TTOKa3aTe b TPy TaHHOM cHcTeMe
olleHKe cocTapiisieT 28 6ajUioB, TO MOKHO T'OBOPUTh, UTO
yepe3 180 cyTok BocmosHeHue nedekra CyCTaBHOM IO-
BEPXHOCTY B OTIBITHOV CEpUM TIOUTH TIOJTHOE, 8 Yepe3 Tof,
9KCIEPUMEHTA — TIOJTHOE. B KOHTpoJIe Jake yepes rof, BOC-
nosiHeHMe nedekTa He3HAYNTEIbHOE.
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Puc. 9. IMMyHOrMCTOXMMMYECKOE OKpAIlVBaHMe Ha BbISBJIEHME COCYJOB B MOBEPXHOCTHOI BBICTUJIKE pereHepaTa OCTEOXOHIPaJbHOIO Jie-
(ekTa: a — onbIT (COCYIBI HE BbISIBIIEHBI); 6 — KOHTPOJIb (BbISIBJIEHBI MUKPOCOCY/IbI — KOPMYHEBOe OKparBaHue). OKpacka — MMMYHOTMCTOXY-
MuUecKasl peakuusi ¢ ucrosib3oBanmem antures Kk CD34. Veemnuenne - 400x
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Puc. 10. OcobeHHoCTN pereHepara B 0671aCTH OCTEOXOHPATbHOTO fAedekTa uepe3 360 CyTOK IKCIIepMMEHTa: a — HelpepbiBHOe hopMupoBaHye
I'MaIMHOBON XPSIIEBON TKaHY 30HAJbHOIO CTPOEHMSI B OIBITHON IpyIne; 6 — 3anoiHeHue 061acTv gedeKTa BOJIOKHUCTONM COeAMHUTETBHO
TKaHbIO B KOHTPOJIbHOJ I'PYIIIIE; B — CTPOEH)E CYCTaBHOTIO XPSIlA Y MHTAKTHBIX SKMBOTHBIX aHAJIOTMYHOTO BO3PACTa; I-€ — CTPOeHye CyOXOH-
JIpaJIbHOM KOCTU: T — B OIIBITHOJ IPYIIIe, I — B KOHTPOJIbHON TPYIIIE, € — Y MHTaKTHBIX KMBOTHBIX. OKpacka: a-e — cadpanntom-O u anbima-
HOBBIM CMHMM. YBenmueHne: a-e — 200

Tabmnna 3
PeSyfIbTaTbI HOJIYKOJ'II/I‘{ECTBEHHOI‘/JI FMCTOHOFM‘{ECKOﬁ OLI€HKN

MOJTHOTBI 3aMelleHMsT OCTEOXOHAPAIbHOTO HedeKTa
o O'Driscoll (B Mmogmbukanym)

AHaym3 MophOMETpUYECKMX [AHHBIX ITOKa3aa CyIle-
CTBEHHbIE pA3/INuMsl [IOJEBBIX COCTAB/ISIIOIIMX TKAHEBBIX

KOMIIOHEHTOB pereHepara, 3alloJHSIOIIEro 00/1acThb fedeKra
B OIBITHOJ} M KOHTDPOJIBHOI TPYIIIaX, MPaKTUYeCcKy BO Bce

KonuecTBo 6as10B Ha aramnax 9KCIepyMeHTa,
pymna Me (Q1-Q3)
60 cyTok 180 cyTox 360 cyTok
KonTtposnb 4,4 (4,2-4,6) 7,5 (6,7-8,2) 8 (7,7-8,3)
OmbIT 7,6 (7,3-8,1) | 23,4 (23,3-23,7) | 26 (25,8-27,3)

TIpumevaHus: MaKCUMaIbHO BO3MOXXHOE KOJIMYECTBO 6a/uioB — 28;
p < 0,01 - pasmuust MEXAY TPYIIIamMy BO BCE IEPUObI JOCTOBEPHBI.

nepuonbl dKcrepumenTa (Tabn. 4). B KOHTposibHOM cepun
10 ONpeNesIeHNI0 OTCYTCTBOBAJ MMILIAHTAIMOHHBIA Ma-
Tepuajl, U HA B OOMHOM U3 MEPUOIOB He GbLJIO OOHAPYKEHO
(opmMrpoBaHe r’MaMHOBON XPSIIIIEBON TKaHU, UX OIS B 06-
1elt CTPYKTYpe pereHepara 6bu1a paBHa Hyim0. OfHAKO 4o
KOCTHOM TKaHM ¥ KOCTHOTO MO3ra B pereHeparax KOHTPOJIb-
HOVi ¥ OTIBITHOVI TPYTIIN He MMeJTU JOCTOBEPHbBIX OT/INYUMIA Ue-
pes 2 Mecsitia 1 uepes 1 Tof, 9KCIiepyMeHTa.

Tabmuua 4
IlonieBoe COOTHOIIIEHME TKAHEBbIX KOMIIOHEHTOB B pereHepare, 3aroJiHsIIONEeM O0CTeOXOHIPaIbHbIN TedeKT,
B pas/MyHble ePUOIbI SKCIIEPUMEHTA
Tlonst TKaHeBbIX KOMIIOHEHTOB (%), Me (Q1-Q3)
Cpoxk Bosnoxumncras .
C v
IKCIIepUMEHTa epmt KocTHblit MO3r KoctHas TKaHb coenyHUTEIbHAs Bonoxmcras Tnamumosas AHTAIMOHHBIN
TKAHD XpSILLEeBast TKAHb | XPsILEeBast TKaHb mMarepual
0 9,9 (8,7-11,1) 90,1 (88,3-91,9) 0 0 0
KoHTpOsb|  *p = 4,26E-0,5 p =0,035 p = 5,85E-07 p=0,011 ’p = 0,011 'p =0,00018
14 evr p = 0,008 p = 0,0006 p = 0,000182
Y 0 6,2 (5,9-6,5) 13,5 (11,2-14,1) 3,2 (2,6-3,8) 0 77,1 (75,3-78,9)
OIIBIT ’p = 4,26E-0,5 'p=0,035 'p = 5,85E-07 p=0,011 ’p =0,011 'p =0,00018
’p = 0,056 p = 0,004 p = 0,004 ’p = 2,5E-07
24,6 (23,3-27,1) 43 (42-47) 28 (24,7-30) 0 0 0
KOHTDONE p =0,11 p=0,78 'p =0,0023 'p =0,0014 'p=0,0017 'p=0,0014
P ’p = 0,016 ’p = 0,027 p = 0,031 p=0,011
2 mec. *p = 0,019 *p = 0,00026 ’p = 0,00026 °p = 4,69E-0,6 p = 4,69E-0,6
21,7 (21,3-22,2) | 44,1 (43,7-45,7) 21 (43,7-45,7) 2,8 (2,5-3,3) 3,5 (3,4-3,7) 6,1 (7,1-5,6)
OIIBIT p =0,11 p=0,78 'p =0,0023 'p=0,0014 'p=0,0017 'p=0,0014
5p =00,17 °p = 0,00027 p = 0,003 5p = 0,43 °p =0,0016 °p = 0,0002
29,2 ( 28,9-33) 57,2 (53,7-62,7) 8,1 (7,4-9,9) 0,68 (0,51-1,74) 0 0
KOHTDONE 'p=0,08 Ip = 0,008 p=0,013 p=0,013 p=0,08 p = 0,42
P p = 0,0033 p = 0,0025 p = 0,0084 p = 0,0084 ’p =0,0015
6 mec p = 0,035 p = 0,02 °p = 0,0016 °p = 0,0015
’ 45,1 (44,5-45,3) 38 (36-45) 5,9 (5,7-6,1) 0 9,6 (3,8-13,1) 0,46 (0,36-1,38)
ONBIT 'p=0,08 'p = 0,008 'p=0,013 'p=0,013 'p=0,08 p = 0,42
’p = 3,18E-0,5 p=0,24 2p = 0,000025 p = 0,63 ’p = 0,42
5p = 4,06E-07 5p = 0,22 5p = 2,98E-0,5 5p = 0,007 p = 0,043 p = 0,022
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[Tponosskenue Tabmuipl 4

JloneBoe COOTHOIIIEHME TKAHEBbIX KOMIIOHEHTOB B PereHepare, 3aroJiHsIOIEM OCTEOXOHIPaIbHbIN nedeKT,
B pas/IMyHbIe TIePUOIbI IKCIIEPUMEHTA

Jlonst TKaHeBbIX KOMITIOHEeHTOB (%), Me (Q1-Q3)
Cpoxk Bosnoxumncras .
C
9KCIIepUMEHTa epmt KocTHblit MO3T KoctHas TkaHb coegyHUTeJIbHas Bonoxmucras Thamuuosas HvmaHTanmoH LA
— XPpsilieBast TKAHb | XpsleBast TKaHb Marepuan
39,8 (36-50,7) 34 (33-89,1) 26,4 (10-40,4) 0 0 0
KOHTDONS p=0,16 p =0,31 p=0,1 p =0,02
P 2p = 0,165 ’p = 0,45 2p = 0,01 2p = 0,0015
1 p=0,12 ’p=0,78 ’p =0,19 °p =0,013
IO,
8 52,7 (46,71-54,43) | 30,28 (16,58-32,3) 0 0 12,86 (9,07-16,65) 0
OB p=0,16 p=0,1 p=0,1 p =0,02
’p = 0,398 ’p = 0,21 ’p = 0,17
p = 3,18E-05 5p =0,247 5p=0,63 °p = 0,022
VIHTaKkTHBIE 54,1 (53,1-54,2) | 36,8 (30,63-37,43) 0 0 10,4 (9-12,6) 0

[pumeuanne: Me - menmana, Q1-Q3- nmponeHTian; 'p — JOCTOBEPHOCTb OTMUMIA MEXKAY KCIIEPUMEHTATbHBIMY IPYNIIaMHU; 2P — JOCTOBEPHOCTDb OT-
JIYMIE TIO CPaBHEHMIO C 9KCIIEPUMEHTAIbHBIMM SKMBOTHBIMM; °p — ZOCTOBEPHOCTDH OT/INUMIL IO CPABHEHMIO C TIPEABIAYIIMM [EePUOLOM IKCIIEPVIMEHTA.
Pasmrunsa sHauvmbl ipu p < 0,05; skupHbIM IPUEGTOM BbifieIeHbl 3HAUEHNs, He MMEoLMe JOCTOBepHbIX oTimunii (p < 0,05).

CopepskaHye COeOVMHUTETbHOM TKaHM Ha BCEX JTarax
9KCIIEPMMEHTA B pereHepaTax, 3arOJHSIOMINX OCTEOXOH-
IpasibHbie edeKThbl Y SKUBOTHBIX KOHTPOJIBHOM TPYIIIIbI,
6blJIa TOCTOBEPHO BHIIIE, YEM B OMBITHOM: uepe3 14 cy-
TOK Ha 95 %, uepe3 60 cyTok - Ha 25 %, yepe3 180 cy-
TOK - Ha 27,2 %, uepe3 360 cytok — Ha 73,6 %. B obeux
rpymnmnax MaKCMMaJbHOE CcofiepskaHyue BOJOKHMCTOWM CO-
eIVHUTENHHOV TKaHM B COCTaBe pereHepara OTMEYaaoCh
K 60 cyrkam skcniepumenTa. K 180 cyTkam ee momneBast co-
CTaBJISIIONIAsT YMeHbIlajaach Ha 71-72 % B 06eux rpyrmmnax,
MpY 3TOM B OIBITHOM T'PYIINIEe ee M0Jisi GblIa COBCEM He-
GOJIBLLION, COCTaBIISA Beero 5,9 %.

Uepes rop sKCIepMMeEHTa BOJIOKHUCTAST COEOVIHUTETbHAS
TKaHb B COCTaBe pereHepaTa OIBITHBIX JKMBOTHBIX OTCYT-
cTBOBasIa. B KOHTpOJie - 3aHMMav1a outu 1/3 pereHepara.

I'manvHoBas xpsiiieBast TKaHb B OMBITHOM cepuy o6Ha-
py’kuBaiach yke uepes 2 mecsia (60 cyToK) sKkcriepumeH-
Ta. Ee comepskanne Kk mectu mecsiiam (180 cyTok) akcre-
PUMEHTA JOCTOBEPHO YBeIMUMBAJIOCH Ha 36,5 %, a K romy
(360 cyTOK) - erie Ha 25,3 %. AHanM3upyeMble oKasare-
JIY B TaHHBIE TIEPUOIbI TOCTOBEPHO COOTBETCTBOBAJIM TIO-
Ka3aTessiM Y MHTAKTHBIX KPbIC.

Uepe3 360 cyTOK IKCIepUMMeEHTa B pereHeparax >Kiu-
BOTHBIX OITBITHONM TPYIIIbI COAEPYKAINCh TOTBKO KOCTHASI
TKaHb, KOCTHBI/I MO3T M TMaJMHOBAs XpSIleBasi TKaHb.
Vx moneBast cocTapisiionias Obljla aHAJIOTMYHA TAKOBOM
Y MHTaKTHBIX )XMBOTHBIX (HOpMa).

B KOHTpONBHOI I'pyImIe B 3TOT Mepuo[, COmepyKaHue
KOCTHOM TKaHU U KOCTHOT'O MO3Tra He MMEJIO IOCTOBEPHbIX
OTJINYMIA OT OIBITHOM M MHTAKTHOM rpyt. [Tpu sTom mosst
BOJIOKHMCTOV COEIMHUTETHHOM TKAaHM COCTABJISJIa OKOJIO
30 %, a rmasMHOBAsI TKAHb OTCYTCTBOBAJIA.

ConepskaHue VMILIAaHTAlMOHHOTO MaTepuaa B OIbIT-
HOJ TPYIINe C YBeJIMUeHWeM Tepuofa SKCIepuMeHTa 10-
croBepHO cHmkaock. C 14 mo 60 cyTku ero comepskaHue
yMeHbiIMa0Cch Ha 92 %. K 180 cyTkam sKcIiepumMeHTa UM-
TUTAHTAIMOHHBIN MaTepua B CTPYKType pereHepaTa B 30He
OCTEOXOHJPAJIbHOTO JedeKTa OTCYTCTBOBA, T.€. K JaHHO-
MYy TepUOAY MPOUCXOOMIIA €TO0 MOJIHAS Terpafalysl.

TomumHa XpsIiIeBOM BBICTUIIKM B 00JIACTM OCTEOXOH-
npanpHoro medekra yepe3 180 cyTok 6buIa OCTOBEPHO
BbIILIe TAKOBOJ B HOpMe (puc. 11). Uepes rop TosmHa cy-
CTaBHOTO Xpsiilia OGblIa COTIOCTaBMMa C BEJIMUMHON Y UH-
TaKTHBIX KMBOTHBIX aHAJIOTMYHOTO BO3pacTa.

h, mkm
120 +
100 -
80 -
60 -
40 -
20 A

0

180 cyTok 1ron MUHTaKTHble

Puc. 11. TonuuHa CycTaBHOTO Xpsillia B OMBITHOV CEPUIM Yepes
IOJITOZIA U Yepe3 rof, IKCIiepyuMeHTa

MopdomeTpust TOMLIMHBI TpabeKya CyOXOHIPaIbHON
KOCTM TIOKa3ajia, YTO B OMBITHOM Cepuy OHY ObLIM TOJIILE,
4yeM B KOHTposie. VX TomuuHa yepe3 rof He OTIMYAIaCh
OT TAKOBOV Y MHTAKTHBIX KpbIC (puc. 12).

I, Il MonbiT  MKOHTpPONb
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Puc. 12. Tomumua Tpabekys cy6XOHIPaIbHOM KOCTH B 06/1aCTH
OoCTeoxXoHApabHOTO Hedexra medekra uepes uepes MOATOLA U
yepe3 rof, 9KCIepyMeHTa

BuomexaHuueckue uccnedosanus

BromexaHM4ecKMMM METOAAMY YCTAHOBJIEHO, UTO
K 60 cyTKaM 3KCIlepMMeHTa 3HaueHUs MOJaTIMBOCTU pe-
reHepara B 06J1aCTV OCTEOXOHIPaJIbHOrO AedeKkTa K KOH-
TPOJIbHOW TpyIiie ObLIM CHUKeHbl Ha 29,2 %, B OIbI-
Te - Ha 18,5 %, HO He ¥MeJM LOCTOBEPHONM pPasHUIbI IO
CpPaBHEHMIO C aHAJIOTMYHBIMU [TOKA3aTEJISIMI Y MHTaKTHBIX
SKUMBOTHBIX (Tabi1. 5). ITokasaTesn OIBITHON TPYIIIbI [Ipe-
BBILLIA/IM TAKOBbIE B KOHTPOJIbHOI Ha 15 %. Yepes 180 cy-
TOK 9KCIIepUMeHTa 61ioMexaHuecKye CBOICTBa BO3pacTa-
JIM B 00eMX CepusiX: B KOHTPOJIE — HECYIleCTBEHHO, BCETO
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Ha 3 %, B omibiTe — HA 11,9 %. B onbITHONM cepuu moKasare-
JIV AOCTOBEPHO HE OTVIMYAJIMCh OT TAKOBBIX Y MHTAKTHBIX
SKMBOTHBIX, B KOHTPOJIE OCTaBaJIUCh Ha 26,2 % HIKe.

Yepes 360 cyTOK B OIBITHONM Cepuy MOKa3aTesu mogaT-
JIMBOCTM pereHepara, copMMUpPOBaHHOTO B 06JACTU OCTe-
OXOHIPAJLHOTO nedekTa, MPAKTUUECKM He OTIMYAINACDH
OT TIPeIbIAYILIEro Mepuofa. B ombiTe OHM HECYIIECTBEH-
HO yBeymMuwinch (Ha 2 %), a B KOHTPOJIE YMEHBIIWIINCh
Ha 1 %. Kak 1 B mpebIayIimii iepuof, HabIIomeHnsl, Y SKI-
BOTHBIX OITBITHOV I'PYIIIIbI HE OIPeesisINCh JOCTOBEPHbIE
pasnuumMs rmokasaTesiel MOAATIMBOCTM CYyCTaBHOM TTOBEPX-
HOCTM OT TaKOBBIX Y MHTAaKTHBIX KMBOTHBIX. B KOHTpoOJIE
OHM ObUIM TOCTOBEpHO HIsKe (Ha 27,2 %).

Ta6immua 5

ITokasarenn 6uoMexaHnueCKOM MOAATIMBOCTI
CYCTaBHOI TIOBEPXHOCTM pereHepara
B 06JIaCTM OCTEOXOHAPAIBHOIO IedeKTa
HAa 9Tanax KCIepuMeHTa

CpOK 3KCIIepUMeHTa IT - nogammBocTsh, 10 Mm3/r*c

(cyt.) KOHTPOJTb OTIBIT
60 cyTox 1,956 (1,597-1,982)* | 2,250 (2,167-2,628) #
180 cyrox 2,009 (1,580-2,250)* | 2,553 (1,607-2,727)
360 cyTok 1,997 (1,898-2,210)* 2,599 (2,408-2,691)#
VHTaKkTHBIE 2,762 (2,221-2,978)

* - p < 0,05 - pasnuuns TOCTOBEPHbI 110 CPABHEHMIO C MHTAKTHBIMM KU~
BOTHbIMM; # — p < 0,05 — pasimMums JOCTOBEPHBI 110 CPABHEHMIO C KOH-
TPOJIEM.

OBCVY>KIEHUE

PelteHnieM rpo6/1eMbl JIedeHMsT HEBOCIIOTHUMbBIX OCTe-
OXOHZIPAJIbHBIX Ne(heKTOB yueHble 3aHMMAIOTCSI JOCTaTOU-
HO MPOAO/IKUTEBHBIN ITepUOA BpeMeHU. Bbuto npepiosxe-
HO MHO’KECTBO BapMaHTOB, B TOM UMCJIE C MCIIOIb30BaHMEM
61oMHKeHepHbIX TexHosorui [30].

OpHaxo O HACTOSIIEro BpeMeHM He pa3paboTaHo Co-
BepIIIEHHOTO MEeTOfla BOCCTAHOBJIEHUS TKaHel B 061acTu
OCTEOXOH/IpaJbHOTO AedeKTa C COXpaHeHUeM pe3yJbTaTa
B NIPOAOJDKMUTEIbHOM epuoze [18].

B cBA3M C 3TUM MpOAOKAETCS MOMUCK CIIOCO60B
YCIIEITHOTO JIeUeHMsI HEBOCITOJHUMBIX e(EKTOB CyCTaB-
HOM TIOBEPXHOCTM [JISl MPENOTBPALIEHUSI MU OTCPOUYKU
9H/IOMPOTE3UPOBAHMS.

Haunbornblillee mpennouTeHye ONEpUPYIOIIME XUPYP-
I'M OTJAIOT MeHee 3aTPAaTHBIM ¥ ONHOIIArOBBIM METOIM-
kam [17].

Panee ycraHOB/IeHO, uTO Hambosiee apdexTrBHAs pe-
reHepanysi rMaJMHONONOOHOTO XPsiIia BO3MOKHA TOJIBKO
TPV TIPUMEHeHNM KOJIIareHOBbIX MaTpPMUII, 3aCeJIeHHbIX ay-
TOJIOTUYHBIMU XPSIIIEBBIMM KJI€TKAMM B COYETAHUM C MMU-
kpodpaxTypusrom [31].

EcTb maHHBIE O TIOJOXKUTETHLHOM TTPUMEHEHNN GecKiie-
TOYHBIX KOJIJIAT€HOBBIX KapKacoB [32, 33].

B HeKOTOPBIX MCC/IENOBAHUSIX TIOKA3aHO, YTO KOJIIA-
reHOBbIE MATPUIIbI HE CITOCOOCTBOBAIM BOCCTAHOBJIEHUIO
KOHTPYSHTHOCTHM MTOBEPXHOCTH [34].

AJbTepHATMBY KOJUIAT€HOBBIM MAaTpUIAM B TMOCIEL-
Hee BpeMsl COCTABJISIIOT INOJMMepHble MMILIaHTaThl. [lo-
JIMKAIIPOIAKTOH — OOVH U3 HauboJiee YacTo MPUMeHSIeMbIX
B TKaHEBOV WHXXEHepuy [Jiss BOCCTAHOBJIEHUS ITIOTEPU
KOCTHOM U XPSIIEBOI TKaHelt ToimmepoB [26, 35, 36].

OpHyM 13 €ro HeIOCTaTKOB CUMTAETCST HEBBICOKASI afi-
resyoOHHasi COCOGHOCTDb [37]. DTOT HEZOCTATOK MHOTME
aBTOPbI KOMITEHCUPYIOT MOOaBIE€HNEM B €ro COCTaB MJIU
HaHeCEHMEM Ha MOBEPXHOCTb MOJMKAITPOIAKTOHOBBIX U3-
IeNnii YaCTHUll IMApOKCHUanaTuTa. JToT 6Guomarepua 06-
JIafaeT VHIYKIMOHHBIMYU CBOMCTBAMM, MOKET YCUJIMBATh
npomudepannio M BIMATh Ha AUGGEPEHLIMPOBKY Kile-
TOK [38, 39].

W3BecTHO, YTO HAHOKOMIIO3UT TMUAPOKCHATIATUTA 06-
Jlajaer GobIIell 6MOCOBMECTMMOCTBIO M JIYYIIMMU aji-
re3MOHHBIMYM CBOMCTBaMM IOBEPXHOCTU IO CPaBHEHMIO
¢ Mukpokommnosutom [40, 41].

Croco6 mosyuyeHust 971aCTUYHOrO MMILIAHTaTa MyTeM
9JIEKTPOCTIVHMHTA CIIOCOOCTBYET CO3IAHUI0 OGBHEMHOTO
BOJIOKHMCTOTO KapKaca C JA¥aMeTPOM BOJIOKOH U MESKBO-

JIOKHMCTBIMM ITPOMEXKYTKaAMM, OIITYMMaJIbHBIMU IJISI MUT'Da-
LIMU KJIETOK U cOCynoB [42].

BI)IHBIIEHO, YTO IMOCTTpaBMaTM4YeCKMe M3SMEHEHMSA B Cy-
CTaBax M pa3BUTHE OCTEOAPTPO3a CBSI3aHO C TeMIIepaTypoi
KOYKHOTO TTOKPOBa B 06;1acTy cycTasa. [Ipu 9TOM BbIpaskeH-
HOCTb GOJIEBOTO CHMHPOMA HE KOPPEIUPYET C GONEeBbIMU
OlLyIIeHMsIMM TalyeHTa [43].

B Hamem uccienoBaHuy TMOBBILIEHNE TeMIIEpaTypbl
KO’KHOTO TTOKPOBa B 06J1aCTM KOJIEHHOTO CycTaBa HabJIIO-
JaJIoCh B paHHEM MOCJIEOTNIePAllMOHHOM Tepuoe, coXpa-
HSIICh O 2 HEZeJNb SKCIEPUMEHTA, UTO MOXKET ObITb CBSI-
3aHO C TIOCTTPaBMAaTMYECKMM COCTOSSHMEM TKaHel Tociie
OIIepaTMBHOIO BMelIaTelbCTBa [44].

B KOHTpOJIbHOVI cepuM TOCTOBEPHOE TOBBIIIIEHNE TEM-
repaTypbl ObUIO OTMEUYEHO yepe3 1 rop HaGIIOOeHUI, YTO
B APYrUX paboTax OObSCHSIETCS yCYyTyOJIeHUeM pPasBUTHS
apTPO3HbIX M3MeHeHwit [44, 45, 46] 1 MOATBEPsKAEHO pe-
3yJIbTaTaMM aHATOMMUYECKUX U TUCTOJIOTUUECKUX UCCIIENIO-
BaHMIl HACTOSIIIETO UCCIeIOBaHMS.

HesHaunte/nbHOe TMOBBIIIEHNE TEeMIEPaTypbl KOXMU
Y >KMBOTHBIX OITBITHOM CEpUM MO CPAaBHEHUIO C KOHTPOJIEM
MbI CBSI3bIBa€M C YJIyYILIEHMEM MUKPOIVPKYIISLNA B BOC-
CTAHOBJIEHHBIX TKAHSIX B 00J1aCTM TOBpeskaeHus [47, 48].

B Teuenme Bcero skcrepumeHnTa 06beM MITKUX TKaHeln
Y JKUBOTHBIX OHI)ITHOI;'[ cepun 6])1]1 BbIIIE, YeM Y JKMBOTHBIX
KOHTPOJIHOM cepuy. B HEKOTOPBIX MCCIIENOBAHMUSIX Y Ta-
LIMEHTOB C TOHapTPO30M MeTonoM MPT BbISBIIEHO YMEHB-
LIIeHMEe OKPY>KHOCTM KOHEYHOCTH, CBSI3AHHOE C YMeHbIIIe-
HUEM [MaMeTpa MBILII U 3aMeIIeHUeM MbIIIEYHON TKaHU
skupoBoi [49].

AMIUTUTYIA OBUKEHMIT Y SKMBOTHBIX B CEPUM C 3aMe-
IIIeHeM OCTEeOXOHMpasbHOTrO medekTa MaTpuiieit U3 Mo-
JIMKAMPOJIAKTOHA C TUAPOKCHAMATUTOM Ha BCEX ITamax
9KCIEPUMEHTa, 0COOEHHO B OT/IaJIEHHbIE TIepUOIbI (Uepes
TOJITONA M TOf, HaGJMIomeHnit), 6bUTa 3HAYUTETHHO JTYYIIIE,
YeM y JKMBOTHBIX KOHTPOJIbHOM cepuyt. Mbl CBSI3bIBAEM 3TO
C BOCITOJTHEHHOCTBIO JIeeKTa MMIUIAHTaTOM U 3 GhEKTUB-
HBIM €ro 3a>KMBJIEHNEM Y JKUBOTHBIX OHI)ITHO]‘/‘I cepun n on-
HOBPEMEHHBIM MMPOTrPECCUPOBAHMEM TIPUSHAKOB OCTEOAp-
TPO3a Y JKMBOTHBIX KOHTPOJIbHOI cepuy. MHOrue aBTOpbI
OOBSICHSIIOT CHU)KEHVE aMIUTUTY/bI IBVKEHUI B KOJIEHHOM
cycTaBe C HanuumeM 60y U guckoMdopTra mpyu xoxbbe
u Harpyske Ha cycras [50, 51, 52].

BbisiB/IeHHOE aHATOMMYECKMMM U TUCTOJOTUUYECKUMU
MeTOJaMM BOCCTAHOBJIEHVE aHATOMMWYECKO 11eI0CTHOCTH
Y TIOJIHOM OPTaHOTUIMYHOCTY HOBOOOPA30BAaHHOIO pere-
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HepaTa B 006JIaCTM OCTEOXOHIPAIbHOTO JedeKTa SKUBOT-
HBIX OIBITHOM cepun yyke yepe3 180 cyTok aKcrepumeHTa,
O HallleMy MHEHUIO, CBSI3aHO C OCOOEHHOCTBIO CTPOEHUSI
UMIUIAHTATa, ero XOpollell afre3MOHHON CIIOCOGHOCTHIO,
JNOCTaTOYHO}) TIOPUCTOCTBIO M YHpyroctbio. HaumHas
C MOMEHTa OIlepalyy, 37IaCTUYHBIA MMIUIAHTAT 3arloJi-
HSUT 0671aCTh OCTEOXOH[paJIbHOTO Jedekra, obGecreunBan
L[EJIOCTHOCTD U KOHI'DYSHTHOCTD CyCTaBHOJ IOBEPXHOCTH,
BbIJIePsKMBaJ (DYHKIMOHAIBHYIO HarPy3Ky. DTH IToKas3are-
JI TIPUHSATO CUMTATb Ba>XHBIMM IIPpU 3a’KMBJIEHUM OCTEO-
XOHIPaJIbHBIX AedekToB [53, 54].

Hanmume panneit QyHKIMOHAJIBHONM HAarpys3ku CIIO-
COGCTBOBAJIO MTPOPACTAHNUIO MUKPOCOCYIOB B MUKPOIIOPBI
MeXKy BOJIOKHAMM MMIUIaHTarta. [lepuBacKy/sipHbIe KIIeT-
KM Y KJIETKY KOCTHOT'O MO3Ta MPUKPEIUISUIACH K CTPYKTY-
PUPOBaHHON TIOBEPXHOCTY HUTEN MMILIAHTATa, 6aromapst
HAaHEeCeHHbIM HA HUX HAHOYACTHUIIAM TMIPOKCHAIATUTA.
I'mppokcuanaTuT BBIMOIHSUT POJIb MHIYKTOPa OCTeOoreHe3a
u criocoberBoBa auddepeHIPOBKe KIETOK MO OCTeOreH-
HoMYy myTH [55].

ITockonbKy coCympl BpacTalM B MMIUIAHTAT CO CTOPO-
HbI COXPAHHO CYGXOHAPATBHONM KOCTH, TO (hopMupoBaHme
KOCTHO}M TKaHM MPOUCXOAMIO B IPOEKLMY OKPYKAIOILEH
nmedekTt ry6uaroii KocTy, HeO6XOIMMON B KaUeCTBE OCHOBA-
HUSI 1 TIUTarolIero dakropa asst GopMUpOBaHMS XPSIIEBOM
TKaHM Ha MMOBEPXHOCTU. B MOBEPXHOCTHBIX CJIOSIX MMILIAH-
TaTa COCYHbl OTCYTCTBOBaIM. B TakMX YCIIOBMSX TPOHUKA-
IOlIMe Ha TIOBePXHOCTh HemuddepeHIVIPOBaHHbIE KIETKU
KOCTHOTO MO3ra B IIPOEKLIMY OKPY3KaroLIero aedekT cycras-
HOro xpsima IuddepeHIPOBAIUCH [0 XOHAPOT€HHOMY
myTy. JJuddepeHIpoBKa KJIETOK B XOHAPOOIIACTBI M XOH-
JIPOLMTHI TIPOOJDKANIACh HA IPOTSDKEHMM SKCIIepUMeHTa
IIPY TOCTaTOYHOM ITUTaHUM CO CTOPOHBI CMHOBWM, ITPOM3-
BOOMBILIEN TOCTATOYHBIN OOBEM CHMHOBMAJILHOM SKUIKOCTH,
T.K. KMBOTHbIE aKTVBHO I0JIb30BaJIMCh KOHEUHOCTbIO.

laHHbIE MeXaHU3Mbl CIIOCOOCTBOBAIM IOJHOMY 3a-
MeEIIeHMIO OMONerpaiupyeMoro MMILIAHTATa TKaHEBbIMU
CTPYKTypaMi TUIIMYecKoro crpoenus Kk 180 cyTkam 3Kkc-
nepuMeHTa. K 3ToMy mepuopy B IpoeKuuu CyOXOHApaib-
HOJ KOCTM (pOpPMMPOBaIach rybyarasi KOCTb C XPSIIEeBON
I'MaJIMHONOLOOHOM BBICTMIIKOM Ha MTOBEPXHOCTH AedeKTa.

BrisiBiIeHO, UTO € yBeMueHneM CTeleHy OCTe0apTposa,
corjacHo Kiaccudukauyuy MekayHapomIHOro O6IecTBa
BoccraHoByeHust xpsinia (ICRS), cHmkaercs skeCTKOCTb
XpSIa, HA KOTOPYIO, B TIEPBYIO OYepe/ib, BIMSIET IIeJIOCT-
HOCTb BHEKJIETOUHOTO Marpukca. CiieqoBaresibHO, METOZbI
oTpe[eieHNs JKeCTKOCTH, TaKMe KaK BIABIMBaHUE, MOTYT
MCIIOb30BATbCS /IS XapaKTEPUCTUKY XPSIIia HA BCEX CTa-
msix OA [56].

VccnenoBanne sKeCTKOCTH Y HALMEHTOB MOCIIE Jieye-
HUSI OCTEOXOH[PAIbHBIX He(eKTOB METOIOM VMILIAHTa-
UMy B OOJaCTh TOBPEKAEHUST XPSIIEBON IOBEPXHOCTU
aytosiornyHbix xoHApountoB (ACI) mokasamm BoccTaHOB-
JIeHMe JKeCTKOCTY HOBOOODPa30BaHHOTO TKAaHEBOTO pere-
HepaTa uepe3 2 roga mocje UMIUIAHTAIMM U JajibHellee
yBeJIUeHne 9TOro ToKasaresis B TedeHue 5 set [57].

B Hamem wmccienoBaHMM BOCCTaHOBJIEHME OGuoMexa-
HUYECKOW TOAATIMBOCTHU (QHAJIOT SKECTKOCTM) B OTBITHOI
rpymnmne apocCTurasa HOKa3aTeHe]>l[ MHTAKTHBIX >KMBOTHBIX
yke uepe3 60 CyTOK 3KCIIEPUMEHTA M COXPAHSUICS B Te-
YyeHMe rofma HaOJIONeHMIi, B KOHTPOJIE OCTaBajICsS HVKE
Ha 27-29 % B TeueHMe Bcero nepuona HabIIOneHNsI.

B nmanHOl pabore Mbl IPUMEHMIM CTPATETMIO, OCHO-
BaHHYIO Ha TOM, UTO 3JIACTUYHBIN UMIUIAHTAT U3 TOJIMKa-
MPOJIAKTOHA C TUAPOKCUATIATUTOM MMUTUPOBAI BHEKJIe-
TOYHBII MAaTPUKC, KOTOPBIN CIOCOOCTBOBA KOHIYKLMIU,
amresuyu, mpoymbepauy U auddepeHIpPoBKe KIETOK
B 061aCTY OCEOXOH[pabHOrO AedeKTra B 3aJaHHOM Ha-
MIpaBJIeHNH, UCIIOb3YsI CAMOPEreHePaTUBHBIN MMOTEHIIA
KJIETOK ¥ MX B3aMMOJENCTBME C Gromostekyamu [58].

3AKJ/IIOYEHHME

Buomerpagupyembiii  97aCTUUHBI MMIUIAHTAT, W3-
TOTOBJIEHHBIVI METONOM 3JIEKTPOIIPSIIeHMsT M3 TIOJIMKa-
MPOJIAKTOHA Y MMIIPErHMPOBAHHbBI TUAPOKCUATIATUTOM,
MOTEHIIMATbHO MOSKET ObIThb VCIOJIb30BaH IS JIeUEHUS

MCCIeNOBAaHMSIX JAHHBI TUIT MMILIAHTaTa O6ecreunBasl
3aMellleHe ¥ BOCCTAaHOBJIEHME TKaHell B 06JIacTM KOCT-
HO-XpSIIEBOro nedeKra, IeMOHCTPUPYST pereHeparuio
KaK CYCTaBHOTO XpSIIia, TaK ¥ CYyOXOHApaIbHOM KOCTHOM
TKaHU.
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Abstract

Background Development of resorbable implants for paediatric orthopaedics is promising as there is no need for implant removal.
The aim of this paper is to present our experience in resorbable implants in paediatric traumatology, and to make an overview of the recent literature.
Material and methods In our department of paediatric traumatology and orthopaedics, we have operated 7 children with fractures of long bones with
resorbable screws (ActivaScrew™). The inclusion criteria were intra-articular and juxta-articular fractures in children with an indication for screw
fixation. To prepare the review, we searched for information sources at the scientific platforms such as PubMed, Scopus, ResearchGate, RSCI, as well
as other published products (Elsevier, Springer). Results The cohort is represented by 7 patients, 4 girls and 3 boys, aged from 5 to 14 years old.
The 7 fractures were 3 at the elbow and 4 at the ankle joint. In the immediate postoperative period, no patient presented with abnormal swelling, redness,
or tissue reaction. Pain disappeared at day 7 in all cases. Weight-bearing and return to sport activities were allowed in normal delay. Radiological
bone union was obtained between 3 and 6 weeks. Range of motion in adjacent joints was comparable to the opposite non-fractured side at 3 months.
There were no cases of complications, no infection, and no need for a reoperation. Discussion The use of resorbable implants, either co-polymers
or magnesium, solves the problem: removal of implants is not anymore necessary. Resorbable implants are becoming safer as they have good solidity
allowing bone union of fractures and osteotomies before their eliminating. Conclusion Main indications of resorbable implants in pediatrics remain
fractures and osteotomies fixed with screws. The development of plates and intramedullary nails will enlarge the indications. Level of evidence: IV.
Keywords: paediatric fracture, resorbable implants, co-polymer, magnesium
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AnHomayus

BBenenue. Pa3BuTye mpou3BOACTBA M MPUMEHEHVs pe30pOupyeMbIX MaTepyuasoB IJisi JeTCKOJ OpPTONenuy SIBJISeTCs MepPCHeKTUBHBIM, B TOM UyCIIe
¥ IO TIPMUMHE OTCYTCTBUSI HEOOXOAMMOCTH yraneHust MaTepuaia octreocuresa. Llesnb. [IpencraBuTb cOGCTBEHHDIN OIIBIT IIPYMEHEHMS Pe30pOUpPyeMbIX
MarepuagoB ¥ TMpPOBeCTH 0630p aKTyaJbHONM JmTeparypbl. MarTepuanbl M MeTOAbI. B OTmeneHMM [ETCKOM TPABMATOJIOTMM ¥ OPTOMEANN
MPOOTEPMPOBAHBI 7 [eTeil C mepesioMaMy IJIMHHBIX TPYOUaThIXx KOCTEN C MCIIOJIb30BaHMEM pe30pOupyeMbix BUHTOB (ActivaScrew™). Kpurepusimmn
BKJIFOYeHVsI ObLIIM BHYTPM- U OKOJIOCYCTaBHbIE IT€PEJIOMbI Y eTeli CO CTaHJAPTHBIMM TTOKa3aHUsIMU K (uKkcauyy BUHTaMu. [ MOAroToBKM 0630pa
JIATEpaTypbl ObUIM MCIIOJb30BaHbl HayuHble riatrdopmbl PubMed, Scopus, ResearchGate, PUIHII, a Takske MpOmyKTbI MyOIMKALMI M3LATETbCTB
Elsevier u Springer. PesyabraTbl. Koropra 7 maumeHToB BK/IHOYasa 4 1€BOYKM, 3 MasbaMKa B Bo3pacTe oT 5 mo 14 set. ITepesiombl 6butn B 061aCTH
JIOKTEBOTO CyCTaBa B 3 CJIy4yasix U B 4 ciydasx — B 0OJIACTM TOJIEHOCTOITHOTO CycTaBa. B GiypkaiilieM 1oc/ieonepanyoHHOM Mepyuoae HY B OTHOM
cyyae He OOHApY)KeHbl M3GBITOYHBIA OTEK, MMOKPACHEHNe WM MHasl IaToJIorMyeckas peakiys CO CTOPOHbI MSITKMX TKaHei. Bo Bcex ciyyasx
60J1eBOI CMHIPOM JCYe3asl K CeIbMOMY MOC/Ie0nepayioHHOMY JHIO. BoccTaHoB/IeHe OMOPOCIOCOGHOCTH, BOSMOXKHOCTHM MOTHOLIEHHONM HarpysKu
Ha OINEePUPOBAHHYIO KOHEYHOCTb, OOBIYHONM (DM3MUECKON aKTMBHOCTM OTMEUYEHO B CTAHAAPTHbIE [ TaKuX NOBPEXIEHMI CPOKM. PeHTreHOBCKue
MPU3HAKM KOCTHOTO CPalleHMsl OTMeYanch yepes 3-6 Henenb rocie onepaumyu. O6bemM JBUKEHUI B CyCTaBax BOCCTAHABIMBAJICS 0 aMIUIUTY[bI,
COTIOCTaBMMOJ C KOHTpaJaTepaabHOI KOHEUHOCThIO, uepe3 3 Mecsitia. Hu B oqHOM ciyvae He BCTpevyannch MHQEKIMOHHbIE, COCYAVUCTbIE WY MHbIE
ocyIo)KHeHysl. HesanmaHMpoBaHHBIX TMOBTOPHBIX Ollepauyii He MpoM3BoAMIOCh. JIuckyceusi. Llenecoo6pasHOCTb NMpUMeEHEHMs] Pe30pOupyeMbIx
MMILJIAHTOB B IETCKOJ TPaBMAaTOJIOI MM, BKJIFOUAsT KOTIOIMMEDDI C HACBIILIEHMeM MarHmueM, 06y C/IOBIEHA OTCYTCTBMEM HEOOXOMMMOCTH YAAIeHVs TaKUX
MarepyuasaoB ocTeocuHTe3a. HamexKHOCTh OCTeOCHHTe3a pe30poupyeMbIMyM MMITJIAHTaMY MOBBIIIAETCS [0 Mepe YBeJIUEeHNsI X IIPOYHOCTHBIX CBOVICTB
M JOCTATOYHOTO I KOCTHOM KOHCOMMAALMM BpeMeHM ux abcopOuym. 3akiaroueHne. OCHOBHBIMYM MOKAa3aHMSIMU IJISI IPUMMEHEHNs Pe30pOupyeMbIx
MMILIAHTOB Y [eTeli OCTAIOTCS MIePesIOMbI ¥ OCTEOTOMMY, KOTOPbIe HeoBXonumMo (GukcupoBarh BuHTaMu. Pa3paboTka IIaCTUH U 3JaCTUYHBIX BUHTOB
13 pe30opOupyeMbIX MaTepuasoB PAaCIIMPUT TTOKa3aHMsI K MX IPUMEHEHNI0. YPOBeHb JloKasaTesbHOCTH: V.

KiroueBble cj10Ba: reguarpuyeckie mepesoMsl, pe3opoupyemMble MMIUIAHTbI, MarHMUi-CofiepyKaliiye MoIuMepbl

Ana yumupoearus: Nackom6 I1., XXypHo 1., Monkos [A.A. Pe3opbupyemble MMMNNAHTbI B LETCKOM OpTONeanu U TpaBMaTonoruun. leHuli opmoneduu.
2023;29(6):629-634. doi: 10.18019/1028-4427-2023-29-6-629-634. EDN: SNUMW.

INTRODUCTION

The surgical treatment of paediatric fractures usually  III and IV types and diaphyseal fractures which cannot be
requires their fixation with metallic implants, made treated with conservative methods. The former need most
of stainless steel or titanium. Main indications of internal  often screw fixation via an open or a closed approach.
fixation are intraarticular fractures classified as Salter On many occasions, diaphyseal fractures are treated with
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intramedullary fixation. The first choice is the flexible
nailing technique in forearm and humerus fractures,
and in femur and tibia fractures before the end of growth.
The advantages of metallic implants are well-known,
but among their disadvantage, one question is permanent:
removal or not? In one hand, the future is uncertain in case
of a need for orthopaedic surgery. To remove implants
after a long term may be a nightmare. But on the opposite,
the removal of implants needs a second surgery,
and complications are not negligible. In addition, the use
of those devices can entail complications as hematomas,
healing problems, local sepsis.

For these reasons, the development of resorbable
implants is promising as there is no need for implant
removal. But resorbable implants must be safe. This means
they must have a comparable efficiency with classic
metallic implants to stabilize the fractures: firstly, stability
and resistance of the implants are mandatory till bone
union is obtained; secondly, absence of free debris which
might damage some tissues like brain, liver, ganglions,
lungs. For that reason, some resorbable implants used

in the past have been withdrawn from the market due
to some complications as intraarticular synovitis and
spread of debris.

Interference screws [1] and absorbable anchors are
currently used in tendons and ligaments reconstruction.
In adult trauma, some fractures of the ankle are treated
with absorbable plates and screws. The biomechanical
stability of these implants has shown excellent qualities
and biological properties.

One category of resorbable or biodegradable materials
is a polymer that has been used for around 40 years in many
surgical applications. Initially used just for sutures,
resorbable plates and screws are commonly used
in maxillofacial surgery, such as for osteotomy syntheses
or mandibular fractures. A second group of resorbable
implant is the new generation of magnesium implants:
experimental studies demonstrate their good tolerance and
nice results. The first clinical studies show good results too.

The main goal of this paper is to present our experience
with resorbable implants in paediatric traumatology,
and to make an overview of the recent literature.

MATERIAL AND METHODS

In our level I department of paediatric traumatology
and orthopaedics, we operated on 7 patients with fractures
of long bones with resorbable screws, partially threaded
ActivaScrew™ LAG (Bioretec). The decisionto select these
new implants was taken under following consideration:
absence of debris and urine elimination of the polymer
polylactide-co-glycolide (PLGA), strong fixation ability
till bone union (https://bioretec.com/products).

The inclusion  criteria ~ were intra-articular
and juxta-articular fractures in children with an indication
for screw fixation, and acceptation of the patient
and the family for a resorbable implant after given precise
information. The exclusion criteria were pathological
fractures.

Surgical technique Reduction of the fractures was
obtained either by closed method and mini-invasive approach
or by open approach with the same technique as in fixation
with conventional metallic screws. One hole by screw was
performed strictly into the epiphysis with a drill smaller
than the diameter of the screw under the C-arm control
to be parallel to both physis and joint (Fig. 1), thus a drill

of 2.5 mm diameter was used for a screw of 3.5 mm diameter.
Then, the cortex was enlarged with a countersink to bury
around 50 % of the screw head. The adapted tap, 3.5 mm
for 3.5 mm screws, is mandatory to be used. Just before
insertion, the screw was dipped in a contrast fluid expecting
to be visible on the C-arm control, but unfortunately it was
not always visible. Finally, the screws were inserted with
an adapted cap. At that moment, the first screw was not yet
tightened. A second screw, of the same size, same technique
was inserted almost parallel to the firstone. Then, we tightened
both screws: we just turn the screwdriver till the adapted
system pulled out. It is not recommended to continue
tightening the screws themselves as their head may break,
leading to a complete loosening of the compressive effect
on the fracture.

Imaging control should demonstrate the fracture line
to disappear completely, proof of an excellent reduction.
An immediate arthrogram of the joint confirmed
the satisfactory anatomical reduction of the fracture (Fig. 2).
An immediate immobilization was done with a splint
plaster cast, replaced three days later with a resin cast.

Fig. 1. Surgical technique: a - fracture with dislocation; b - reduction of the fracture and drilling of the epiphysis; ¢ - screw with contrast fluid
is visible on the C-arm control
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Fig. 2. Control of reduction: a - Tillaux fracture;
b - fracture line disappeared, an immediate arthrogram
confirms satisfactory anatomical reduction of the
fracture

Assessed criteria were duration of the surgical union, date of full weight-bearing, and range of motion at
procedure; presence or not of swelling, redness, tissue 3 months; date of return to sport activities; complications
reaction, pain on day 1, day 7, and day 30; time for bone and reoperation rate.

RESULTS

The cohort is represented by 7 patients, 4 girls and
3 boys, aged from 5 to 14 years old. The 7 fractures
were three at the elbow (Fig. 3) and four at the ankle
joint. All of them were classified as intra-articular
displaced fractures requiring anatomical reduction and
stable screw fixation. The used resorbable screws were
partially threaded, 3.5 mm diameter and of different length
from 20 to 45 mm.

In the immediate postoperative period, day 1, 7 and
30, no patient presented with abnormal swelling, redness,
or tissue reaction. Pain disappeared at day 7 in all cases.
Weight-bearing and return to sport activities were allowed
in normal delay. Radiological bone union was obtained
between 3 and 6 weeks. Range of motion in adjacent
joints was comparable to the opposite non-fractured side
at 3 months. There were no cases of complications, no

Fig. 3. Medial epicondyle fracture: a - radiograph at admission;

infection, and no need for a reoperation (Table 1). b - reduction and osteosynthesis
Table 1
Cases included in the study
Age Implants Duration Delay Del?y Delay sport Range -
Sex Fracture . of surgery of bone of weight of motion | Complication | Follow-up
(years) diameter/length . . return
(minutes) union bearing at 3 months
bimalleolar, ankle 2 screws comparable
Girl 13 dislocation ’ 3.5/45 mm 57 6 weeks 6 weeks 3 months | to opposite no 1 year
3.5/45 mm side
proximal first 1 screw comparable
Boy 14 | metatarsal bone 3.5/30 mm S4 6 weeks 6 weeks 3 months | to opposite no 1 year
Salter III : side
olecranon 2 screws comparable
Boy 5 longitudinal 3.5/20 mm 87 4 weeks N/A 3 months | to opposite no 9 months
8 3.5/20 mm side
. . comparable
Girl 14 ?,;,sl{?;:f.))l a Salter I 3 1’5/szf(§en‘:lm 54 6 weeks 6 weeks 3 months | to opposite no 1 year
: side
1 screw played comparable
Girl 10 medial epicondyle 3.5/40 mm 47 4 weeks piano 3 months | to opposite no 3 years
’ at 4 weeks side
1 screw comparable
Girl 12 medial malleolus 3.5/20 mm 35 4 weeks 4 weeks 3 months | to opposite no 6 months
: side
elbow dislocation 2 screws comparable
Boy 10 lateral condyle 3.5/24 mm 47 6 weeks N/A 2 months | to opposite no 6 months
fracture 3.5/40 mm side
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DISCUSSION

Different polymers of lactic acid (PLA) and glycolic
acid (PGA) have been proposed for orthopedic surgery both
in adults and children [2, 3]. PLA implants are known as
responsible of local reactions during absorption and rapid
degradation which may cause instability before bone union.
On the other hand, poly-(L)-lactic acid (PLLA) implants
have a slow resorption and may lead to bone cavity filled
with either fibrous tissue or fluid [4]. They may also cause
local reaction as foreign-body reactions. As for others,
the PLLA/PGA interference screw completely degraded,
and no remnant was present 3 years after implantation
for a bone-patellar tendon-bone graft ACL reconstruction [1].

In reconstruction of nerves, implantation of poly
(DL-lactic acid) PDLLA film did not alter liver or renal
functions.  Pathologic  examinations showed that
implantation of PDLLA film did not cause pathologic
changes to the rat liver, kidney, pancreas, or spleen. Taken
together, these results suggest that PDLLA films have
excellent biocompatibility and no obvious toxicity in vivo,
and may be used to prevent nerve adhesion, thereby
promoting nerve regeneration [2].

Poly lactic-co-glycolic acid (PLGA) has been developed
as another component. This new resorbable implant slowly
degrades while it reacts with water in the human body.
It adds advantages of a mid-term resorption, with a good
stiffness enough to obtain bone union, and without any type
of inflammatory reaction [5, 6]. The degraded components
are exhaled and excreted, the total elimination occurs
within approximatively 2 to 3 years. Since theses implants
do not include any metal, there is neither X-ray, ultrasound
nor MRI disturbances [6, 7, 8].

In clinical practice, the advantages to avoid removal
of implants have been widely emphasized [9, 10]. We had
a previous experience with resorbable screws, 2.8 mm
diameter made of poly-L-lactide- poly-D-lactide acid and
trimethylene carbonate. Among 24 patients, we observed
some complication like a loose screw head, joint stiffness
and joint effusion [11].

Our short series demonstrate that resorbable screw
osteosynthesis is justified in paediatric traumatology as
this approach does not modify either the surgical technique
or the follow-up care. The follow-up is comparable with
classic metallic implants. We did not observe any abnormal
mobility during the resorption period between the head and
the body of the screw.

In a retrospective study, Kassai et al. [12] compared
the fixation of the medial humeral epicondyle fractures
with either a biodegradable poly L-lactide-co-glycolic acid
(PLGA) or a traditional metallic implant. They observe
normal delay for bone union, comparable results between
both groups, and no specific complications with resorbable
implants.

Varga et al. [13] published a comparative study
of the treatment of 94 distal fractures of the radius,
associated or not with ulna fractures. One group treated
with one or two stainless steel Kirschner wires which were
buried under the skin (n = 40), a second group with K-wire
left outside (n = 24) and the third group with an original
technique of distal radial elastic nailing with bioresorbable

PLGA pins (n =30). There was no difference between
the complication rates of both K-wires groups, while
the complication rate of the bioresorbable group was
significantly lower.

In 2013, Sinikumpu et al. [14] from Finland published
a preliminary technical report of a mini-invasive technique
forpediatricdiaphyseal forearm fractureswithbioabsorbable
elastic stable intramedullary nailing. They developed
a two-stage surgical technique in children between 5 and
15 years old. The first stage was identical to the Nancy
method [15, 16, 17]: mini-invasive approach, reduction
of the fractures, introduction of metallic implants into the
medullary canal of both bones through a metaphyseal small
hole, and fixation of the radius and ulna. The second part
of the technique was a careful removal of each metallic
implant, each of them being immediately replaced by an
absorbable rod (made of poly lactide-co-glycolide (PLCG)
developed by the Bioretec company, first in the radius and
second in the ulna, or reverse.

Recently, an international Europe-based, multicenter,
prospective, single-arm, open-label study has evaluated
the elastic stable intramedullary nailing of forearm
fractures in children between age 3 and 13 with a resorbable
Activa IM-Nail™. Seventy-six patients with a mean age
at inclusion of 8.9 * 2.4 years have been operated on.
The mean time of operation was 58.9 * 22.9 minutes.
Except one case of postoperative fall, no case
of recurrent fractures was observed at a mean follow-up
of 8.9+ 5.1 months. The authors draw a conclusion
of the safety and effectiveness of the resorbable Activa
IM-Nails™ in the treatment of forearm fractures [18].

Hedelin et al. [19, 20] reported a series of 32 pelvic
osteotomies: Salter osteotomy (n = 21) and triple
osteotomy (n = 11), fixed with a 4.5 mm (55-70 mm)
PLGA polymer screw Activa®. They demonstrated the
good stability of pelvic osteotomies after fixation with
PLGA screws. In all hips studied, the overall correction
was maintained, and there were no complications related
to the resorption of the screws. On the MRI performed
2 years after the surgery, there were no significant local
reactions. In another paper, the same author reports a series
of 21 cases of Salter osteotomy fixed with resorbable
screws. Neither perioperative surgical complications nor
local reactions occurred [19].

In 2018, Griin presented an excellent paper which
describes all resorbable implants used in paediatrics,
resorbable, ceramic and metallic, with a specific focus
on the magnesium-based (Mg-based) implants [21].
Biodegradable Mg is more tensile, stable, and load bearing,
compared to polymers and ceramics. Magnesium also
shows favorable biomechanical properties able to support
bone fracture healing.

Holweg et al. [22] reported a successful series
of 20 fractures of the ankle joint, bi- and trimalleolar fixed
with bioabsorbable Mg-based screws. These implants
were composed of pure Mg alloyed with calcium and
zinc. Blood analysis revealed that Mg and Ca were within
a physiologically normal range. No loosening or breakage
of screws was observed. Holweg et al. [23, 24] also
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demonstrated that specific balance between zinc and
calcium improved mechanical strength and a reduced
invitro degradation rate. In invivo experiments
with screws, all osteotomies completely consolidated
after a maximum of 12 weeks. But screws were resorbed
at a mean of 2.5 years after medial malleolus fracture

fixation [25]. Marek etal. demonstrated no influence
of Mg-Zn-Ca screws on physis and longitudinal bone
growth throughout their degradation [26, 27]. Wiktor et al.
stated only good and excellent outcomes for humeral
capitellum fractures in 6 immature patients aged 10.6-15.3
treated with internal fixation with bioabsorbable nails [28].

CONCLUSION

Asthemajor problem of metallicimplants, stainless-steel
or titanium, is to remove them or not, the use of resorbable
implants, either co-polymers or magnesium-based,
solves the problem: removal of implants is not anymore
necessary. Year after year, new components are available
on the market. These components are becoming safer as they

show good solidity allowing bone union of fractures and
osteotomies. The implants decompose and are eliminated
from the body. Main indications for resorbable implants
in paediatrics remain fractures and osteotomies fixed
with screws. The development of plates and intramedullary
nails will enlarge the indications.
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AHnHOomayusa

BBseznenne. Vcrionb3oBaHie 610aKTUBHBIX IMIUIAHTATOB (/71aCTUUYHBIX TUTAHOBBIX CTEPsKHEN 1 IerpaaypyeMbIX BHY TPUKOCTHBIX MMIUIAHTATOB) IIPECTABISIET
OO0V MepCreKTUBHBIA MOAXON K PElIeHNI0 MpoGIeM pereHepalyyi KOCTHOM TKaHM, COKpaluawoimii cpoku Jyiedenys. Leab. Ouenntb 3¢ dekTMBHOCT
COYETaHMST YPECKOCTHOIO OCTEOCHMHTE3a C MHTPaMeNy/UIIPHBIM apMMPOBAHMEM 3TACTHUHBIMM TUTAHOBBIMM CTEPSKHSIMM, TTOKPHITHIMMA [MIPOKCUATIATATOM
(HA-cTep>xHMM), TPV JIEYEHMM TIePEIOMOB JIMHHBIX TPYOUaThix Kocteil. Marepuasbl u MeToabl. [IpoaHamsupoBaHbl uctopuyt 6ommesuy 40 nanmeHToB B
Bo3pacte ot 18 1o 55 sieT ¢ 3akpbIThIMM AMady3apHbIMM epesiomMamy 60s1bie6epiioBoit kocTy Tuna A 1-A3 (o knaccudurarym AO/ASIF), mpoonepipoBaHHbIX
METOIOM UYPECKOCTHOTO OCTeOCHHTe3a 10 MmM3apoBy B COYETaHMM C MHTPAMENY/UISPHBIMM 37aCTMYHBIMM CITULIAMM, MOKPBITBIMU I'MIPOKCUAIIATUTOM.
Pesynbrarbl. B cpenHem, neMoHTaxk arrapara Mmsaposa mpoBomwiv vepes 453 + 14,7 g mocwie omepauyu. PeHTreHomormyeckue MpusHaKu
KOHCOJIMALMM TiepesioMa (Haluyme He3pesio KOCTHOW MO30JIM, TIePUOCTaIbHBIX U SHIOCTAIbHbIX HACTIOEHMIA, IePEKPBIBAIOLIMX JIMHUIO MepesioMa) GbUin
BUIHBI Ha 3-4-i1 Hepmeste. O6cykmenne. CouetaHye amnmapara HapysKHOM QUKcalyy M MHTpaMeqy/UIIPHbIX 37aCTUYHbIX Il ¢ HA-TIOKpBITHEM TTO3BOJISIET
MPEOOJIeTh HEJOCTAaTKM KaK BHEIHMX, TaK M BHYTPEHHMX yCTPOiCTB. HapyskHbIl ocTeocuHTe3 obecreurBaeT Bce MpeumyllecTsa mMetona Vmsaposa:
COXpaHeHe KPOBOOBpaILieH s, OTCYTCTBIE MOBPEKAEHVST MATKMX TKaHelt, GYHKUYS cycTaBa 1 Harpyska B paHHMe CPOKM. DIACTUYHbIE MHTPAMeNy/UIIPHbIe
CIMIIBI HE TOBPEXKIAIOT d. nutricia M MeXaHUYEeCKU CTYMY/MPYIOT SHIOCTAJbHOE M IMePUOCTa/IbHOE KocTeoOpasoBaHye. 3akmrodyeHue. [IpenmyiecTsa
KOMOMHMPOBAHHOTO OCTEOCHHTE3A 3aK/TIOYAIOTCsT B COKpALLeHMyt BpeMeHy dukcaryy B anmnapare MmsapoBa, yMeHbIIEHNM KOAYECTBa CIALL ¥ CTEPIKHe -
LIIyPYTIOB B arrapare Hapy>XHOI (ukcaryy, CTUMYIISILy 06pa3oBaHyst KOCTHO MO30JI M TTPeyTIPEsKAEHUY BTOPMYHbBIX CMELEeHNMIi KOCTHBIX ()parMeHToB.
KioueBsble ciioBa: Vn3apoB, MHTpaMeny/UIIPHbIE 3TACTHUHbIE CITUIbI, TUIPOKCAAIATUT

Ana yumuposanus: KnbiwHukos K.A.,CazoHosa H.B.,Monkos A.B. KOMBUHWPOBaHHbIM OCTEOCUMHTES NPU NIe4eHUn Anadmr3apHbIX NepenoMoB 60/b-
webepLoBoi kocTw. leHuli opmoneduu. 2023;29(6):635-639. doi: 10.18019/1028-4427-2023-29-6-635-639. EDN: QUVIYQ.
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Combined osteosynthesis for tibial shaft fracture treatment
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Abstract

Introduction Widespread use of intramedullary and extramedullary implants, as well as external fixation devices, has demonstrated that current surgical
methods are not always successful. The study aimed to assess the efficiency of a combination of transosseous osteosynthesis with intramedullary
reinforcement using elastic titanium hydroxyapatite-coated rods (HA-rods) in long bone fracture treatment. Material and methods Medical records
of 40 patients aged from 18 to 55 years with closed diaphyseal tibia fractures of A1-A3 type (AO/ASIF) treated with the Ilizarov transosseous
osteosynthesis method combined with intramedullary elastic HA-coated wires were analysed. Result Ilizarov fixator removal was performed on average
45.3 = 14.7 days after surgery. Radiological signs of bone union (immature callus, patterns of periosteal and endosteal stratifications overlapping
the fracture line) were visible by week 3 to 4. Discussion Combination of the external fixator and intramedullary elastic HA-coated wires overcomes
shortcomings of both external and internal means of fixation. External osteosynthesis provides advantages of the Ilizarov method: preservation of blood
supply, absence of soft tissue injury, joint function and early weightbearing. Elastic intramedullary wires do not injure a. nutricia and mechanically
stimulate endosteal and periosteal bone formation. Conclusion The advantages of combined osteosynthesis provide reduction of Ilizarov apparatus
fixation time, reduction in the number of wires and half-pins in the frame assembly, stimulation of bone callus formation and prevention of secondary
bone fragment displacement.

Keywords: Ilizarov, flexible intramedullary nailing, hydroxyapatite
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BBEJIEHUE

[Tpo6ema okasaHKst HEOTIIOKHO IIOMOIIM MMalIeHTaM
C IOBPEKIEHMSIMU OTIOPHO-ABUTaTeIbHO CUCTEMBI C KayK-
IIBIM TOIOM IIprobpeTaeT Bcé Gosblllee 3HAYEHNUE B CBSI3U
C POCTOM KOJIMYECTBa IOCTPAJABIIMX U TIOCTENYIOLIei
MHBAJIMIHOCTbIO, 0COOEHHO Y JINII, TPYAOCIIOCOOHOTO BO3-
pacra [1-4].

[[Inpoko pacmpocTpaHEHHOE WCIIOIb30BaHNE BHY-
TPUKOCTHBIX M HAKOCTHBIX MMIIJIAHTATOB, a TaK>Ke all-
MapaToB Hapy>KHOI GUKCALMM TOKA3aJI0, UTO JAJIEKO He

© KnbiwHmkos K.A., CazoHosa H.B., Monkos A.B., 2023

BCeria COBpEMEHHbIe XUPYPrudeckye MeTOIbl SIBJISIOT-
cs1 yeremHbiMy. HecoCToSTeIbHOCTD JIeUeHMsT CBsI3aHa
C ATPOTEHHOM TPaBMAaTUYHOCTHIO ONEePaTUBHOIO BMella-
TeJIbCTBA, 3HAYMTEbHON IMPOJOJIKUTETbHOCTHIO HAPYIK-
HOV QMKcalyu, 3aMeJIeHHOM KOCTHOM KOHCOJIUAIeNn,
HapyIIeHUIMY KOM(POPTHOCTHU TIPHU MCIIOTb30BAHMN all-
[apaToB Hapy>KHOM bukcauuu [5, 6].

CrenyeTr mpusHaTh, YTO MCIIOJb30BaHMe GMOAKTUB-
HbIX MMIIJIAHTATOB (JIACTUYHBIX TUTAHOBBIX CTEPIK-
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Hel U JerpagupyeMbiX BHYTPUKOCTHBIX MMIIJIAHTATOB)
MpeCTaBIsieT COOO0V MepPCHeKTUBHBIN MOAXOA K pelle-
HUIO TIp06JieM pereHepanuy KOCTHOM TKaHM, CBSI3aHHbBIX
C COKpallleHeM CPOKOB JIeUueHHsl [epeIOMOB IJIMHHBIX
Tpy6uaTeix Kocreii [7-9].

Lenpb - oneHka 3pPeKTUBHOCTY COUETAHUST YPECKOCT-
HOTO OCTEOCHHTEe3a C MHTPaMey/IIPHBIM apMUPOBaHMEM
9JIACTUYHBIMU TUTAHOBBIMM CTEPSKHSMM, TTOKPBITHIMMU TH-
npokcuanarutom (HA-cTepskHsIMM), TIPY JIEYEHMI [TePesIo-
MOB JJIVHHBIX TPy6UaThIX KOCTEN.

MATEPUAJIbI U METOZbI

PerpocmekTuBHOE UCCIeOBaHKe MPOBoAMIOCH B Ha-
IIMOHATbHOM MEIMIIMHCKOM MCCJIeOBATENbCKOM IIeHTpe
TPaBMAaTOJIOTUM U OpToTeauu M. akagemuka [ A. Mnmn3za-
poBa (Kypran, Poccust). Bputn npoaHainsmpoBaHbl UCTO-
puu 6oesun 40 manyeHToB B Bo3pacTe oT 18 mo 55 et ¢
3aKPBITHIMU IMadU3apHBIMU ITepeioMaMy 60JbIe6epIio-
Boit kKoctu Tnna Al-A3 (no knaccuduraumm AO/ASIF).

Kputepusmu 11 BKIIOUEHUS B MCCAeIOBaHMe SIBJIS-
JICh B3POCJIbIE JINIIA TPYLOCIIOCOGHOTO BO3PAcTa, Ipoore-
pUpOBaHHbIE KOMOMHMPOBAHHBIM METOIOM OCTEOCHHTEe3a
armmaparom MmmsapoBa. Mbl MCKITIOUMIIY U3 MCCIEOBAHMS
MAIMeHTOB APYTUX BO3PACTHBIX TPYIII, a TaKKe IMalueH-
TOB C OTKPBITHIMMU MJI OCJIOKHEHHBIMY TIepeJIOMaMM.

ITocne momyuyeHUss OmOGPEeHMs] SKCIEPTHOTO COBe-
Ta yupexaeHus O6bumM COOPaHbI HAHHBIE O KIMHUYECKUX
M PEHTTEHOJIOTMYECKUX OCOOEHHOCTSIX IEPeOMOB, IO-
CJIeOTIEPALIVIOHHOM TI€PUOJIE, 3aXKUBJIEHUM KOCTEN U (PYHK-
[[MOHAJIbHOM BOCCTaHOBJIEHMM. TaKkKe OLEHMBaIM YacTo-
TY, TSSKECTb OCJIOKHEHMI U MCXO/IbI.

OcobenHocmu onepamueHo20 eMewamenpcmed. nepa-
LIMIO TIPOBOIMJIM TIO[, SMUIYPATbHOV aHEeCTe3Mel BO BCEX
cnyvasx. CTaHZapTHOE CKeJIETHOE BBITSKeHMe MO3BOJISIO
JIMKBUAMPOBATh CMEIIEHUST KOCTHBIX OTJIOMKOB. ®Dukca-
IIMI0 MHTPAMEeNY/UISPHBIMU CIAIIAMY BBITIOHSIIA  OIHO-
BPEMEHHO TIpM HAJIOKEHMM arrapara, UCTONb3ysl IBe U30-
rHyTble cruiipl. B metaduse 6GosbiiiebeprioBoi KOCTU
(TTPOKRCUMMAJILHOM WJTY OUCTAJIBHOM — OJIVDKAMIIEM K Tiepe-
JioMy) GOpMMPOBaAIM HAKIIOHHBIE OTBEPCTHSI, COOOILIAIOIIN-
€Cst C KOCTHOMO3IOBBIM KaHaJIOM, C TIOMOILIbIO CBepia Jua-

MeTpoMm 3-4 mm [10]. M3orHyThIe MBI ¢ GMOAKTMBHBIM
MOKpbITHEM (TMApokcuanatutoM-HA) snerko BBOOMMICH
yepe3 OTBEPCTMSI B KOCTHOMO3TOBOM KaHAJI IOJ, KOHTPO-
JIEM 3KTPOHHO-ONTMYECKOro mpeobpasopmaarens (DOIT).
MBI 1CITOJIb30BaIM CIUIBI AaMeTpoM 1,8 MM 13 TUTAaHOBO-
'O CIUIaBa C TOKPBbITHEM U3 TMIPOKCHANaTuTa (OpToreama-
TpuYeckue cruibl, MmoguduipoBanHbie Metis Ltd, Tomck,
Poccust). BuoaktuBHOe mokpbiTve TonmmHOM 20-40 pm
U TIOPUCTOCTBIO 2-8 % OBLIV MOSTYYeHbl METOIIOM aHOIHOTO
OKCUZIMPOBaHMS B TyroBoM peskume [ 11]. Takoi T oKpbI-
TUSI TIPEICTABIISIET COOOM YABTPAITOPUCTYIO CUCTEMY, COCTO-
SILIYIO0 M3 Makpo- ¥ MMKporop auamerpom ot 50-100 um
nmo 1-2 um.

[Moce Gukcarnyy MHTpaMeR YT PHBIMY CITUIIAMY TTPO-
BOIMJIM MOHT&K ammnapara Vnmnsaposa (OKcrepyMeHTas b-
wbiit 3aBog,. HMUILL TO wmm. akagemuka I.A. Mnusaposa,
Kypran, Poccust) mo TeXHOJIOTMM YPEeCKOCTHOTO OCTeO-
cunTtesa. Crenyer MoguYepKHYTh, YTO MHTPAMENYI/JISIPHbIE
CITAIIBI HE MENIAJIM TTPOBEIEHNIO CITULL UJTU CTEPSKHEN-111y-
pymoB anmapara HapyykHou ¢ukcanuu (AHD).

Pentrenorpadguio B [OBYyX CTaHAAPTHBIX MPOEKIUSIX
TIPOBOIM/IN TIepe[i oTepalieii, B IeHb MPOBEeIeHNs oTiepa-
LIMM U [ajiee uyepes Kaxkable 2-3 Hemesu 10 KOCTHOW KOH-
conmpariy. OLeHMBaIM TaKKe M PEHTTeHOTPaMMbI TTOCjie
CHSITUSI ammapara.

CraTucTnuecKkuii aHaJIM3 MPOBOIMIIN, UCTIONb3Ys MTPO-
rpamMmMuoe obecrieuenne AtteStat 12.0.5. [Insg ommcaHust
HEIpEepbIBHBIX MMePEMEHHBIX MCIOIb30BaIM CpPeqHMEe 3HA-
YEHMS U CTaHJapTHbIE OTKJIOHEHMS.

PE3VJIbTATDBI

B nccnenoBanme 6bLIM BKIIOUEHBI COPOK MAallieHTOB
(9 skenyH, 31 My>KUMHA), CPEHNUI BO3PACT KOTOPBIX CO-
crasisut 29,6 ropa (B npegesnax 18-55 ster). Tpunuary Tpém
nauyenTam (82,5 %) mpoBes aHTerpagHoe MHTpaMemyJl-
JIIPHOE apMMpoBaHue, a cemu nanuenrtam (7,5 %) mposesn
aHTe-peTporpagHoe apmupoBanue (puc. 1). B cemHaamaTu
cayvasx (42,5 %) usorayThie MHTpaMeoyJIIPHbIE CITAIIBI
obecreuns BO3SMOXKHOCTD TIOJIHOM PEro3uIuy Mepeioma,
[MO3TOMY He ObLIO HEOOXOAMMOCTM MPOBOAUTH JOTIOTHU-
TeJIbHbIE CIUIIBI C YIIOPHOM IJIOLIAAKOV B 06/1aCTh KOCTHBIX
KOHIIOB B 30HE TepesioMa Ha YPOBHE MPOMEKYTOUYHBIX KO-
Jiel HapyskHoro ¢ukcatopa. C mepBbIX JHEN Tocje onepa-
IIMY BCe MAlYIeHThl CaMOCTOSITEIbHO XOMMJIM, ONTMPasiCh Ha
KOCTbUIM, CHaUaJIa C YaCTMYHONM Harpy3Koi Ha MOBPEKIEH-
HYIO HOTY, 3aTeéM — C IMOJIHOV. IloceonepalMoHHbI OTEK
MOBPEKIEHHOV KOHEYHOCTY MPOXOOMII Yepe3 2-3 HeIeln.
ITocneomnepaliOHHbIN GOJIEBOV CUMHIPOM, CBSI3aHHBIM C T1e-
pesioMoM, 6bIT YMEPEHHBIM M COXPaHSIICS 0 KOHIIA BTOPOI1
Henesm. OH KyIMpoBaJICsl HECTEPOUIHBIMM ITPOTUBOBOCIIA-
JIUTETbHBIMM TTperapaTamMin.

Uepe3 14 cyTok mocisie ornepanyy KOHTYPbI KOHIIOB
OTJIOMKOB OBbIIM PasMbITBIMMU. OHAOCTAIbHAs KOCTHast
MO30J1b 6bljIa BUIMMOM M XOPOIIO BbIPAXKEHHO! B y4acT-

KaxX KOCTHOMOS3TOBOI'O KaHaja PSIOM C JIMHMEN mepejiomMa
¥ Ha MPOTSDKEHMM BCE JIMHBI MHTPAMEY/UIIPHOTO M-
ianTara. [lepmocraabHble HACAOEHUSI ObLIM OTUYETIUBO
BUHBI 1 OIPENesUINCh Ha 00erX MpPOeKIUSIX PeHTreHO-
rpaMM KOCTHBIX (parMeHTOB. TOJIIMHA MX COCTaBJsIIa
2,8 £ 0,2 mm, gauHa - 14,7 + 1,3 mm. B 24 cryvasx nepu-
ocTaJIbHasi KOCTHAsi MO30JIb HE IpepbIBajiach U MepeKpbI-
BaJIa JIMHUIO TepeJjioMa, COeIUHSIS MPOKCUMaJIbHbIE U AVC-
TaJIbHbIE KOHIIbI Uepe3 2 Hefleu MocJjie oreparymn.

Uepes ueTbipe HeoeaM Ha PEHTreHorpaMMmax MpocMa-
TPUBAJIUCh TIPU3HAKM KOCTHOTO CpAIlleHMs: PasMbITOE
u3obpaskeHne KOHIIOB IePe/IOMOB, e[Ba pasjiMuumast JIu-
HUS TIepPeIOMa, BbICOKMI YPOBEHb ONTUYECKOH IJIOTHOCTYU
HeIpepbIBHON TepMOCTaJbHOM KOCTY Ha IepeaHes3agHUxX
¥ GOKOBBIX MPOeKLMsIX. B 3TOT mepuop 32 mamyeHTa Ha-
yaym xomuTthb ¢ 50 % miy maske MMOJTHOV HArpPy3KOi Ha ITOo-
BPEKIEHHYIO HOTY 6e3 BCIIOMOTraTe/IbHbIX CPEeICTB OMOPHI.

IIBymMs1 HemessiMM I03Ke KOCTHOE CpallleHue OTMeda-
JIOCh BO BCEX CJIyYasiX: efiBa OIpefessiemMast JMHUS Tepe-
Jioma, GOJIbIIOe, TUIOTHOE U KOMIIAaKTHOE M3006paskeHue
MepUOCTaIbHONM KOCTHOM MO30yM. Xonpba ¢ HarpysKou
He accoumMmpoBajach ¢ 60yibio. Bo Bcex ciyuasx oTme-
YajoCh YAOBJIETBOPUTEIbHOE BOCCTAHOBJIEHME OObEMA
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IBV)KEHUI B TOJIEHOCTOITHOM CycTaBe. Takum 06pasom,
0OOCHOBBIBJIOCh pellleHNe O JeMOHTaske armapara,
1 9Ty NIPOLieAYPY IPOBOLMIN B IIepuor, 32-62 nHeii (B cpef-
HeM, 45,3 = 14,7 nHs) mowie onepanyuy BCeM IalyieHTam
6e3 MMMOOWIM3AIIMM B TUIICOBOM MOBsI3Ke. Uepes mecsi
MOCJIe CHSATUS ammapara Ha pPeHTreHorpamMmax MpocMa-
TPUBAJIOCh DPEMOIEIMPOBAHNME KOCTHOM MO30JM C MPO-
XOIMMOCTBIO KOCTHOMO3TOBOTO KaHa/Ia, aHATOMMUYECKMU
MPaBWIbHBIM TOJIOKeHeM cermeHTa. CiyyaeB MUTpaIun
MHTpaMeIy/UIIPHBIX CIUI] He ObiI0. VX ymansamu 6e3 3a-
TPYIHEHUN yepe3 4-7 MecsIeB Moc/ie JeMOHTaXKa armapa-
Ta BO BCEX CITYYasIX.

Uro KacaeTcsl OCIOKHEHMI, TO Hab/IogaeMoe BOCIa-
JieHVe MSTKMX TKaHel BOKPYT couil ammapara Mimsapo-
Ba - B 9 ciyuasx (22,5 %) ycremHo Jiedmin JIOKaJIbHO
aHTHCeNTUKaMu B 7 ciyvasx, a TIpMMeHeHue aHTUOUOTH-
KOB M ymajieHyue CIUI] MOTPeGOoBaJoCh JBYM MallyieHTaM.
IoomnepalOHHbIN 06BEM OBUKEHMI B KOJIEHHOM WJIU

TOJIGCHOCTOITHOM CyCTaB€ BOCCTAaHOBWJICS Y BCeX ITalIM€H-

TOB JJ0 TTOCJIEAHEr0 KOHTPOJIbHOTO OCcMOTpa. B aTol cepun
HaOJIONeHNH Y HAILIMX TIAlMeHTOB He ObIIO HeBpOJIoruye-
CKUX UJIM COCYAMUCTBIX OCIOKHEHMUIA.

Knunuueckuti npumep. TlauyeHT 47 JeT MOCTYIUIT
C 3aKpbIThIM BMHTOOGPA3HBIM IEPEIOMOM UCTaJIb-
HOV Tperu auadmsa MpaBoil O6o0JibllIe6eplioBOil KOCTHU
(puc. 1, a). Omepauysi: OCTEOCUMHTE3 KOCTEM TOJeHU
ammapatoMm WnusapoBa M MHTpaMeny/UIIPHOE apMupo-
BaHMe O60JbIIeGePIOBOM KOCTM 3JaCTUYHBIMM CIIUIA-
vu ¢ HA-mokpertuem (puc. 1, 6). PeHTreHonornveckue
MPU3HAKM KOCTHOTO CpAIeHus] ObUIM OTYETIMBO BUIHBI
Ha 30-i1 menb (puc. 1, B). B cBsI3u ¢ atum amnmapar 6bL1
cHAT 6e3 KakoW-IMbO TMOCIenyollell MMMOOWIM3ALUN
(puc. 1, r). IlanueHTy 6bUTa paspeliieHa MOaHAs HArpy3ka
yepe3 2 HeZeNMu MOCJe AeMOHTaxa ammapara. [Ipu KoH-
Tposie (uepe3 3 mecsiia M 1 ron mocjie CHSATHUS ammapa-
Ta) OMpeNesIoCh PeMOIeaMpOBaHNue KOCTHOM MO30JuU
¥ HOPMaJIbHbIE PEHTTeHOJIOTMYECKME MapaMeTpbl GOJIb-
mebepiioBoit Koctu (puc. 1, m, e).

Puc. 1. TTauyenr, 47 niet: a - nepenom 60:1ble6epioBoil KOCTH;
6 - omepauysi; B — peHTreHorpaMmsl yepes 30 mHelt mocje ore-
pauyu; r — 32-ii JeHb 1oCJjIe Oepalyn, annapar CHSIT; [ — yepes
3 Mecsila, MPMU3HAKM HEMPAaBMIIBHOTO CpAllieHMs] OTCYTCTBYIOT,
aHATOMMYECKM MPaBUIbHOE TOJIOKeHMe; € — yepe3 1 rop mocite
CHSITHSI armapara, KOCTHOe PEMOZIEIMPOBaHMe

OBCVY>KIEHUE

IuadusapHbie T1IepesioMbl  GOJIBIIEOEPIIOBOM  KOCTHU
SIBJIIIOTCSI  CaMbIMM  PacIPOCTPaHEHHBIMM  TT€peIOMaMM
IJIMHHBIX TPYyOUaThIX KOCTEN ¥ TMPOUCXOAST Y 4 MpoleH-
TOB B3pOCJIOTO HacesieHus], coctasisist oT 11,3 mo 41,2 %
BCcexX MeperoMoB Kocreil ckesmera [12, 13]. Hecmorps
Ha y/IyYllleH/e TeXHOJIOTUU XUPYPTUUECKUX METONOB Jie-
yeHUATPeOyeTCs, MPU MepesioMax 60Jble6epIioBO KOCTH
MOTYT BCTPEYAThCSI CJIy4ay 3aMeIJIEHHOTO KOCTHOTO Cpa-
IEHVS i HEYIOBJIETBOPUTENIbHBIX Pe3y/bTaToB. KOHEuHO,

pesyJIbTaThl JIeueHMst 3aBUCSIT KaK OT XapaKTepa repejioma,
TaK M OT MeTopa jeueHust [14-17].

IIpr HAKOCTHOM OCTEOCHMHTE3e OOBIUHO Tpebyer-
cs1 OOJIBIION IO TMPOTSDKEHHOCTM ONEePaTUBHBINA TOCTYII,
YTO MPUBOIOUT K YBEJMUYEHUIO KPOBOIOTEPU U JIOTIOJHU-
TEJIbHOV TPaBMaTM3alLMy OKPY)KAIOLIUX MEPeIOM MSIIKUX
TKaHell, a, CJIIOBATebHO, K YXYAIIEHNIO KPOBOCHAGKe-
HUS1 30HBI NTepesioma [14-16]. OCHOBHBIM HeIOCTaTKOM MH-
TpaMeLy/UIIPHOTO OCTEOCHHTEe3a SIBJISIETCS 3HAYMTEIbHOE
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HapyllleHle BHyTPUKOCTHOTO KPOBOOOpallleH!sI, paspyliie-
HIf€ KOCTHOTO MO3Ta M SHAO0CTA. DTO MOTEHIMaTbHO CHM-
’KaeT penapaTMBHYIO pereHepanuio koctu [16, 17].

Merton, HapyskHOV buKcatyy o VinnsapoBy, B €ro Kiac-
CUYECKOM BUJIE, TOBOJILHO IIUPOKO MCIOIb3YeTCs IJIT XU-
PYPrMYecKoro JieueHMsi TIepesIOMOB  GOJblle6epiioBoi
koctu. Ho ero mpumeHeHue OCJIOKHSIETCST GOJIBILION ITPO-
TOJDKUTEILHOCTBIO (3-9 MecsieB) (ukcanmy anmapaTom
M, B CBSI3X C 3TUM, BBICOKOI UaCTOTOV CydyaeB MHQEKINIA
B 0b6acTy crmil. OTo HeKoMbOpTHO AJist manyenTos [ 18-20].

CoueTaHue anmapara Hapy>KHOM GUKCALMU U MHTpaMe-
IYJUISPHBIX 37IaCTUYHBIX il ¢ HA-TIOKpbITIIEM TTO3BOJIS-
€T MPeooJieTh HeIOCTAaTKM KaK BHEIIHMX, TaK ¥ BHYTPEH-
HMX YCTpoOMCTB. HapysKHbIVI OCTeOCHHTE3 OOecreunBaeT
BCe TpeMMyIliecTBa MeTona VimsapoBa: coxpaHeHue Kpo-
BOOGpaIleHNsI, OTCYTCTBYE MOBPEXIEHNST MATKUX TKaHel,
dbyHkMa cycraBa M Harpyska B paHHMe cpoku [19-21].
DacTUYHbIE MHTPAMeIy/UIIPHbIE CITUIIbI He TTOBPEKAAIOT
a. nutricia i MeXaHUYECKM CTUMYIMPYIOT 3HIOCTATbHOE
¥ TIeprocTaabHOe KocTeobpasoBanme [22]. Mer mpeaosna-
raeM, utro HA-TIokpbiTHEe ObecrieurBaeT OGMOIOTMYECKYIO
MOAEePKKY KOCTHOTO cpatuenus [23]. Mopdomoruue-
CKJe 3KCIIepMMEHTAaJIbHbIE VMCCIIEOBaHNs, TPOBENEHHbIE

B HMMUII TpaBmMaTonoruu u opronenmuy MM. akajeMuKa
I'A. lnuzapoBa, mnpomeMoHCTpupoBaau GopMupoBaHue
JOTIOJTHUTEJIbHBIX CTPYKTYP KOCTHO TKaHU, OKPY3KAIOIINX
MHTpaMeIy/UISIPHbIE CIIMILIBI IO BCEW UX IJIMHE, UTO COXPa-
HSIETCSI 1O KOHIIA SKCIIepMMeHTa 1 06ecIieunBaeT MoHYIO
CTabMIIBHOCTh KOCTHBIX (parmeHTOB [24]. ToHkume sia-
CTUYHBIE CIMIBI HEe MELIAIOT I'yb4yaToli KOCTHOM TKaHM
B KOCTHOMO3rOBOM KaHase. [Tyuku OCTEOMIHBIX KOJLIa-
TeHOBBIX BOJIOKOH MPOYHO MPUKPEIJIEHbI K IIIepOXOBaTOM
HAaHOCTPYKTYPUPOBAHHO TOBEPXHOCTY MOKPBITHUSI CITUIL]
M COENMHSIIOTCS C YHIOCTAJIBHON MOBEPXHOCTbIO KOCTH,
yITy4iiasi CTabuiIbHOCTh KOCTHBIX parMeHTOB. Takoe mo-
KPBITHE 13 HAHOCTPYKTYPUPOBAHHOTO BBICOKOIIOPUCTOTO
CJ10SI TUAPOKCHATIATUTA OOECIIeUMBAET BBICOKYIO GMOCOB-
MECTUMMOCTb ¥ OCTEOMHTETPALMIO MMIUIAHTaTOB B OKPY-
SKAIOIIYI0 KOCTh, IpefoTBpalias pasButue (HuUOPO3HON
coenuMHNUTENIbHON TKauu [25, 26]. B Haiieit HeGObINON
cepuM MPOLEMOHCTPUPOBAHO, YTO TAaKOe COUYeTaHue CTa-
6WIIBHOCTY (DMKCAIMM KOCTHBIX OTJIOMKOB M Guosormnye-
CKOJM CTUMYJISILIMM KOCTHOM pereHepanyuy oGecrieunBaeT
YOOBJIETBOPUTEIIbHBIE PE3YNIbTaThl NPY IepesioMax 60Jib-
11e6epIIoBOM KOCTM C COKpAIlleHMeM BPeMEeHU HapYKHOMI
ukcanyn.

3AKJ/IIOYEHUME

Pesysibrarhl Mcc/ienoBanys BbISIBIIM 3()dOEKTMBHOCTb Ha-
PY’KHOM (bMKcaimy C MPUMMEHEHNEM 3JTaCTMYHbIX MHTpaMe-
Iy/uIsipHbIX crrl ¢ HA-nokpertviem. MOsKHO TIPeIIONoKITh,
YTO KOMOMHMPOBAHHBIN METOH, 00ecIeunBaeT GIaronpusT-

HbIe MeXaHNYeCKue ¥ GMOIornuecKkyie YCJIOBHS AJIs1 KOCTHOTO
cpartieHyst. DTO MO3BOJISIET PEKOMEHIOBATh €ro JIJISl JIUeHMsT
riepesioMoB ivadu3a 60IbIIe6ePIIOBO KOCTH, TPU KOTOPbIX,
KaK CUMTAETCs], HapyIlleHa KOCTHAsI pereHeparysl.
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Abstract

Introduction Forearm fractures are common injuries in childhood. Completely displaced and unstable fractures require surgical intervention. Elastic
Stable Intramedullary Nailing (ESIN) is widely used in treating these fractures. Although stainless steel and titanium implants are the most widely
used, resorbable nails are becoming an option. Aim To present our initial experience in treating forearm fractures in children with Resorbable Stable
Intramedullary Nailing (ReSIN). Methods The authors present several cases treated with ReSIN, their summarry and describe the techniqual steps.
Results The series included 4 patients operated on with ReSIN. Bone union with anatomic and functional recovery was stated in all cases within
the period of 5-7 months after surgery. Discussion More and more paediatric fractures can be treated with absorbable implants and result in good
outcomes. It can be said that the new methods enabled similar stable fixation as with metal implants, which is considered the gold standard. A distinct
advantage over metal implants is that there is no need to remove the implant, thus avoiding a second operation and reducing the risk of surgical
complications. Another positive thing is that absorbable implants can be sunk the level of the cortical layer of the bone, they can easily be dropped
under the skin. The only drawback of the method is the price of the implants. Conclusion The management of paediatric diaphyseal forearm fractures
with bioabsorbable intramedullary nails is a promising emerging alternative to the gold standard ESIN technique.

Keywords: paediatric, forearm, fracture, bioabsorbable, resorbable, implant, PLGA
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TpedsapumenbHbie pe3yemamsi NpUMeHeHUs pe3opeupyembix 31ACMUYHbIX
UHMpameodynnsipHuix cmepxHeli npu nepesioMme Kocmeii npedonsieyss y 0emeii: MUHU-Cepusi

Gerg6 Jozsa'™, Tamas Kassai?, Marcell Varga?

t University of Pécs, Pécs, Hungary
2 Manninger Jené National Trauma Center, Budapest, Hungary

Aesmop, omeemcmeeHHblii 3a nepenucky: Gergé J6zsa, dr.jozsa.gergo@gmail.com
AHnHomayus

BBepenue. [lepesiombl KOCTEl MPEIIIEYbs TPECTABISIIOT YACTYIO MATONIOTHMIO Y AeTeli. [lepesiomMbl co cMeliieHneM, HeCTabuibHbIE TePesioMbl TPEOYIOT
XUPYPrUYECKOTO0 BMEIIATEIbCTBA. DIaCTUYHOE MHTPaMeLY/UIIPDHOE apMUPOBAHME TUTAHOBBIMM VI CTAJIbHBIMM CTEDSKHSIMM SIBJISIETCST Hamboree
pacnpoCcTpaHeHHbIM METOOM OIePaTMBHOrO JieueHus.. XOTs HauboJiee IIMPOKO MUCIONb3YIOTCS MMIUIAHTAThl U3 HEP)KaBeIoLlell CTalu M TUTaHa,
BCe yallle MOKHO BCTPETUThb pesopbupyembie crepskan. Llenb. [IpencraButh npegBapuTesbHble JaHHbIE TIPUMEHEHMST Pe30p6MPyeMOro 31acTUYHOTO
OCTeoCHMHTe3a B JieueHmy AmadusapHbIX MepesioMoB mpexrvieubs. Matepuansl u meronbl. Cepus BKIOWWIA 4 MalMeHTa, MPOONEPUPOBAHHBIX
C MCIIOJIb30BAaHMEM Pe30pOMPYEMbIX MMILJIAHTOB I10 MOBOAY I€PEIOMOB KOCTeN Mpearsiedbs. Pesynabrarbl. V3ydyeHbl GimsKaiiie 1 CpeHeCPOUHbIe
Ppes3y/IbTaThl MPUMEHeHNMsT pe30pOMpyeMOoro apMMUpPOBaHNMsI Ty4YeBOIi 1 JIOKTeBOI KocTeit. KocTHoe cpaiiieHne 6e3 BTOPMYHBIX CMELeHMi, aHaTOMIUYEeCKOoe
¥ GYHKIMOHATIBHOE BOCCTAHOBJIEHME GbUIM KOHCTATMPOBAHbI 4epe3 5-7 MecsieB mocsie omnepaumu B Kakaom ciaydae. O6cyxkaenue. B mupe Bce
6osibliie feTeli ONepUpyIoT C IPUMEHEHMEM Pe30pOUPYEMbIX UMILIAHTOB. MOKHO yTBEP)KIATh, YTO HOBBIN Marepyas AJist OCTEOCUHTE3a 06eCIIeunBaeT
HaJeXKHYIO CTaGMIbHOCTD 1 aHAJIOTMUHBIE PE3Y/IbTAThI KaK IIPY IPUMEHEHMY MeTA/INIECKMX cTepskHelt. OueBMIHBIM TPEVIMYILECTBOM Pe30POMPYeMBbIX
VMIMIUTAHTOB SIBJISIETCS OTCYTCTBME HEOGXOOMMOCTH UX yaaaeHust. Takyke MCKITIOUeHa MPPUTALMS MSITKMX TKaHel BBICTOSIIMM KOHIIOM CTEDKHSI, TaK KaK
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INTRODUCTION

The current gold standard method in the treatment
of paediatric diaphyseal forearm fractures requiring
operative treatment is the elastic stable intramedullary
nailing (ESIN). Such fractures include displaced and
or unstable fractures, where conservative treatment
with a cast would be insufficient to achieve satisfactory
results after bone healing. The ESIN or flexible
intramedullary nailing (FIN) is minimally invasive,
in contrast to an open approach using plate and screw

© Jozsa G.,Kassai T.,Varga M., 2023

fixation, and leads to less soft tissue damage upon later
implant removal. Standard nails are titanium elastic nails
(ESIN) which are generally removed in a second surgery
after sufficient bone healing has occurred [1-9].

However, in recent years bioabsorbable intramedullary
nails have been developed for and used to manage paediatric
diaphyseal forearm fractures. Using a bioabsorbable
material presents multiple benefits, such as eliminating
the need for a second surgery to remove the nail, thereby
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reducing soft tissue damage. Moreover, it decreases
anaesthesia-related risk, exposure to radiation, and
potential irritation which is usually caused by a protruding
titanium elastic nail tip [10-12].

The Activa IM-Nail™ developed by Bioretec Ltd.
has shown promising results in Finnish pediatric forearm
diaphyseal fracture treatment clinical studies. This implant
material is a PLGA (poly-L-lactide-co-glycolide) polymer
with a radiopaque tricalcium phosphate (3-TCP) tip.
The Pécs University Hospital Department of Paediatrics and
Department of Pediatric Traumatology, Péterfy Hospital,
Manninger Jené National Trauma Center have been involved
in an ongoing prospective multicentre clinical study
analysing the treatment of paediatric diaphyseal forearm
fractures with the Activa IM-Nail™ since 2021 [13].

The authors will explore the advantages of using
bioabsorbable intramedullary nails in treating paediatric
diaphyseal forearm fractures.

Epidemiology and Aetiology of Forearm Fractures

Fractures are prevalent in the paediatric population,
accounting for approximately 25 % of all childhood
injuries [1]. Radial and ulnar fractures have the highest
incidence, making up 36 % of all childhood fractures [2, 3].
The mechanism of injury is mainly accidental trauma
resulting from sports or leisure activities. A 1996 Welsh
study found that 36.1 % of subjects sustained fractures
while participating in sports or leisure activities [2]. Team
ball and wheel sports such as cycling, rollerskating, and
skateboarding were the most common, making up 42.4 %
and 34.9 %, respectively. That study found distal radius
fractures to have the highest incidence and soccer and
rollerskating to be the most common sports and leisure
activities causing the injury [3, 14-17]. The study also
observed that of the fractures that occurred in schools,
45 % happened on the playground. Of these, three-quarters
occurred while the child was running, and half resulted
from falling on a hard surface [2, 5-7].

The mechanism of distal radial fractures is typically
a fall on an outstretched arm (FOOSH). Forearm shaft
fractures often occur this way or due to a direct blow
to the forearm. Studies show that protective equipment
such as wrist guards can effectively prevent distal radius
fractures during activities such as rollerskating. These
guards prevent the hyperextension motion, which can
occur in a FOOSH, absorb shock, and facilitate sliding
of the guard along a surface to divert the direction
of the kinetic force [14-16].

Diagnosis and Classification of Paediatric Forearm

Fractures

The gold standard approach to diagnosing a forearm
fracture is X-ray imaging. Patient’s history and physical
examination consistent with the clinical picture of a fracture

can be sufficient for diagnosis. However, X-ray imaging
will confirm the diagnosis and provide information
influencing the treatment plan. Both anterior-posterior
and lateral view images should be ordered. Orthogonal
films enable the clinician to examine for pathologies that
may not be visible at certain angles. The clinician should
also consider imaging the elbow or wrist joint to check
for Monteggia or Galeazzi injuries.

Treating a multi-fragmentary fracture includes careful
analysis of X-ray images in preoperative planning.
In the case of highly complex fractures, CT may be
indicated to provide a more detailed image of the fracture
morphology and soft tissue involvement. The clinical
approach to the diagnosis of fractures in children, however,
differs slightly from that in adult patients.

If a clinician were to be confident in their professional
opinion that a paediatric forearm fracture was, for example,
a minimally or non-angulated radial greenstick fracture,
an X-ray could be omitted and opted for conservative
therapy. Furthermore, examining fracture crepitation
and excessive palpation should be avoided to minimise
the child’s pain and negative psychological response.

Paediatric diaphyseal forearm fractures are classified
by the AO (Arbeitsgemeinschaft fiir Osteosynthesefragen)
Paediatric Comprehensive Classification of Long-Bone
Fractures. They are classified according to the fracture
morphology, complexity, and involvement of one or both
forearm bones. The classification code comprises two main
parts describing the fracture location and morphology.
Paired forearm bones are collectively defined as ‘2’.
Fracture locations are further labelled as proximal ‘1’,
diaphyseal ‘2’, or distal ‘3’. A lowercase letter specifies
which bone is broken in fractures affecting only one bone
belonging to a set of paired bones. For example, the code
for an isolated radius fracture would include an ‘r’.
The fractured subsegment, i.e. epiphysis, metaphysis,
and diaphysis, is labelled ‘E’, ‘M’, or ‘D’, respectively.
The second part of the code describes the fracture
morphology. Fracture pattern and severity are described
with numbers.

Finally, a degree of displacement can be described with
roman numerals. A simple transverse nondisplaced fracture
of the radial diaphysis, when no ulnar fracture is present, is
therefore described with the code 22r-D/4.1. A both-bone
forearm fracture, e.g. a simple transverse nondisplaced
fracture of the radial and ulnar diaphysis, is described
with the code 22-D/4.1. This classification system helps
to describe fractures clearly and concisely and is used
internationally [4].

Aim To present our initial experience in treating
forearm fractures in children with Resorbable Stable
Intramedullary Nailing (ReSIN).

METHODS

Bioabsorbable Intramedullary Nailing Technique

Bioabsorbable intramedullary nails such as the Activa
IM-Nail™ from Bioretec Ltd. are introduced similarly
to the aforementioned traditional ESIN technique, with
some differences due to the different material of the nail.
Intraoperative imaging with C-arm fluoroscopy is also used
in bioabsorbable intramedullary nail insertion. However,

only the radiopaque tricalcium phosphate (B-TCP) tip
is visible on the film, not the entire nail as with TENs.
The PLGA material is radiolucent. Also, unlike the ESIN
procedure, the medullary canal should be prepared with
an implant-specific dilator tool when using a bioabsorbable
intramedullary nail. This is done to decrease the risk
of implant breakage upon insertion against resistance.
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The dilator tool prepares a space for the implant within
the canal. Furthermore, surgeons often bend titanium
elastic nails prior to insertion to create a curvature of the
nail. It should not be performed with the Activa IM-Nail™,
as the current PLGA material is too brittle and could be
damaged if bent with force [8-10].

Perhaps of most clinical significance and in contrast
to traditional treatment with ESINs, postoperative
immobilisation with a cast is recommended
for bioabsorbable intramedullary nails such as the Activa

IM-Nail™. Cast options include a long arm cast for two
weeks followed by a short arm cast for two to four
weeks or a long semicircular arm cast with volar support
for 4-6 weeks. Unfortunately, cast immobilisation typically
leads to joint stiffness and decreased range of motion
after cast removal. This is a primary cause of hesitation
for surgeons considering the bioabsorbable intramedullary
nailing method when comparatively, the standard TEN
technique does not require plaster casting and therefore
avoids such complications entirely [10-13].

RESULTS

Case 1 An eight-year-old female patient with
a displaced both-bone diaphyseal forearm fracture was
treated using the Activa IM-Nail™. Preoperatively
the fracture underwent closed reduction. The patient
experienced no surgical or postoperative complications.
A long arm cast was applied for three weeks, followed
by a short arm cast for the subsequent two weeks.
The clinical outcome was highly satisfactory;
the patient did not experience functional impairment
or decreased range of motion. X-rays taken pre-,
intra-, and postoperatively illustrate the success
of the treatment (Fig. 1). Unlike children treated with
titanium elastic nails, this patient does not require
a second surgery for hardware removal. The outcome
of this patient is representative of the vast majority
of the preliminary outcomes recorded in this study.

Fig. 1. Case 1. From left to right: preoperative, same-day
postoperative control, six months postoperative control X-rays

Case 2 The 11-year-old girl fell while playing;
her right forearm was injured and deformed, and
she reported pain when moving the wrist and elbow
joints. During her physical examination, we noticed
a deformity of the left forearm and a dorsal deviation
proximal to the middle third. However, sensation,
circulation and movement were preserved in the fingers.
The X-ray confirmed the right radius and ulna’s
incomplete (subperiosteal) fracture with axis deviation
(Fig. 2, a). The patient was admitted to the pediatric
surgery department for surgical treatment.

Closed reduction was performed under general

anaesthesia, after which the fracture of the radius and
ulna were stabilised with absorbable 3.2 mm diameter
medullary nails. After the operation, an additional long arm
cast was applied. The postoperative control X-ray showed
the fracture in a good position; the tricalcium-phosphate
marking is visible in the metaphysis of the proximal radius
and distal ulna (Fig. 2, b).

Fig. 2. Case 2: a - preoperative subperiosteal right forearm

fracture; b - IM nails stabilise forearm postoperatively

Case 3 An 8-year-old boy was playing in the yard,
running, and then fell on his left forearm. According to him,
he heard a crack. During his physical examination, the child
reported tolerable pain under the effect of the Fentanyl
given in the ambulance, and there were no neurovascular
abnormalities in the fingers. However, significant
swelling and deformity were observed in the middle third
of the right forearm. The X-ray confirmed a middle-third
forearm fracture with displacement (Fig. 3, a).
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Closed reduction was performed under general
anaesthesia; the ulna reposition was done with a wire
inserted percutaneously into the fracture gap. Stabilisation
of the forearm bones was done with absorbable IM nails.
A long arm cast immobilised the left upper limb for four
weeks. The postoperative control radiogram showed
the fracture in a good position (Fig. 3, b).

Case 4 A T-year-old girl fell while riding a horse;
her right forearm was injured and deformed, and she
complained of severe pain. X-rays confirmed the patient
had a both-bone diaphyseal forearm fracture (Fig. 4, a)
of the right arm. The fractures were reduced, and both
bones were fixed with Activa IM-Nail™. Postoperative
imaging showed good alignment (Fig. 4, b).

Fig. 3. Case 3: a - preoperative X-rays; b — postoperative control
X-rays

Fig. 4. Case 4: a - preoperative radiograms; b - postoperative
excellent alignment

DISCUSSION

More and more paediatric fractures can be treated
with absorbable implants and result in good outcomes.
The authors described the most frequently occurring
types of forearm fractures, in which the same results
can be achieved with absorbable implants as with metal
and titanium implants, which are currently considered
the gold standard. Based on the clinical results so far
(short- and medium-term follow-up of the patients),
it can be said that the new methods enabled similarly
stable fixation as the fixation with metal implants,
which is considered the gold standard. A distinct

advantage over the procedures with metal implants
is that there is no need to remove the implant, thus
avoiding a second operation and reducing the risk
of surgical complications [10, 11, 12, 13, 18]. It is also
a positive thing that absorbable implants can be sunk
the level of the cortical layer of the bone, they can
easily be dropped under the skin, so they do not cause
soft tissue irritation. The health care system is also not
burdened by the second operation (metal removal) and
the associated hospital care costs [19, 20]. The only
drawback of the method is the price of the implants.

CONCLUSION

The management of paediatric diaphyseal forearm
fractures with bioabsorbable intramedullary nails is
a promising emerging alternative to the gold standard
ESIN technique. Research suggests that patient outcomes
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Abstract

Introduction Long duration of distraction osteosynthesis remains an unsolved problem. One of the promising ways to stimulate reparative regeneration
of bone tissue is the technology of combined osteosynthesis with intramedullary elastic reinforcement with titanium wires coated with hydroxyapatite.
A significant drawback of this combined distraction osteosynthesis is the planned removal of intramedullary wires several months after disassembling
the Ilizarov apparatus. The purpose of this work is to demonstrate the possibility of stimulating reparative regeneration and reducing the duration
of distraction osteosynthesis using an intramedullary degradable implant with bioactive filling. Methods We present the first in clinical practice case
of surgical leg lengthening in a female 10-year-old patient using the Ilizarov apparatus an intramedullary degradable implant made of polycaprolactone
(PCL) saturated with hydroxyapatite to stimulate reparative regeneration in the tibia. Monthly radiographic monitoring of the process of reparative
regeneration of bone tissue was supplemented by computed tomography after disassembling the Ilizarov apparatus. Results The process of lengthening
the tibia was accompanied by pronounced formation of a bone “sleeve” around the implant, which was directly connected to the endosteum of the tibia.
The density of bone substance in the medullary canal reached 496.6 HU. The cortical layer of the tibia in the elongation zone increased to 4 mm, and
its density was equal to 1288.8 HU. Discussion Leg lengthening of 4 cm was achieved along with simultaneous correction of valgus recurvatum bone
deformity at IO = 15 days/cm, that is two times shorter than the generally accepted excellent IO in distraction osteosynthesis according to Ilizarov.
Conclusions Biodegradable polycaprolactone implants saturated with hydroxyapatite might be not inferior to titanium wires coated with hydroxyapatite
in regard to the degree of osteoinduction and do not require repeated surgical intervention to remove them.

Keywords: distraction osteosynthesis, Ilizarovs apparatus, biodegradable implant, hydroxyapatite
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AHnHomayus

BBepenme. IIpopo/KkUTENbHOCTD IMUCTPAKIMOHHOTO OCTEOCHHTE3a OCTAeTCsl HepelleHHOV mpobiemoi. OJHMM M3 MepCeKTUBHBIX CIOCOGOB
CTYMYJIMPOBAHMSI PernapaTMBHOM DereHepalyy KOCTHOM TKaHU SIBJISIETCSI TEXHOJIOTMSI KOMOMHVMPOBAHHOTO OCTEOCHMHTe3a C MHTPaMenyUIIPHBIM
JIaCTUYBIM apMMPOBAHMEM CIMLAMM M3 TUTAHA, MOKPBITBIMY TMAPOKcHMAnaTuToM. CyIIEeCTBEHHbIM HEIOCTATKOM TAaKOrO KOMOMHMPOBAHHOTO
JIMCTPAKLVOHHOTO OCTEOCHMHTE3a SIBJISIETCS TJIAHOBOE y/lalleH)e MHTPaMeAy/ULIPHbIX CITMIL Yyepe3 HeCKOJIIbKO MecsilieB Mocje NeMOHTaka ammapara
Vnu3zaposa. Hesnsb. [IponeMoHCTprpOBaTh BO3SMOKHOCTb CTUMYJISILIVIV erlapaTyBHON pereHepariyy 1 COKpalleHysI CpoKa JYCTPAKIMOHHOTO OCTEOCHHTE3a
32 CYeT MHTPaMeIy/UISPHOIO VCIIONb30BaHMSI AerpajupyeMoro MMIUIAHTaTta ¢ OMOAKTMBHBIM HarojgHeHueMm. Marepuanbl M MeTOAbl. Briepsbie
B KJIMHMYECKOM MTPaKTHKe MPeCTaB/IeH CJTy4ail OrepaTMBHOrO YAJMHEHNMS rosieHy annaparom Vinmsaposa y nauyenTku 10 seT, Korga Ajist CTUMYIISIIAN
pernapatuBHO} pereHepaiyu 60JibIe6epIIoBOI KOCTH MCIOIb30BaIM MHTPaMeAY/UISIPHbIN IerpagypyeMblii MMIUIAHTaT 13 nosnvkanposakroHa (PCL),
HACBILIEHHOTO rYIPOKCcHanaTuToM. ExkemMecsuHblit peHTreHorpadmuueckuii KOHTPOJIb IPOLiecca pernapaTuBHONM pereHepalyy KOCTHOM TKaHY JIOTIOJIHEH
KOMITbIOTEpHON ToMorpadueii mocsie geMoHTaxka anmapara VMamsaposa. Pesynbrarhl. IIporiecc yoiMHeHMs TOJEHM COMPOBOKIAICS BbIPayKEHHBIM
dopmupoBaHnem KOCTHOM «My(dTbhI» BOKDPYT MMILIAHTaTa, KOTOpas HENOCPeNCTBEHHO Oblla CBSI3aHa C 3HJOCTOM OOJIbIIe6epIoBOi KOCTH.
[T10THOCTD KOCTHOTO BelleCcTBa B KOCTHOMO3rOBOM KaHasie nocturana 496,6 HU. KoprukaabHbiil ¢i10ii 60/ble6eplioBOii KOCTY B 30HE YIJIMHEHMS
YBeMYMIICS 1O 4 MM, a 110 mIoTHOCTH 6ot paBeH 1288,8 HU. O6cyskaenue. Pesybrar yaaMHeHus rojieHu B 4 ¢M ObLT JOCTUTHYT C OJIHOBPEMEHHBIM
MCIIPABJIeHMEM BaJIbIyCHO-PEKYPBAMOHHON gedopmaunn koctu mpu VO = 15 gH./cM, 9To B [Ba pasa KOpOYe, 4eM OOIIEPUHSITHIN OTIMIHbIN
pesyJbTaT OUCTPAKLMOHHOTO OCTeocuHTesa Mo MimsapoBy. 3akiaodeHme. Broperpaiypyembie MMIUIAHTBI U3 MOJMKAMPOIAKTOHA, HACBIILIEHHOTO
I'YIPOKCUANIATUTOM, He YCTYNAOT TUTAHOBBIM CIIMIIAM, MOKPBITBIM T'MIPOKCHAINIATUTOM, IO CTEeleHM OCTEOMHAYKLUMMU UM He TPeGyIOT IOBTOPHOTO
XMPYPrUYeCKOro BMeIIaTeIbCTBa IS UX YAaTeHVsl.

KitioueBble ¢10Ba: JYICTPaKIMOHHbIN OCTEOCHHTES, arnapar Viusaposa, 6uonerpaamnpyemMblii MUMIUIAHTAT, TYPOKCUAIATUT
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rpagMpyemMoro MMMAaHTata: KAMHWYeCKui cnyvai. feHuli opmoneduu. 2023;29(6):645-649. doi: 10.18019/1028-4427-2023-29-6-645-649.
EDN: YOMVTP.

INTRODUCTION

Distraction osteosynthesis, developed by G.A. Ilizarov, of tension stress [2]. The evolution of the distraction

is a unique method of bone tissue bioengineering due to its
ability to generate in vivo a vascularized bone tissue that
features micro- and macrostructure of the native bone [1].
Moreover, the surrounding soft tissues are simultaneously
exposed to regeneration and lengthening under the influence

© Popkov AV., Gorbach E.S.,Mamedov U.F., Stepanov R\V., 2023
© Translator Tatyana A. Malkova, 2023

osteosynthesis resulted in the development of numerous
technologies for lower and upper limb length discrepancy,
bone defects and deformities [3-5]. Many orthopaedic
surgeons, giving their due to the advantages of the Ilizarov
method, point to significant duration of the external frame
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wearing that remains an unresolved problem [6-9]. The index
of external fixation (IEF) varies from 0.7 to 5.9 months/cm
and depends on the age, etiology, affected bone segment
and amount of lengthening. We believe that such a long
time of external fixation really increases the likelihood
of pin-site infection. The research aimed to stimulate
osteogenesis started at the Ilizarov Centre by the end
of the XX and the beginning of the XXI century [2, 10, 11].
The technology of combined osteosynthesis with
intramedullary elastic reinforcement with titanium nails
coated with hydroxyapatite appeared to be one of the simple
but very promising ways of stimulating reparative bone
tissue regeneration [12]. According to experimental

studies conducted at our institution, it does not contradict
the principles of the Ilizarov method and does not interfere
with intramedullary blood supply [13]. The average
IEF of the femur using this technology in children was
20.3 £1.36 days/cm [10]. The only but a significant
drawback of such combined distraction osteosynthesis is
obligatory removal of intramedullary nails a few months
after Ilizarov frame removal.

Our case report demonstrates a possibility to lengthen
tibia over a biodegradable intramedullary nail that is filled
with hydroxyapatite in order to stimulate bone union and
avoid nail removal as the previous treatment protocol
required [10, 12].

MATERIALS AND METHODS

We present a case of 4-cm tibial lengthening in 10-y.o.
girl with congenital lower limb length discrepancy due
to left tibia. Length discrepancy was complicated by 10°
valgus recurvatum deformity with the deformity apex
located at the junction of the proximal and middle third
of the tibial shaft (Fig. 1, a).

Atour institution, the parents of the child were proposed the
method of Ilizarov limb lengthening over an intramedullary
degradable polycaprolactone (PCL) implant saturated with
hydroxyapatite (HA) for treatment (Fig. 1, b).

Fig. 1. Preoperative period: a - standing radiographs of lower
limb; b - biodegradable implants

The implant materials were ¢g-polycaprolactone
(Sigma-Aldrich, United States; Mn 80000) and
hydroxyapatite (Fluidinova, Portugal; 10 = 5 pym). PCL was
dissolved in high purity acetone with a concentration
of 15 wt %. Hydroxyapatite was pre-ground in a ball mill
in a ceramic chamber with ceramic grinding media with
added acetone in a mass ratio of 1.5:1 at a rotation speed
of 72 rpm for 12 hours. The PCL solution was added and
mixed with HA in the ball mill. The mixture was poured
in a thin layer into a preheated fluoroplastic mold. After
drying, the composite was crushed in a low-speed polymer
crusher (Shini SG-1621N, Taiwan). Filabot EX2 single
screw extruder (Filabot, USA) was used to obtain 4-mm
wide filaments. Additionally, HA-particles were applied
to the implant surface by dipping into a suspension

of HA-powder in a solvent of known concentration, and
then dried to remove the residual solvent. The implants
have the following mechanical properties: ultimate tensile
strength 18.3 # 2.4 MPa (by stretching) and 32.0 * 3.4 MPa
(by pulling) and elastic modulus 425.7 *21.9 MPa
(by stretching) and 213.9* 8.8 MPa (by pulling).
For comparison, the titanium alloy nails demonstrate
ultimate tensile strength 950 MPa (by stretching) and
1080 MPa (by pulling) and elastic modulus 113.8 MPa
(by stretching) and 110 MPa (by pulling) [14]. The implant
applied for treatment was 100 mm long and 4 mm wide.

The parents signed an informed consent on the treatment
protocol of Ilizarov tibial lengthening and insertion
of a PCL/HA intramedullary implant. Institutional ethics
board approval for the study was obtained.

Surgery

The first stage of the operation was PCL/HA nail
insertion into the medullary canal.

An oblique hole in proximal tibial metaphysis towards
the medullary canal was formed using a 5-mm awl through
3 cm soft-tissue approach. Use of awl provided “reaming”
for the implant in metaphyseal and proximal and middle
diaphysis. The slightly bent implant was inserted manually
through this hole, external part of implant cut and then
the soft tissues were sutured tightly.

The Ilizarov frame assembly comprised three rings
connected with rods and hinges. The positioning of hinges
depended on deformity apex and CORA. Partial corticotomy
was performed with a conventional chisel and completed
with osteoclasis. Upon radiographic control, the frame
systems were stabilized. It is important to emphasize
that the implant in the medullary canal does not interfere
with the insertion of wires but requires strict implementation
of the corticotomy technique. There is a risk to cut PCL/HA
implant if standard osteotomy would be used.

Post-operative period

Each patient was evaluated every 10-14 days during
distraction and deformity correction phase and then monthly
during the consolidation phase. Regular radiography
(Shimadru Sonialvision 4, Japan) for immediate and every
two-weeks bone regeneration control was supplemented
by CT (Toshira Aquilion 64, Japan) upon Ilizarov frame
removal.

Elongation phase was initiated on the 7" postoperative
day at the rate of 1 mm/day divided into 4 times. Planned
amount of lengthening was achieved in 42 days (Fig. 2, a).
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The fixation phase lasted 23 days. In three weeks of fixation
phase the radiology revealed continuity of cortices
in the lengthening zone and disappearance of the central
fibrous zone of the bone regenerate. It enables frame
removal (Fig. 2, b). After frame removal the patient was
recommended to walk with progressive weight-bearing
on the operated leg. Two months after the external fixator
removal, the patient walked with full weight bearing,
without additional means of support. The recovery
of ROM in adjacent joints was noticed.

Fig. 2. Radiographs of the left tibia: a - by the end
of the distraction period; b - radiographs at frame removal

Detailed description of radiographs and computed
tomograms. From the first days of distraction the transverse
corticotomy of the tibia at the apex of the deformity provided
the separation of bone fragments in the absence of direct
contact between them. However, the image of regenerated
bone tissue got visible since 14" day after the onset

Fig. 3. After frame removal: a - radiographs two months after frame removal; b - amplified
image of lengthened tibia, arrows point the trajectory of intramedullary implant and
surrounding ossification; ¢ - 3D reconstruction of the left leg by CT scan, protruding end
of the implant is visible; d - cross section of the proximal part of newly formed bone; e - cross
section of the proximal part of newly formed bone

of elongation. It could be described as heterogeneous,
with separate “islands” of compactions. After one month,
the bone regenerate image filled the entire diastasis between
the bone fragments. Until the end of the distraction phase
the continuity of longitudinally oriented trabeculae
maintained. Optical density of the regenerated bone
exceeded both optical density of the paraosseous tissues
and the density of endosteal callus. Another feature
was periosteal and endosteal reaction. Its first signs
appeared two weeks after the beginning of lengthening.
Throughout the distraction phase, on the image of newly
formed bone there was no central zone so called “fibrous,
non-mineralized zone of the distraction regenerate”,
which is typical in conventional Ilizarov lengthenings.
Intramedullary osteogenesis was observed, particularly
along the trajectory of the PCL/HA nail.

The radiological signs of bone union were observed
in three weeks of fixation phase, it corresponded to continuity
of cortices in the lengthening gap and disappearance
of the central fibrous zone of the bone regenerate. The frame
was removed at this stage. Thus, EFI was 18 days per cm.

Two months after the frame removal, radiographs
showed remodeling of callus, increase in the density
of newly formed bone (Fig. 3, a, b). There was no deformity
neither fractures. Alignment remained normal.

Computed tomography (Fig. 3, c,d,e) performed
after the removal of the Ilizarov fixator confirmed a three
continuous cortices at lengthening site (their density
was 1288.8 £ 141.2 HU), and mineralized central zone
of the distraction regenerated bone. The cortical plate along
the anterior surface of the leg was presented in the form
of separate fragments.

Longitudinally oriented merging  trabeculae
in the structure of the endosteal part of the regenerated bone
formed a bone "sleeve" (Fig. 3, ¢, d, e) around the implant
with the density of 496.6 + 20.9 HU. No destruction areas
neither cysts in the tibia were revealed.
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Computed tomography (Fig.3c,d,e) performed
after the removal of the Ilizarov fixator confirmed a three
continuous cortices at lengthening site (their density
was 1288.8 + 141.2 HU), and mineralized central zone
of the distraction regenerated bone. The cortical plate along
the anterior surface of the leg was presented in the form
of separate fragments.

Longitudinally oriented merging trabeculae
in the structure of the endosteal part of the regenerated bone
formed a bone "sleeve" (Fig. 3 ¢, d, e) around the implant

with the density of 496.6 * 20.9 HU. No destruction areas
neither cysts in the tibia were revealed.

Thus, the consecutive radiographs demonstrated that
lengthening with external frame and intramedullary implant
made of hydroxyapatite-saturated polycaprolactone
provided optimal conditions for bone regeneration.
The increased activity of osteogenesis was manifested
in the formation of the distraction regenerated bone without
evident central fibrous non-mineralized zone, associated
with developed periosteal reaction.

DISCUSSION

The use of biodegradable implants providing advantage
of non-removal after is a promising approach [15-17].
Due to osteoinductive filling they induce bone formation
around it and provide osteointegration stimulating
osteogenic activity in the bone marrow canal ensuring
stability of bone fragments until union throughout the time
of implant resorbtion [18]. The features of implants made
of polymers of lactic and glycolic acids for self-locking and
auto-compression related to changing in structure under
hydrolysis reaction is discussed [19]. There are no studies
about possibility to apply intramedullary biodegradable
nails for limb lengthening where applied force is traction one
and request for bone metabolism is higher than for fracture
union. The case presented in the article demonstrates
the first experience in this combined technology.

Polycaprolactone (PCL) is a biodegradable
thermoplastic used in a variety of medical applications,
including bioprinting of hard tissues such as bones and
cartilages. It is a polymer that provides improved control
of the mechanical properties of ready-made 3D structures.
In surgery the 3D implants made of polycaprolactone are
used to fill in defects of skull bones and as elastic matrices
to fill damaged cartilage tissue [20, 21]. In traumatology,
pins and screws made of bioresorbable material are indicated

for avulsion [22]. But all available absorbable implants are
not bioactive without osteoinductive properties.

The principal difference of the nail that we used
in the presented case is hydroxyapatite particles both
on the implant surface and as a filling. It is well-known
that hydroxyapatite possesses osteoinductive
activity [18, 20, 21]. This feature could be favorable for bone
lengthening especially in conditions of compromised bone
regeneration [23].

This technology demonstrated by this case as excellent
bone regeneration. The specific radiological signs were
pronounced periosteal reaction both on adjacent bone
fragments and at the level of diastasis and bone regenerate
without apparent central fibrous zone, so-called “growth
zone”. This active bone formation resulted in reduced time
of external fixation with index of 18 days per cm.

We have a hypothesis, the result can be explained
that bone tissue trabeculae are formed not only under
the influence of longitudinal tension forces, but also due
to surrounding nail osteoformation related to osteoinductive
properties of hydroxyapatite. The elastic PCL/HA
intramedullary nail elicits a controlled action and reaction
to the host tissue environment with a controlled resorption
to be replaced by stimulated regenerating bone tissue.

CONCLUSIONS

This case demonstrates effectiveness of bioactive
degradable intramedullary nail in combination
with external fixation for tibial lengthening.
Intramedullary implant ensures mechanical stability

Conflict of interest Authors declare no conflict of interest.

Funding source This paper has no funding source.

and biological stimulation for bone regenerate and
union. Resorbility and biocompatibility of the nail
provide advantage to avoid a procedure to avoid
implant in follow-up.

REFERENCES

1. Ilizarov GA. The tension-stress effect on the genesis and growth of tissues. Part I. The influence of stability of fixation and soft-tissue preservation.

Clin Orthop Relat Res. 1989;(238):249-281.

2. Morcos MW, Al-Jallad H, Hamdy R. Comprehensive Review of Adipose Stem Cells and Their Implication in Distraction Osteogenesis and Bone
Regeneration. Biomed Res Int. 2015;2015:842975. doi: 10.1155/2015/842975
3. Hosny GA. Limb lengthening history, evolution, complications and current concepts. J Orthop Traumatol. 2020;21(1):3. doi: 10.1186/s10195-019-

0541-3

4. Fenton C, Henderson D, Samchukov M, et al. Comparative Stiffness Characteristics of Ilizarov- and Hexapod-type External Frame Constructs.
Strategies Trauma Limb Reconstr. 2021;16(3):138-143. doi: 10.5005/jp-journals-10080-1539

5. Black SR, Kwon MS, Cherkashin AM, et al. Lengthening in Congenital Femoral Deficiency: A Comparison of Circular External Fixation and a
Motorized Intramedullary Nail. ] Bone Joint Surg Am. 2015;97(17):1432-40. doi: 10.2106/]BJS.N.00932

6. Sun XT, Easwar TR, Manesh S, et al. Complications and outcome of tibial lengthening using the Ilizarov method with or without a supplementary
intramedullary nail: a case-matched comparative study. /] Bone Joint Surg Br. 2011;93(6):782-787. doi: 10.1302/0301-620X.93B6.25521

7. Koczewski P, Shadi M. Factors influencing bone regenerate healing in distraction osteogenesis. Ortop Traumatol Rehabil. 2013;15(6):591-599.

doi: 10.5604/15093492.1091515

8. Pejin Z. Femoral lengthening in children and adolescents. Orthop Traumatol Surg Res. 2017;103(1S):S143-S149. doi: 10.1016/j.0tsr.2016.05.020
9. Hasler CC, Krieg AH. Current concepts of leg lengthening. J Child Orthop. 2012;6(2):89-104. doi: 10.1007/s11832-012-0391-5
10. Popkov D, Lascombes P, Journeau P, Popkov A. Current approaches to flexible intramedullary nailing for bone lengthening in children. J Child

Orthop. 2016;10(6):499-509. doi: 10.1007/s11832-016-0781-1

lenHuii opmoneduu. 2023;29(6)



Cnyyait U3 NnpakTUKK

11. .Shevtsov VI, Erofeev SA, Gorbach EN, Yemanov AA. Osteogenesis features for leg lengthening using automatic distractors with the rate by 3 mm
for 180 times (experimental study). Genij Ortopedii. 2006;(1):10-16. (In Russ.)

12.Popkov A, Foster P, Gubin A, et al. The use of flexible intramedullary nails in limb lengthening. Expert Rev Med Devices. 2017;14(9):741-753.
doi: 10.1080/17434440.2017.1367284

13. Popkov DA, Popkov AV, Kononovich NA, et al. Experimental study of progressive tibial lengthening in dogs using the Ilizarov technique. Comparison
with and without associated intramedullary K-wires. Orthop Traumatol Surg Res. 2014;100(7):809-814. doi: 10.1016/j.0tsr.2014.06.021

14. Standard Specification for Titanium and Titanium Alloy Bars and Billets [Electronic resource]. doi: 10.1520/B0348_B0348M-21. Available at:
https://www.astm.org/b0348_b0348m-21.html. Accessed Sept 28, 2023.

15. Rokkanen PU, Bostman O, Hirvensalo E, et al. Bioabsorbable fixation in orthopaedic surgery and traumatology. Biomaterials. 2000;21(24):2607-13.
doi: 10.1016/s0142-9612(00)00128-129

16. Gaiarsa GP, Dos Reis PR, Mattar R Jr, et al. Comparative study between osteosynthesis in conventional and bioabsorbable implants in ankle
fractures. Acta Ortop Bras. 2015;23(5):263-267. doi: 10.1590/1413-785220152305121124

17. Kuru T, Mutlu I, Bilge A, et al. Biomechanical Comparison of Headless Compression Screws, Kirschner Wires and Bioabsorbable Pins in Distal
Oblique Metatarsal Osteotomy for Correction of Hallux Valgus. ] Am Podiatr Med Assoc. 2022:1-21. doi: 10.7547/21-204

18. Popkov AV, Kulbakin DE, Popkov DA, et al. Solution blow spinning of PLLA/hydroxyapatite composite scaffolds for bone tissue engineering.
Biomed Mater. 2021;16(5). doi: 10.1088/1748-605X/ac11ca

19.SuY, Nan G. Treatment of medial humeral epicondyle fractures in children using absorbable self-reinforced polylactide pins. Medicine (Baltimore).
2020;99(17):e19861. doi: 10.1097/MD.0000000000019861

20. Bahraminasab M, Doostmohammadi N, Talebi A, et al. 3D printed polylactic acid/gelatin-nano-hydroxyapatite/platelet-rich plasma scaffold for
critical-sized skull defect regeneration. Biomed Eng Online. 2022;21(1):86. doi: 10.1186/s12938-022-01056-w

21. Ghayor C, Bhattacharya I, Guerrero ], et al. 3D-Printed HA-Based Scaffolds for Bone Regeneration: Microporosity, Osteoconduction and
Osteoclastic Resorption. Materials (Basel). 2022;15(4):1433. doi: 10.3390/ma15041433

22.Sanders ], Goldstein RY. Open Reduction and Pin Fixation of Pediatric Lateral Humeral Condylar Fractures. JBJS Essent Surg Tech.
2020;10(4):e19.00066. doi: 10.2106/]BJS.ST.19.00066

23.Popkov A, Aranovich A, Antonov A, et al. Lower limb lengthening and deformity correction in polyostotic fibrous dysplasia using external fixation
and flexible intramedullary nailing. J Orthop. 2020;21:192-198. doi: 10.1016/j.jor.2020.03.014

The article was submitted 15.09.2023; approved after reviewing 25.09.2023; accepted for publication 01.10.2023.
Crarbs noctymwia B pegakipio 15.09.2023; ogobpena mociie penensuposanus 25.09.2023; npunsra K my6mkanym 01.10.2023.

Information about authors:

1. Arnold V. Popkov - Doctor of Medical Sciences, Professor, Chief Researcher, apopkov.46@mail.ru, https://orcid.org/0000-0001-5791-1989;
2. Evgenii S. Gorbach - postgraduate student, gorbach.evg@mail.ru;

3. Ulvi E. Mamedov - postgraduate student, ulvi.mamedof@gmail.com;

4. Roman V. Stepanov - radiotherapist, stepanovrv@list.ru.

HUngpopmayus 06 asmopax:

1. ApHosnbn BacuibeBnu ITonkoB — JOKTOp MeOMLIMHCKUX HAyK, Ipodeccop, IJIaBHbI HAyYHbIN COTPYAHMK, apopkov.46@mail.ru,
https://orcid.org/0000-0001-5791-1989;

2. EBrennit Cepreesuu ['op6au - acrimpanr, gorbach.evg@mail.ru;

3. VYnBu @anur orsiel MamezoB — acrimpant, ulvi.mamedof@gmail.com;

4. Poman BukropoBuu CrenaHoB — Bpay-paanoTepanesT, Stepanovrv@list.ru.

Contribution of the authors:

Popkov A.V. - Conceptualization, Writing - Review & Editin.
Gorbach E.S. - Methodology.

Mamedov U.F. - Visualization.

Stepanov R.V. - Formal analysis, Investigation.

Bknad aemopos:

TTonkoB A.B. - KoHLeNTYyaM3a1ysl, HaIMcaHue — 0630 U PeIaKTUPOBaHNe.
Top6ay E.C. - metonuxka.

Mawmenos V.®. - Buzyanmzanus.

Crenanos P.B. - dopmasibHbIil aHanmms, uccaeqoBaHue.

649 leHuii opmoneduu. 2023;29(6)



Cnyyan 13 NpakTUKK

Genij Ortopedii. 2023;29(6):650-655.
leHuti opmoneduu. 2023;29(6):650-655.

Original article
https://doi.org/10.18019/1028-4427-2023-29-6-650-655

Aneurismal bone cyst of the medial cuneiform bone:
a case report of a new surgical approach and literature review
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Abstract

Introduction An aneurysmal bone cyst (ABC) is a rare, non-neoplastic, destructive, hemorrhagic, and expansile lesion accounting for 1 % of all bone
tumors. ABC of the foot is very rare. Patients with foot ABC usually complain of pain and swelling of the affected area. Radiographs and MRI may be
helpful in the diagnosis of ABC. No single surgical procedure has gained wide acceptance in the treatment of foot ABC. Purpose To show new effective
surgical approach in the treatment of patient with ABC of the medial cuneiform bone. Material and methods We present the case of a 47-year-old
woman with a 10-months history of pain and swelling in her right foot. Postoperative histopathological evaluation of resected tissues confirmed the
diagnosis of ABC. An en bloc resection (total extraction of the remnant of the medial cuneiform bone) was performed and the defect was replaced with
a fibular bone graft from the right leg. Allograft (Bio-Ost®) was placed along the autograft. Tibialis anterior tendon was attached to the fibular bone
graft. We performed fixation of the foot and ankle using the Ilizarov original apparatus for prevention of bone graft instability and opportunity for early
weight-bearing on the operated foot. Results The postoperative period was uncomplicated with complete healing of the bone defect without recurrence
after 12 months of observation. AOFAS score increased significantly from 34 points preoperatively to 92 at 1-year follow-up. Discussion The optimal
treatment of this lesion is still under discussion. Different treatment modalities have been described in the literature: wide resection, curettage with
or without adjuvants, arterial embolization, intralesional sclerotherapy. Biological reconstruction using bone graft seems to be the best option, but
fractures and nonunion are common complications of bone grafting. Conclusion The combination of Ilizarov external fixation and bone grafting
provided favorable conditions for the healing of foot bone defect due to ABC without complications, allowed mobility and early weight-bearing
of the patient. Recurrence was not detected radiologically. Harvesting of the fibular bone graft did not affect the position of the foot and its movements.
Our surgical approach should be considered as a treatment option in similar cases.

Keywords: Aneurysmal bone cyst, Foot, Ilizarov, bone graft; external fixation, allograft, medial cuneiform bone
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AnHomauyus

BBepenne. AneBpusmanbHast koctHas kucta (AKK) - penkoe He Heorulactuueckoe, AeCTPYKTMBHOE, FeMOpparnyeckoe ¥ 3KCIAHCUBHOE IMOpaskeHue,
cocrasisiioiiee 1 % ot Bcex omyxosneit kocreit. AKK crombr Becrpeuaercst ouenb penko. ITammentsr ¢ AKK cTorbl 06bIMHO JKaTylOTCsl Ha 6OJIb U OTeK
nopaxxeHHol1 obnacti. B muarHoctuke AKK moryT nomoub penrtrenorpadus 1 MPT. Hu ofHO Xupypriyeckoe BMeIaTeIbCTBO He HOJMYYMIIO ILIMPOKOTO
npusHauus rpu jgedennn AKK cromer. Hens. TIpencraButh HOBbI 9bdeKTUBHBIN Xupyprudeckuit nopxor B jedenun naumenta ¢ AKK menmanbHOM
KJIMHOBUIHOM KocTi. MaTepuasibl M MeToabI. Mbl ipefcTasiisieM ciydaii 47-yeTHelt skeHIyHbI ¢ 10-MecsuHO ucTopueli 60/ 1 oTeKa B ITPaBoii CTOIIe.
[TocieonepalioHHas TMCTONATONIOrMYeCKasi OLieHKa pe3elpOBaHHbIX TKaHeli nogTeepaia ayuardo3 AKK. Beuia BeinosHeHa 6;710KoBast pe3eKuyst (II0JTHOe
yZiaJieHue 0CTaTKa MeMaIbHO KIIMHOBUIHOM KOCTH), fedeKT 6bIT 3aMelleH TPaHCIIAHTaTOM M3 MaJIoGepIIOBOV KOCTH IPaBO¥ ToIeHM. AJUIOTPAHCIUIaHTaT
("Bio-Ost" ®) ykiagbiBasicst BOOJIb ayToTpaHcIuianTara. Cyxosxuime nepeqHeii 601bie6epiioBoi MbIIILbI TPUKPEIISUIN K TPAHCIUIAHTATy MaIo0epIioBOi
kocTH. Iyt mpodmiakTMKM HeCTaGMIbHOCTM KOCTHOTO TPAHCIUIAHTAaTa M BO3MOMKHOCTM DaHHE) HAarpys3ku Ha OINepMPOBAaHHYIO CTOIY BBIOHSUIN
(uKcaumio CTOIBI 1 TOJIEHOCTOITHOTO CYCTaBa C MOMOILbI0 OPUTMHAIBHOTO anmapara Mmsaposa. Pesybrarsl. [locieonepalMoHHbIN epUOJ, POTeKas
6e3 OCJIOKHEHMII C TOJTHBIM 3asKMBJIeHMEeM KOCTHOro jedexra 6e3 peuyausa uepe3 12 mecsiieB Haomopenus. Ouenka o mkane AOFAS 3HauntesnpHO
yBemwwiach ¢ 34 6ajuioB 1o omepaiyy 10 92 6ajuioB Ha KOHTPOJIBHOM OCMOTpe uepe3 1 rox. O6cyxpeHwme. B sureparype ommcaHbl pasivuHble
METO/IbI JIEYEHMST: LIIMPOKast Pe3eKIus, KIOPeTak C af’bloBaHTaMM WM 6e3 HUX, sMOOIM3aLMsl apTepuii, ckiaeporeparusi o6pasoBaHusi. Buonornueckast
PEKOHCTPYKIMS C MCIOIb30BaHMEM KOCTHOTO TPAHCIIAHTATa IPEACTaBIISIeTCs] HaIYYIMM BapUaHTOM, OJHAKO II€PeJIOMbl M HecpallleHue SIBIISIOTCS
YaCThIMM OCJIOKHEHVSIMY KOCTHOW IIIACTMKM. 3aKiodeHye. [IpymeHeHne KOMOMHAIMy BHelIHel Gukcauyy 1o VnmsapoBy M KOCTHOM IUIACTMKU
MO3BOJIMJIO CO3/IaTh GIarONPUSTHBIE YCJIOBYS IS 3a3KMBJIeHMS KOCTHOTO fedekra crorbl 1pu AKK 6e3 oc/IoskHEHMI, COXPaHUTD MALMEHTY MOfIBVKHOCTh
¥ PAHHIOIO OCEBYIO HArpysky. PelayuB peHTreHoJornyecku He orpenessuicsl. 3a60p KOCTHOTO TPaHCIVIAHTaTa M3 MasoGeprioBOi KOCTM He TOBJIVSIT
Ha [TOJIO)KeHYe Y TIOJIBYSKHOCTb [IPOJIEYeHHO CTOIBL. Hatll Xupypriueckuii IOAXOZ, CJleflyeT pacCMaTpyBaTh KaK BAPUAHT JIeUeHVs] B aHAJIOTMYHBIX CITyYasiX.
KitioueBble c10Ba: aHeBpM3MaJibHasi KOCTHAsI KUCTa, CTOMa, Vin3apoB, KOCTHBIN TPaHCIUIAHTAT, BHEILHSST (pUKCcaLys, aJUIOTPaHCIUIAHTaT, MeyasIbHast
KJIMHOBUZIHASI KOCTh
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ro noaxona u 063op nutepatypbl. leHuli opmoneduu. 2023;29(6):650-655. doi: 10.18019/1028-4427-2023-29-6-650-655. EDN: UFIEDR.

INTRODUCTION

An aneurysmal bone cyst (ABC) is a rare, now commonlyaccepted thatbenignbone cystsare caused
non-neoplastic, destructive, hemorrhagic, and expansile by trauma or local circulatory disturbance, which results
lesion accounting for 1% of all bone tumors [1]. in an increase in venous pressure and the development
The etiology of this pathology is unknown, although itis of enlarged and dilated vascular components within

© Leonchuk S.S., Punit T., 2023
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the affected bone [2, 3]. Overall, ABC is diagnosed
more commonly in the second decade of life and is more
common in females than in males [4].

Midfoot ABC is very rare. Patients with foot ABC
usually complain of pain and swelling in the affected area.
Radiograph and magnetic resonance imaging (MRI) may be
helpful in the diagnosis of ABC. A radiograph of the patients
foot demonstrates a lytic lesion in the medial cuneiform
and MRI shows cystic formations with typical fluid-fluid
levels due to blood sedimentation. A histopathological
examination is needed to evaluate the ABC.

The differential diagnosis associated with ABC includes
giant cell tumor, giant cell reparative granuloma, Brown
tumor arising from hyperparathyroidism, chondroblastoma,
or telangiectatic osteosarcoma [1, 3, 5, 6].

Several classifications of ABC have been proposed
based on natural history, activity, and morphological
features [7-10]. There is a very useful classification of ABC

according to Capanna et al [7], which is based primarily
on the extent and size of the cyst and its proximity
to the cortex and soft tissues, described five morphological
subgroups (types) and three distinct stages.

No single surgical procedure has gained wide
acceptance in the treatment of foot ABC. The predominant
therapy for ABCs is an intralesional resection performing
curettage with the use of adjuvants [11]. A wide
resection, especially in the foot, is not easy to achieve
and can cause complications depending on the dimension
of the operation and the localization [11]. Medial
cuneiform bone is an important cornerstone for medial
arch continuity, structural integrity, and pathological
fracture risks are the conditions that should be considered
in the treatment of foot ABC [12].

Purpose: to show a new effective surgical approach
to the treatment of patient with ABC of the medial
cuneiform bone.

MATERIALS AND METHODS

We present a clinical case of aneurysmal bone cyst
of the medial cuneiform bone in an adult woman with
a 10-month history of pain and swelling of her right foot
and the long-term result of using Ilizarov external fixation
and bone grafting.

A female patient, 47 years old, was admitted to the Ilizarov
Center with complaints of pain and swelling in her right foot
(Fig. 1, a). The patient had a 10-month history of complaints
and was treated conservatively without any relief. Pain and
swelling in right foot were increasing in the last 3 months.
The patient lived in the countryside and had no history
of significant personal, ethnic, demographic, or life
incidents. There was no history of trauma. No allergies were
reported. Blood analysis and urine analysis were normal.
Electrocardiogram, chest X-ray, and arterial blood gas were
also normal. Functional condition according to the American
Orthopedic Foot and Ankle Society (AOFAS) was 34 points
preoperatively with a full range of ankle joint motion.

Radiographs and CT showed a lytic lesion in the medial
cuneiform with subtotal bone defect (Fig. 1, b). MRI revealed
a well-defined lesion with multiple thin septations and typical
fluid-fluid levels due to blood sedimentation (Fig. 2).

C HAPY3KOM

Fig. 1. Before surgery: a - photo; b - X-ray pictures in anterior-
posterior (AP) and lateral views (demonstrating an osteolytic
lesion of the medial cuneiform)

Fig. 2. MRI scans of the right foot showing a multiloculated
expansile lytic lesion with multiple thin septations and typical
fluid-fluid levels due to blood sedimentation

According to Capanna et al. classification, the ABC
was type I (centrally located lesions that are well contained
with no outline or slightly expanded) in the active stage.

Intraoperative biopsy aspirate was haemorrhagic;
postoperative histopathological evaluation of resected
tissues confirmed the diagnosis of ABC (Fig. 3).

Firstly, we applied the Ilizarov original frame on the right
leg and foot with universal hinges (Fig. 4). At the level
of the middle third of the lower leg, one wire and one
half-pin were drilled, and in the lower third three wires were
inserted (one was an olive wire through both bones); three
wires were passed through the forefoot. We applied two full
rings in the tibia and two half-rings in the forefoot.

In the 2" step, we produced a medial longitudinal
incision in the midfoot area. We cut the tibialis anterior
tendon at its insertion and tagged its end with sutures.
En bloc resection of the lesion (extraction of the remnant
of medial cuneiform bone) was performed (Fig. 5, a, b, c).
A fibular bone graft was harvested from the lower third
of the right leg and the graft, about 4 cm long, was placed
while preserving the medial arch of the foot (Fig. 5 d).
The fibular bone graft was slightly tapered on both ends
with about 3 mm bevelled edges and shaped so as to lock
and fill in the defect between the first metatarsal and
navicular bones. A prepared allograft (Bio-Ost®) was
placed along the autograft (Fig. 5, €). The hole was drilled
through the fibular bone graft and the tibialis anterior
tendon was attached to it (Fig. 5, f).
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Fig. 3. HE-stained
sections of resected
tissues (histopathological
evaluation): a —lamellae
surrounded with
congestion of small blood
vessels, and blood-filled
cystic spaces separated
by fibrous septae (x40);
b — multiply of osteoblast
proliferation, fibrous
connective tissue and
multinucleated giant cell
proliferation (x100).

HE - hematoxylin-eosin

Fig. 4. Photo of the right leg and foot after partial Ilizarov frame
assembly and medial longitudinal incision in the midfoot

Fig. 5. Photos during the operation steps: a — view of the lytic bone process; b - zone of the defect after resection of the lesion; ¢ - the size
of the defect after resection of articular surfaces of 1st metatarsal, central cuneiform, and navicular bones; d - fibular bone graft shaped to fill
the defect between the first metatarsal, central cuneiform, and navicular bones; e - placement of the allograft (Bio-Ost®) along the autograft;
f - attaching the tibialis anterior tendon to the fibular bone graft
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In the next step, we added two olive wires through
the hindfoot (calcaneus) and one olive wire through
the navicular bone (Fig. 6). The final Ilizarov frame consisted
of two full rings in the leg, two half-rings in the forefoot and
one half-ring in the hindfoot. Basic circular supports on the leg,
forefoot, and hindfoot were connected by rods with hinges.

During the treatment, the patient was attended daily
by a physiotherapist in our department. The patient

started walking gradually increasing weight-bearing
on the right foot on the third day after surgery with
or without crutches. Dressings after surgery were
changed daily for 3 days, and then weekly. The patient
was discharged for outpatient treatment after 8 days.
The postoperative period was uncomplicated. The period
of fixation of the right foot and ankle with the Ilizarov
apparatus on was 56 days.

Fig. 6. Treatment:
a - X-rays in AP
and lateral views;
b - photo of the
right foot after
the operation

RESULTS

Our treatment approach enabled to create
favorable conditions for the healing of the defect
zone without complications (Fig. 7, 8). One year after
the surgery, the patient was satisfied with the result
of treatment that provided free painless weight-bearing
(Fig. 9). Recurrence was not detected radiologically.

Fig. 7. X-ray pictures of the patient's foot after Ilizarov frame
removal (56 days after surgery)

AOFAS score increased significantly from 34 points
preoperatively to 92 postoperatively. The ankle range
of motion recovered. The muscle strength of the tibialis
anterior muscle was assessed as 5 points. Harvesting
of the fibular bone graft did not affect the foot position
and movements.

Fig. 8. X-ray pictures of the patient’s foot in AP and
lateral views 90 days after surgery

Fig. 9. A year after surgery: a - photos; b - X-ray picture in AP view
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DISCUSSION

ABC is a lytic and benign but locally aggressive
pseudotumor lesion. This pathology is found in long bones
(tibia, femur, pelvis, or humerus) [3].

In the general population, the ABC is more frequent
in children and vyoung individuals, is diagnosed
more commonly in the second decade of life, and
has a male-to-female ratio of 1:1.16 [4]. ABC of the
cuneiform foot bones is extremely rare [12]. CT and MRI
scans may be helpful in the diagnosis of this lesion.

The optimal treatment of this lesion is still under
discussion [11]. Different treatment modalities have been
described in the literature: wide resection, intralesional
resection such as curettage with or without adjuvants,
arterial embolization, intralesional sclerotherapy using
polidocanol or the systemic application of denosumab [14].

Due to the rarity of ABC of the foot, only case reports
on the surgical treatment were published [1, 5, 6,12, 15-17].
One study describes a case series treated by percutaneous
instillation of polidocanol or intralesional curettage [11].

Once the cyst is removed, the cavity can be packed with
either bone-graft, bone cement or other alternatives [16].
At present, biological reconstruction using bone graft
seems to be the best option [16].

The adjuvant treatments such as argon beam coagulation,
phenol, cryosurgery, and cement have complications such as
postoperative fracture, skin necrosis/wound infection, and
delayed bone healing [12]. In addition, treatment alternatives
such as adjuvant radiotherapy, arterial embolization, and
sclerotherapy do not contribute to the structural integrity
of the bone and there could be recurrence too [12, 15, 18].
Inadvertent arterial embolization can have devastating effects,
and its indications should be scrutinized accordingly [18].

The most preferred treatment option for most ABCs
of the foot is curettage with bone grafting. But in our
opinion, wide excision (en-block resection) of the lesion
like in our ABC case might be preferable with the least
chance of recurrence.

The medial cuneiform is an important cornerstone
for medial arch continuity and structural integrity, and
the risk of a pathological fracture should be considered
in the treatment of ABC [12]. Restoring the structure and
functions of the midfoot following resection is a challenging
task because of its complex anatomy; the tibialis anterior
tendon needs to be reattached to avoid functional
disability [5]. Fractures and nonunion are common
complications of bone grafting [16]. The application
of fibular grafts in the reconstruction of bone defects
caused by trauma, osteomyelitis, or tumor resection is
an effective treatment option [19]. The use of the Ilizarov
apparatus showed its effectiveness in the challenges of foot
surgery [20, 21]. Due to these reasons, we decided to use

a combination technique of Ilizarov external fixation
and bone grafting providing an opportunity to start early
weight-bearing instead of screw or plate fixation.

Kumar et al used K-wires to secure the graft in position
after the excision of an ABC lesion of the medial
cuneiform [5]. Bingol et al described compression screw
fixation in the case of medial cuneiform ABC [12]. In our
case, we used the Ilizarov original frame. This technique
has not been published earlier in literature.

High recurrence rate was reported for ABC [3, 11],
the incidence might be 10 percent and higher [11, 22, 23].
Deventer et al showed a local recurrence in 60 %
of the curettage subgroup of patients and the disease after
sequential instillations of polidocanol in the instillation
subgroup persisted in 40 % [11]. It is important to note that
no patient, out of the total five treated with polidocanol,
could be managed with a single injection alone. The authors
concluded that the less invasive character of the instillation
justifies it as primary attempt of therapy.

Chowdhry described a local recurrence rate of 21 % after
intralesional curettage in 14 patients with foot ABC [22].

Mankin et al in their review of 150 ABC cases
treated with curettage and packing with bone grafting or
polymethylmethacrylate, found a recurrence rate of 22 % [23].

Garg et al [24] and Dormans et al [25] described
a reduction of local recurrence by the use of a high speed
burr, phenol, and intralesional curettage of primary ABC
in children and adolescents.

Complications associated with transosseous
osteosynthesis and external fixation in foot and ankle
surgery were reported by many authors [26, 27].
No complications related to vessels and nerves, and
wire/pin-site infection were observed during and after
our treatment, using Ilizarov external fixation.

Harvesting of the fibular bone graft might result
in complications, including painful neuromas, vascular injury,
long-lasting ankle pain, nerve injury, and ankle instability [19].
In our clinical case, harvesting of the fibular bone graft did
not affect position and movements of the treated foot, did not
cause pain and neurological problems.

The procedure of tibialis anterior tendon transfer can
have complications such as re-rupture, loss of strength,
instability by walking, gait disturbance with forefoot
drop, and weak dorsiflexion of the ankle [12]. In our ABC
case of an adult patient, we applied the Ilizarov original
apparatus to create favorable conditions for healing the foot
bone defect and reattached the tibialis anterior tendon with
stable fixation and the possibility of early weight-bearing.
The patient maintained a full range of motion in the ankle
joint without pain and excellent muscle strength
of the tibialis anterior at the final follow-up.

CONCLUSION

The combination of Ilizarov external fixation and bone
grafting provided favorable conditions for the healing
of foot bone defect due to ABC without any complications,
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Abstract

Introduction One of the key limitations of distraction osteogenesis (DO) is the absence or delayed formation of a callus in the distraction gap, which
can ultimately prolong the duration of treatment. Purpose Multiple modalities of distraction regenerate (DR) stimulation are reviewed, with a focus
on modulation of the mechanical environment required for DR formation and maturation. Methods Preparing the review, the scientific platforms such
as PubMed, Scopus, ResearchGate, RSCI were used for information searching. Search words or word combinations were mechanical bone union
stimulation; axial dynamization, distraction regenerate. Results Recent advances in mechanobiology prove the effectiveness of axial loading and
mechanical stimulation during fracture healing. Further investigation is still required to develop the proper protocols and applications for invasive and
non-invasive stimulation of the DR. Understanding the role of dynamization as a mechanical stimulation method is impossible without a consensus
on the use of the terms and protocols involved. Discussion We propose to define Axial Dynamization as the ability to provide axial load at the bone
regeneration site with minimal translation and bending strain. Axial Dynamization works and is most likely achieved through multiple mechanisms:
direct stimulation of the tissues by axial cyclic strain and elimination of translation forces at the DR site by reducing the effects of the cantilever bending
of the pins. Conclusion Axial Dynamization, along with other non-invasive methods of mechanical DR stimulation, should become a default component
of limb-lengthening protocols.

Keywords: bone regeneration, mechanical stimulation, axial dynamization
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Amnnomauyus

BBenenne. Cepbe3HbIM OrpaHMYEHMEM MPYMEHEHUs IMCTPAKIMOHHOTO OCTEOreHe3a SIBJISIETCS PUCK OTCYTCTBMSI WIIM 3a[EePXKKM (OPMMUPOBAHUS
JMCTPAKLIOHHOTO pereHepara, yTo BeJEeT K 3HAUMTEIbHOMY YBEJIMUYEHMIO CPOKOB JIeYeHusl ammaparoM BHeluHeit ¢ukcaumu. Lemb. Paccmorpers
pas/ivuHble CrOCOObl CTUMYJISIMU AMCTPAKUMOHHOrO pereHepara ([IP) ¢ akumeHTOM Ha MOIYJISALMIO MEXaHMYeCKOW Cpefibl, HeOOXOAMMON
s opmmpoBanus u cospeBanust [IP. Marepuanbsl u mertopbl. IIpy moaroroBke o63opa [y moucka MHGOPMALMY MCIIONIb30BaHbI HAay4HbIe
wiatrdopmer PubMed, Scopus, ResearchGate, RSCI. TTonckoBbiMM coBamMu M cjioBocovetaHusmMu 6butn: mechanical bone union stimulation, axial
dynamization, distraction regenerate. Pesynbrarbl. Ilociennme mDOCTVOKeHMsT B OGJIACTM MEXaHOOMOJIIOTMM JIOKasbiBalOT 3()deKTUBHOCTL OCeBOi
HarpysKy ¥ MexaHMUYeCKOM CTUMYJISIIMU 06pa30BaHMsl KOCTHOM MO30JIM TIPK CPALlieHH TTepeioMoB. [lajbHelile UCCaefoBanys TpebyoT paspaboTKu
HaJIJIeXaIIMX MPOTOKOJIOB ¥ CIIOCOGOB IPMMEHEHMsI MHBAa3MBHOM ¥ HeMHBasuMBHONM ctumyssityy JP. IToHMMaHue posiu OyHaMu3alyuy Kak MEeTOna
MeXaHMYEeCKOM CTUMYJISILY HEBO3MOKHO 6e3 KOHCEHCYCa M0 MCIOJIb30BaHUIO TEPMMUHOB U TIPOTOKOJIOB. O6CyskaeHme. Mbl IpejiaraeM ONpeiesisiTh
OCEBYIO JVHaMM3AIMIO KaK BO3MOKHOCTb OOGECIeueHNs] OCEBOIM Harpy3KM Ha KOCTHBIN pereHepar ¢ MMHVMAJIbHbIM CMELIEHMEM [0 IIUPUHE WU
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INTRODUCTION

Introduced by G.A. Ilizarov, the principles of distraction
osteogenesis (DO) are now used to lengthen and reconstruct
limbs to help treat multiple orthopedic conditions, both
congenital and acquired [1-3]. However, several challenges
remainduringits clinical application, including long treatment
duration. Extended time in an external fixator exponentially
increases the risk of complications [3-8]. Due to long
treatment time spent in a frame, “patients may have non-
surgical problems, such as social, domestic, educational,
and psychological problems, as well as problems that may
be cared for by the nursing and physiotherapy staff” [9].
Treatment is often long because the distraction regenerate

© Cherkashin A., 2023

(DR) must mature enough to withstand weight-bearing.
The process is often further prolonged due to delayed
consolidation and/or the development of pathologic
distraction regenerate [10, 11].

In an effort to decrease fixation time, multiple research
efforts are currently focused on stimulating DR maturation
utilizing different methods. Proposed solutions include
biological stimulation of the regenerate, pharmacological
stimulation, physical stimulation, and any combination
of the above (Table 1). All these solutions can be performed
using invasive (through various surgical interventions) and
non-invasive approaches.
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Table 1

Various modalities to stimulate distraction regenerate

Distraction Regenerate Stimulation

Physical Biological

Pharmacological

Mechanical ¢eebelow) Grafts [12-14]

Vitamins [15-17]

Ultrasound [18-21]

Bone marrow and PRP [22, 23]

Biometals [24, 25]

Hyperbaric oxygen therapy [26, 27] BMPs [28, 29]

Supplements [30, 31]

Electromagnetic 21, 32, 33]

Growth factors [34, 35]

Bisphosphonates [36-38]

Laser therapy [39, 40] Cell therapy [41-43]

Mechanical  stimulation is the foundation
of the entire DO process. During the distraction phase
of limb lengthening, tension stress affects all tissues
inside and surrounding the distraction gap [44].
The mechanobiological phenomena of DR formation
during the DO process essentially prolong the body’s
evolutionary-developed mechanism of fracture healing,
where tension stress stimulates connective tissue
proliferation, cell differentiation, and angiogenesis.
Both angiogenesis and a proper mechanical environment
are necessary for successful bone regeneration during
DO [45, 46]. As the distraction forces are seized, bone
resorption and remodeling take place to convert DR
into a mature bone structure that is capable of bearing
a physical load [47]. Known as the consolidation stage,

Invasive

Mechanical DR Stimulation

Non-invasive

this is the longest phase in the DO process, where
different mechanical DR stimulation techniques are
typically applied.

All known mechanical stimuli can be divided into
invasive (surgical) and non-invasive techniques (Fig. 1).

Historically, mechanical stimulation techniques were
applied following an abnormal formation of DR in an effort
to fight the so-called delayed consolidation. However, there
has recently been a shift towards a prophylactic application
of mechanical stimulation to accelerate the consolidation
and avoid delayed consolidation all together.

The goal of this work is to review the current methods
of reducing treatment time during limb-lengthening procedures,
with a particular interest on the use of mechanical stimulation
to promote maturation of the distraction regenerate.

Lengthening over nail(s)

Internal fixation

Regenerate fracture
Cyclic
compression/distraction
Axial dynamization

Fig. 1 Various techniques of mechanical stimulation of the distraction regenerate

MATERIAL AND METHODS

We summarize recently (no more than 30 vyears)
published studies about definition, classification,
indications and clinical application of methods
for mechanical stimulation of bone healing in lengthening
procedures. To prepare the review, we searched
for information sources at the scientific platforms such

as Web of Science, PubMed, Scopus, ResearchGate,
RSCI, as well as other published products (Elsevier,
Springer) using search words or word constructions: bone
lengthening, Ilizarov method, mechanical stimulation
of bone healing, dynamization, external frame, clinical
translation.

RESULTS AND DISCUSSION

Invasive (surgical) mechanical stimulation

Most surgical methods that involve a change
to the mechanical environment are performed at the end
of the consolidation stage as a response to delayed

consolidation problems. These techniques include
plating or intramedullary fixation after lengthening [4].
In most cases, these techniques are considered desperate
measures to avoid a regenerate fracture after frame
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removal. Another desperate technique involving surgical
stimulation of the pathologic distraction regenerate relies
on performing a fracture through the DR site. The fracture
helps re-stimulate fracture healing mechanisms, initiate
additional angiogenesis, and re-introduce growth and
biological stimuli supplied to the pathologic regenerate.
A new development, introduced by Popkov et al. [48], uses
a prophylactic placement of intramedullary devices during
the initial surgery. This provides extra stability during
distraction, as well as creates an environment to recruit
additional biological factors for DR maturation. They also
illustrated that the use of HA-coated implants increases
the effect of DR stimulation [49].

Non-invasive mechanical modulation

Non-invasive  mechanical stimulation can be
performed in various ways: weight-bearing [46, 50], cyclic
compression/distraction (accordion technique) [51-53],
destabilization of the frame by releasing nuts on threaded
rods, destabilization of the frame by removing fixation
elements (wires and pins), and replacing threaded rods
with dynamization devices.

Weight-bearing

Since the very first application of the Ilizarov circular
fixator, lower limb lengthening has required at least partial
weight-bearing as part of the process. Ilizarov listed
weight-bearing as a categorically required part of leg
lengthening [2]. There are multiple papers emphasizing
the positive effect of lower extremity loading during DO
treatment for DR maturation and remodeling. It is also
the least costly method to mechanically stimulate
the regenerate. The only consideration must be patient
education and compliance, as a majority of non-invasive
DR stimulation techniques rely on patient weight-bearing
to be effective [50, 54].

Compression

Compression of the DR is often another desperate
measure to solve poor regeneration. It is usually performed
during the lengthening stage, when the distraction interzone
does not progressively display signs of mineralization
on X-rays, or at the consolidation stage, when there are
no signs of improvement at the lengthening site [55, 56].
There are two important points to consider. First, patient
preparation and education are necessary as the planned
amount of lengthening may not be achieved. Second,
the shape of the pathologic regenerate must be considered
when a fully mineralized cortex on one side of the bone is
present [57, 58]. This is commonly known as a regenerate
cyst. The cyst prevents any ability to compress the DR and
can ultimately cause the development of a deformity, either
during compressionorlater following frame removal. Similar
problems can arise from the premature mineralization of the
fibula in cases of tibial lengthening. This occurs when the
tibial regenerate lags behind, resulting in the fibula acting
as a strut that shields the tibia from necessary axial loading.
In these cases, early surgical intervention may salvage
the lengthening by breaking through the thin mineralized
band of regenerate or the prematurely consolidating fibula
along with the use of various grafting techniques. An acute
compression performed at the end of distraction phase with
compression tension of 5.6 N/cm? is considered as optimal
for bone healing stimulation [59].

Cyclic compression/distraction

Ilizarov was the first to suggest the use of alternating
cycles of distraction and compression to improve
the quality of bone formation in the distraction gap [2].
Under the optimal frame stability, patient’s weight-bearing
creates alternating distraction/compression (ADC) forces
at the lengthening site as part of the DO process. Therefore,
it is logical that the ADC forces created on a fixation device
might further improve regeneration. This practice was
later named as an accordion maneuver [53] and widely
reported as a treatment for poor regenerate [51, 60-63].
Liu et al. [52] performed impressive animal studies
to uncover the underlying mechanisms of ADC. The studies
showed an improvement of bone formation during
DO, suggesting that better outcomes may be achieved
by moderately increasing the amplitude and slowing down
the rate of the ADC technique [52].

Axial Dynamization

For many years, rigid fixation with internal or external
devices was the paradigm of fracture treatment. However,
recent advances in our understanding of bone healing and
mechanotransduction suggest that systematically altering
the construct’s stiffness throughout different phases
of healing improves regeneration [64-66]. Dynamization
has recently become a buzz word in multiple DO
publications; however, there are some problems regarding
terminology and definitions. Multiple terms that describe
DR dynamization are ill-defined and ambiguous
at the present. Starting with dynamization itself — multiple
publications currently describe different techniques
of bone healing stimulation under the same term.

The term dynamization is described as “the transfer
of a progressive load to the fracture site at a given point in the
healing cycle” [67]. Nowadays, dynamization encompasses
many different methods of altering the fixation of fractures
as the bone heals [68], such as decreasing the external
fixator’s stiffness during the healing process by removing
stabilizing elements [69]. A new concept of “reverse
dynamization” was also recently introduced by Glatt et al.,
where frame destabilization is performed during the early
stages of fracture healing (during the first week after
the initial fixation) to produce a larger volume of newly
formed callus. The frame instability is reversed to a more
rigid fixation after 3-4 weeks to, in theory, encourage blood
vessel growth within the callus. Reverse dynamization
somewhat contradicts the original Ilizarov idea that frame
stability plays an important role in bone healing [1, 2].
In contrast to the intramembranous ossification described
by Ilizarov, reverse dynamization generates a large volume
of bone callus, possibly through endochondral and trans-
chondral types of ossification.

Many other vague terms are often used in conjunction
with dynamization to describe the mechanical stimulation
of the distraction regenerate, including but not limited
to stable fixation, rigid fixation, and micromotion. First,
the term micromotion should be avoided in scientific
literature. The physiologic load of an external fixator
typical configuration can lead to an axial displacement
of bone fragments away beyond 3 mm [70]. This amount
of fragment displacement cannot be described as
micro [71]. Secondly, we propose that rigid fixation be
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reserved to describe stabilization without any meaningful
load on the bone healing site, essentially inhibiting
the mechanobiological processes necessary for optimal
bone regeneration as fixation is too rigid. In contrast,
stable fixation of bone fragments minimizes the amount
of shear and bending strains at the fracture or lengthening
site, while still allowing for some axial loading to promote
bone regeneration.

Dynamization should only describe and be used
interchangeably with Axial Dynamization. We propose
to define Axial Dynamization as the ability to provide axial
load at the bone regeneration site with minimal translation
and bending strain. Shear and bending strains are both
undesirable forces, whereas axial loading and unloading
promote regeneration [2]. However, it remains doubtful
that most modern external fixator assemblies will be able
to entirely eliminate all instances of bending strain [70].
The original fixator developed by llizarov incorporates
built-in Axial Dynamization with the use of thin wires
only, which act as a fixed beam bending when under a load.
As a result, the frame provides some axial displacement
of bone fragments during weight-bearing [ 72]. Extended use
of half-pins in modern external fixators has increased frame
rigidity and replaced fixed beam bending with cantilever
bending, which ultimately creates undesirable bending
and translation forces.

There are many other methods of altering fixation
stability that should not be considered dynamization,
including removing stabilizing elements of the fixation
device, destabilizing connecting elements of the fixator,
or removing some of the external fixation pins and wires.
These methods would be better named as partial fixation
removal or fixator destabilization.

When applying dynamization, simply untightening
the nuts of the fixator connecting rods, will not provide
the proper conditions to eliminate shear and bending
strains. Instead, the best way to dynamize is with spring-
loaded devices or elastic washers to provide axial loading

with a dampening effect. An example of such dynamization
would involve mounting the original De Bastiani
dynamization washer [67] or a spring-loaded device between
the external fixator rings [70]. Use of such spring-loaded
dynamization devices not only stimulates bone healing
but also improves patient comfort, allowing better weight-
bearing and indirectly improving the healing process [70].

Axial Dynamization works [73, 74] and is most
likely achieved through multiple mechanisms: direct
stimulation of tissues by axial cyclic strain and elimination
of translation forces at the DR site by reducing the effects
of the cantilever bending of the pins. However, it remains
unclear when dynamization should be applied during limb
lengthening. Frames are traditionally dynamized at the end
of the consolidation period before the external fixator is
removed. Nonetheless, we have started dynamizing frames
earlier, at around 3-4 weeks after lengthening is complete.
There is also an argument to initiate dynamization during
the distraction period to mimic the effects of all-wire
frames, which include properties of built-in dynamization
as previously stated. Introducing dynamization during the
early distraction period would likely result in a mechanical
environment similar to the traditional all-wire fixator
developed by Ilizarov and ultimately help develop better
DR. However, it must be noted that dynamization also
depends upon the patient putting weight on the treated
extremity, which could be a challenge during the early
stages of limb lengthening. Whereas late dynamization
performed during the consolidation period would actually
improve patient comfort by reducing the cantilever bending
of the fixator pins and providing a dampening effect. This
would allow for more weight-bearing and physiologic
walking that will help stimulate DR maturation.

Advancements in automated distraction will possibly
allow for a more frequent rhythm of distraction,
plus the ability to use passive Axial Dynamization
techniques alongside frequent patient-independent cycles
of compression/distraction.

CONCLUSION

Mechanical stimulation is the most accessible and
usually most affordable way to speed-up the mineralization
of the distraction regenerate. Multiple publications prove
the effectiveness of mechanical modulation techniques
involved in DO for improving the conditions of bone
healing. Non-invasive techniques of DR mechanical
stimulation should become a default component of the
limb-lengthening procedure, rather than reserved to rescue
pathologic regeneration and delayed consolidation. Axial

Dynamization using spring-loaded or elastic devices proves
effective in achieving cyclic axial loading, while minimizing
shear and bending forces on the regenerate. There is a need
for a consensus on the definitions and protocols that surround
Axial Dynamization. Therefore, additional research is
needed to develop the protocols and process of Axial
Dynamization, which will most likely involve incorporating
a combination of early and late dynamization techniques
into the treatment of limb lengthening.
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Abstract

Introduction Technological advances in bone tissue engineering have improved orthopaedic implants and surgical techniques for bone reconstruction.
This approach allows overcoming inconvenience of the paucity of autologous materials available and donor site morbidity. Aim To demonstrate advances
of the past 30 years in the development of bioimplants providing alternatives to bone grafting in reconstructive orthopaedics. Methods Preparing
the review, the scientific platforms such as PubMed, Scopus, ResearchGate, RSCI were used for information searching. Search words or word
combinations were bioactive osteoinductive implants, bone grafting, bone reconstruction, hydroxyapatite, bone scaffolds. Results The main trends
in tissue engineering in the field of orthopaedics are represented by construction of three-dimensional structure implants guiding cell migration,
proliferation and differentiation as well as mechanical support. Association with bone morphogenetic proteins, growth factors enables proliferation
and differentiation of cell types of the targeted bone tissue. A promising advancement should be biodegradability with a controllable degradation
rate to compliment cell/tissue in-growth and maturation in limb reconstruction. Discussion This review presents and discusses the experimental and
clinical application of biotolerant, bioinert and bioactive materials for reconstructive bone surgery. Future generations of biomaterials are designed to be
osteoconductive and osteoinductive. Conclusion Properties of polycaprolactone (PCL) filled with hydroxyapatite (from 10 to 50 wt %) make this hybrid
material with controllable absorption a promising strategy for reconstructive surgery in comparison to other materials.
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AnHomayus

BBenenne. TexHOIOrMYECKUiI MpoOrpecc B TeueHue mnocienuux 30 JieT Croco6CTBOBaA MCCJIENOBAHMSIM M IIPOrpeccy B 0GJACTYM MMILIAHTOB
IUIT PEKOHCTPYKTUBHOM OPTOIEAMY. DTO HANpaB/IeHyue MO3BOJIMIO MPAKTHUYECKV MOTHOCTHIO OTKA3aThCsl OT MPUMEHEHWs ayTOMMIUIAHTOB 13-3a
HeIOCTaTKoB Mx wucronb3oBanvst. Llens. IIpomemoncTpupoBarh HocTiskeHust mocienuux 30 yier B pa3paboTke GMOMMILIAHTATOB, SIBJISTIOLIMXCS
aJIbTEPHATMBOM KOCTHOJ IUIACTMKE B PEKOHCTPYKTMBHOI opTrorenvu. MaTtepuansl u mertonbl. [Ipyu noaroroBke o63opa i moucka uHbopMaumm
MCIOIb30BaMMCh HayuHble uiaTdopmbl PubMed, Scopus, ResearchGate, RSCI. ITonckoBbIMM CJIOBaMM U CIOBOCOYETAHUSIMM ObLIN: GUMOAKTUBHbBIE
OCTEOVMHIYKTUBHBIE MMIUIAHTbI, KOCTHBIE TPAHCIUIAHTATHI, KOCTHASI PEKOHCTPYKIINSI, TMIPOKCHUAIIATUT, KOCTHBIe cKadbdomnmbl, bioactive osteoinductive
implants, bone grafting, bone reconstruction, hydroxyapatite, bone scaffolds. Pe3sysnbrarsr. OcHOBHbIe HarpaBJeHMs] TKAHEBO MH)KeHepuy B 061acT
OpTOmeauy MpeAcTaBieHsl 3D-uMIutaHTamMu, 06eCreunBaoLMM e TePMUHMPOBAHHYIO KJIETOYHYIO MUTpalmio, posdepannio n anuddepeHpoBKy
¥ COXPAaHSIIOIIVe Ha MPOTSDKEHNM TPeGyeMOoro BpeMeH! JOCTaTOUYHYI0 MEXaHMUeCKyIo IPOYHOCTb CBOeil CTPYKTypbl. Couetanne GuomerpasupyemMbix
MMILIAHTOB C MMITPErHaLueii UX KOCTHBIM MOPGhOreHeTMYeCKUM GeIKOM CTUMY/IMPYET PereHepalyio PeKOHCTpyupyeMoi Koctu. [IporpaMmupyemast
¥ KOHTpOIMpyeMasi pe3opOiysi MMIUIAHTOB B COYETAHMM C 3aMeLIeHMEeM VX HOBOM KOCTHOM TKaHbIO SIBJISIETCSI OCHOBHBIM BEKTOPOM Pa3BUTHSI
MHKEHepUHTa KOCTHOI TKauu. O6cykgenne. [[aHHbli 0630p BKIIOUMI B ceBsl MPeNCTaBIeHMe M KPUTUUECKOe OOCYKIEHME IKCIePUMEHTATHHOTO
M KJIIMHUYECKOTO PUMEHEHMST GYOTOIEPAaHTHBIX, OIOMHEPTHBIX ¥ OMOAKTUBHBIX MaT€PUAJIOB, Pa3pabaThiBA€MbIX U IIPUMEHSIEMbIX B HACTOSILIEE BPEMS
7151 PEKOHCTPYKTUBHOI opTonenuy. CyliiecTByeT KOHCEHCYCHOe MHEeHMe, YTO GroMartepuasibl GyayILero, IpuMeHsieMble B OPTOIIeANH, JOIKHbI 00/1a/1aTh
OCTEOMHIYKTUBHBIMM M OCTEOKOHIYKTMBHBIMM CBOVCTBaMy. 3aKmiodenue. CBOWCTBA TOMKAMPOIAKTOHA, IMIIPETHMPOBAHHOTO IMAPOKCHAIIATUTOM
(ot 10 g0 50 wt %) B coueTaHuy ¢ KOHTPOJMPYEMON U IPOTHO3UPYEMOIi a6COPOLIMEN, [eIAI0T ITOT TMOPUIHBIN MaTepua Haubosiee nepcrekTUBHbIM
/151 M3TOTOBJIEHNSI IMILJIAHTOB B CPaBHEHMY C MHBIMM KOMITO3UTHBIMY MaTepyaiaMit.

KiroueBble €JI0Ba: MHK@HEPVHT KOCTHOM TKAaHM, PEKOHCTPYKTUBHAS! OPTOIEIsI, TPAHC/LSIIOHHAST MELMIIMHA

Ana yumupoeanus: Monkos A.B., MNMonkos [.A. bruocoBmecTMble MMMNAHTaTbl B OPTOMEAMU: MHXKEHEPUsi KOCTHOM TKaHW. [eHuli opmoneduu.
2023;29(6):662-668. doi: 10.18019/1028-4427-2023-29-6-662-668. EDN: JIAIND.

INTRODUCTION

Methods for surgical treatment of fractures and bone
diseases with the use of osteosynthesis technologies
have spread globally over the past century. A great
number of internal (intraosseous and extraosseous) and
external (wire- and half-pin-based) fixators have been
proposed to ensure the most reliable osteosynthesis
of a broken bone and to provide favorable conditions
for reparative bone tissue regeneration: accurate reduction

© Popkov AV., Popkov D.A., 2023
© Translator Tatyana A. Malkova, 2023

of bone fragments, their stable fixation, sparing attitude
to osteogenic tissues, optimal rate of elongation, good
blood supply to the involved limb, and early functioning
in the postoperative period [1, 2]. Most orthopedic surgeons
believe that the Ilizarov method is one of the best methods
to provide the above-mentioned conditions. Nevertheless,
clinical practice shows that the duration of osteosynthesis
with the Ilizarov frame lasts at least four months for closed
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long bone fractures. In conventional limb lengthening,
the excellent external fixation index is about 30 days/cm,
the good one is 45 days/cm, the fair one is 60 days/cm [3-9].
In 2004, Eralp et al. reported an index of 1.65 months/cm
for lengthening of the tibia with the Ilizarov fixator [10].
It is obvious that long-lasting treatment cannot satisfy either
the patient and his relatives or the health care institutions.
Therefore, there is a necessity to reduce the period
of external frame wearing and to stimulate osteogenesis,
both with conservative and invasive methods [11, 12].
Autologous bone grafting and various bioactive
products from the decalcified bone, biocomposite
matrices, recombinant bone morphogenetic proteins,

and biomaterials from ceramics were offered for this
purpose. Alongside, experimental studies on cell
technologies have intensified [11, 13]. Bioengineering
in orthopedics aims at creating biomaterials that are
suitable to replace the damaged ones such as skin,
muscle tissue, blood vessels, nerve fibers, and bone
tissue. Biomaterials are the materials designed to serve
as interfaces with biological systems in order to augment
or replace host tissue, organ, or body function [14].

This publication aimed to reveal the trends
in experimental development and clinical application
of advanced bioactive implants in limb reconstruction
dedicated to replace bone grafts.

MATERIALS AND METHODS

We summarized the recently published studies
on definition, classification, production, indications and
clinical application outcomes for implants with osteoinductive
and osteoconductive properties used in limb reconstruction.
To prepare the review, we searched for information sources

at the scientific platforms such as PubMed, Scopus,
ResearchGate, RSCI, as well as other published products
(Elsevier, Springer) using search words or word constructions:
bone tissue engineering, reconstructive orthopaedics, clinical
translation, scaffolds, hydroxyapatite.

RESULTS AND DISCUSSION

This area of materials science in orthopedics is
also called bioceramics. The name emphasizes the
leading role of the ceramic component in implants
for joint replacement, filling materials for dentistry,
implants for maxillofacial surgery, and medical cosmetic
products [15,16]. Biomaterials must possess certain
chemical properties (absence of undesirable chemical
reactions with tissues and interstitial fluids, resistance
to corrosion), mechanical characteristics (strength,
resistance to breakdown, long-lasting mechanical
support), biological properties (absence of reactions
from the immune system, consolidation with bone tissue,
stimulation of osteogenesis).

Biomaterials used as implants that replace a bone part
or as temporary fixators for fractures are also classified
by their biological activity on bone tissue regeneration:

 Biotolerant materials (stainless steel and cobalt-
chromium alloys); a layer of fibrous tissue develops
between the surface of those implants and the host bone;
reparative regeneration of the injured bone occurs within
conventional time and at some distance from the implant
(distant osteogenesis);

 Bioinert materials (titanium and aluminum oxides)
do not cause the formation of fibrous layer on the implant
surface; reparative osteogenesis proceeds in direct contact
with the implant surface (contact osteogenesis), but bone
union occurs within usual terms;

« Bioactive materials (calcium phosphate ceramics and
silicon-based bioglasses) are characterized by the formation
of a chemical bond with the bone (bonding osteogenesis),
enhance bone formation starting from the implant surface
and induce the formation of a continuous bond from
the tissue to its surface.

Metal implants occupy a large place in traumatology.
Alloy steel is most frequently used to restore the integrity
of a fractured bone (screws, locking intramedullary
nails or bone plates). Internal fixation implants are made
from materials that must primarily meet the objectives
of providing reliable fixation of the fracture

for functional treatment within a certain period,
sometimes for 12-18 months. This is a rather long period
of time. Therefore, materials must be chosen to resist
fatiguing failure after fixation on the surface of bone
fragments in order to maintain them in an anatomical
position under loading until biological bone union.

All metals can be classified according to the effect
onreparative osteogenesis into biotolerant materials (stainless
steel and cobalt-chromium alloys) or bio-inert materials
(titanium and aluminum oxides). There are no bioactive
metals that would stimulate reparative osteogenesis.
Chromium-nickel and chromium-nickel-molybdenum
corrosion-resistant steels, alloys of cobalt, tantalum, titanium,
and pure metals such as nickel, silver, and titanium are the
most frequently used materials for production of surgical
implants applied in current medicine. Thus, in dentistry,
dental implants are made from titanium and its alloys, since
titanium is a biocompatible and corrosion-resistant material.
In fact, all metals corrode under the influence of human
body fluids. And without exception, all metal implants
get protected from corrosion by a passive layer consisting
of insoluble products of their oxidation. Corrosion increases
by about 100 times if the passive protective layer of a metal
implant, which consists of insoluble products of their
oxidation, is damaged eventually by friction [17]. Under
these conditions, the implant will not be able to provide
stable fixation for a long time period required for bone
fracture union.

Undoubtedly, titanium is one of the most promising
materials for the manufacture of surgical implants widely
used in traumatology. Numerous experiments and clinical
practice have confirmed that titanium and its alloys is
the most optimal metal for implantation [18].

Typicalbioactivematerialsincludebioglasses. Themost
common composition is 24.5 % Na,0, 24.5 % CaO,
45.0 % Si0,,6 % P,0.. By varying the composition, one can
change their bioactivity and resorbability. Other materials
are based on hydroxyapatite (HA), Ca, (PO,),(OH), (dense
and porous ceramics) [15, 19].
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Hydroxyapatite, Ca, (PO,),(OH),, is one of the few
known bioactive materials. It enables bone ingrowth
and osseointegration of an orthopedic, dental,
and maxillofacial implant due to its high biocompatibility.
In recent vyears, a special term has appeared
in the literature, biocompatible nanoceramics (where
HA grains vary in size from one to several hundreds
of nanometers), or nanostructured bioceramics, which
defines a nanostructured ceramic material used in medicine
to regenerate lost bone tissue [20].

The phenomenon of bioactivity is determined mainly
by chemical factors, such as the crystalline phase and
the molecular structure of the material, and by physical
factors such as roughness and porosity of the material
surface. Back in 1973, Hulbert et al. [21] proposed a new
concept of the so-called biological fixation of skeletal
implants by active bone growth (osteoconduction) on their
surface. The materials were oxide ceramic and carbon
compounds, as well as metals coated with stable oxide
layers. Later, the concept of bioactivity of materials was
defined as their ability to interact with the surrounding host
bone tissue and to form a chemical bond with it [15, 22-24].
The ion-exchange reaction between the bioactive implant
and the surrounding body fluids leads to the formation
of a layer of carbonate apatite on it, which is chemically
and crystallographically equivalent to the mineral
composition of the bone. This ability of the implant
to initiate the formation of calcium phosphate under
in vitro conditions is interpreted as the first sign of possible
bioactivity in vivo.

Multiple complex and interrelated processes take
place on the surface of a bioactive implant. First, ions
and proteins are adsorbed there, forming a biofilm
on the surface of the implant. This process strongly
depends on the physical and chemical characteristics
of the surface topography (roughness, porosity,
morphology), chemical composition, energy and charge.
As a result, both the amount and functionality of adsorbed
proteins are largely controlled by the surface of the
biomaterial. The adsorbed biofilm promotes the adhesion
of cells facilitated by specific transmembrane receptors,
integrins [16, 25]. The surface of the material,
its biocompatibility determines the degree of adhesion
of osteogenic and mesenchymal stem cells on their
surface [26-28]. The degree of adhesion and disposition
of these cells determine their ability to proliferate
and differentiate into osteoblasts upon contact
with the implant. The latter is crucial in the development
of a mechanically strong interface of complete fusion
between the implant surface and bone tissue without
a layer of fibrous tissue [29-33].

The traumatology science currently develops
two fundamentally different approaches to address injuries
and bone loss: 1) simple replacement of a damaged area
of the bone with a massive implant, with or without
bioengineered structure, that replaces the bone and
adjacent joints, or 2) creating conditions for regeneration
of the bone in the injured area with an osteoinductive
(absorbable or non-absorbable) implant. An analysis
of literature reveals that both directions are increasingly
associated with bioceramics, the use of which in medicine

has been expanding as the developments in the field
of chemistry progress and technologies for production
of materials with the properties that are close to bone tissue
improve [34-36].

Among the synthetic materials that can be used
for implantation, calcium phosphate-based ceramics
are the most promising. Hydroxyapatite is not only
biocompatible, but also the most bioactive. However,
the main shortcoming of ceramics is its fragility. Therefore,
bioinert metals and alloys with a calcium phosphate
coating can be used for fabrication of orthopedic devices
for the musculoskeletal system, which experiences
significant mechanical loads [37-40]. The coating provides
biological compatibility and expressed biological activity
in the formation of bone tissue around the metal. There are
two research trends:

1. Development of joint prosthetic devices, the bearing
metal part of which is covered with ceramics for the
purpose of osteoinduction and formation of an extensive
bone coupling that ensures reliable contact of the metal with
the bone tissue over the maximum area, thus eliminating
the failure of fixing the elements of the joint on the bone
for many years [37, 40].

2. Development of intramedullary implants that do not
experience significant load, but their hydroxyapatite
coating contributes to the filling of extensive bone defects
after trauma or surgical bone resections [41, 42].

Such a coating is designed to induce reparative
osteogenesis around the implant, thereby contributing
to the filling of extensive bone defects. The coupling
created in this way around the implant provides optimal
conditions for consolidation of bone fractures or nonunion,
the formation of a distraction regenerate [40].

The main biological advantage of HA coatings is
enhanced bone formation, accelerated bonding between
the implant surface and surrounding tissue, and a reduced
release of potentially harmful metal ions [30].

Methods for applying a bioactive coating to implants
are numerous. The basic technologies for the deposition
of hydroxyapatite are microarc oxidation, magnetron
sputtering, formation of composite polymer coatings,
vacuum arc deposition under the conditions of short-pulse
high-frequency plasma immersion ion implantation.
The technology of coating determines mechanical
properties of the coating and physicochemical
characteristics of the implant surface [18, 28, 29, 43-47].

The inconvenience of metal implants with a bioactive
coating includes the second surgery to remove them.
A solution to this problem is found in using of an implant
fabricated from a strong composite material which will
gradually undergo resorption while the defect is filled
with regenerating bone tissue.

The first fixation devices for osteosynthesis
made from biodegradable materials have been
available since the early 1980s [48, 49]. However,
their use for fracture treatment has not been widely
accepted yet due to a number of reasons. A few types
of biodegradable orthopedic implants available are either
not intended for management of fractures, or do not meet
the requirements of the AO/ASIF principles in terms
of their properties and application methods [50-52].
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Nowadays, it has become possible not only to obtain
biodegradable materials with strong mechanical properties
and an optimal degradation profile for fracture management,
but also to produce structures close to classical metal fixators
in sizes, what enables to consider biodegradable fixators
of the latest generations as their full alternative [53, 54].
However, most of the researches are still devoted to either
products or materials of early generations not related to
osteosynthesis of limb bone fractures. Very few publications
describe practical aspects of their use [55, 56].

Materials that undergo degradation due
to the physiological effects of body tissues can be
conditionally designated as biodegradable, including
bioabsorbable and bioresorbable. Biodegradable materials
is a wide group and is defined as a community of materials
that undergo decay due to the physiological effects of body
tissues on them (in vivo), regardless of the removal
of degradation products from the body [56, 57]

In 1966, Kulkarni et al. [58] reported the results
of a study on the biocompatibility of polylactic acid
(PLA) and its stereoisomer (Poly-L-Lactic Acid,
PLLA). In 1971, the first result of a medical evaluation
of the polymers in suture, rod, and film form was also
presented [59]. The requirements for orthopedic fixators
made of biodegradable materials were formulated later:
adequate fixation of bone fragments and/or soft tissues
to the bone implant must retain mechanical properties
within the estimated consolidation period; degradation
period should not be too long to avoid the problems typical
for metal fixators; implant must be made of materials that
are completely safe for humans: non-toxic, non-antigenic,
non-pyrogenic and non-carcinogenic [60-65].

The group of polymeric biodegradable materials
for osteosynthesis includes polyesters based on lactic
and glycolic acids, polycaprolactone, as well as their
co-polymers, which can be characterized as bioinert
bioresorbable. The degradation of these compounds
proceeds mainly along the hydrolytic path. However,
it also partly occurs enzymatically, mainly after
the hydrolytic decomposition of the molecule into relatively
small fragments due to the enzymes of phagocytes,
macrophages and neutrophils, while the end products of
decomposition are CO, and water [66-72]. As a material
for the manufacture of orthopedic fixators, PLLA is
of main interest. It has a high crystallinity, hydrophobicity
and retains its properties for a long time, sometimes even
too long (up to 5 years or more), is non-toxic and does not
elicit an immune response [73].

The PLLA strength for compression is 80-500 MPa,
the tensile strength is 45-70 MPa, the elastic modulus is
2.7 GPa, that are close to the values of the human bone
tissue, which for the cortical bone are 131-224 MPa,
35-283 MPa and 17-20 GPa, respectively, and for spongy
bone 5-10 MPa, 1.5-38 MPa and 0.05-0.1 GPa, relatively.
PLLA products retain their original mechanical resistance
for at least 3 months after implantation; degrade within
24 months. In some cases, after 4 years of implantation
in the tibia, only initial surface signs of screw erosion were
noted, what makes us consider that products made from
pure PLLA are conditionally biodegradable [48, 71-74].
PLLA of high crystallinity degrades very slowly, while

being inferior in strength to both polyglycolic acid (PGA)
and biostable materials (metals). By combining PLLA
and PGA, it was possible to solve the issue of relatively
insufficient strength of the promising copolymer containing
polylactic and glycolic acids [55, 56, 74-81].

Polylactic acid screws and pins are used in the clinical
practice for fixation of small bone fragments
in intra-articular fractures, fractures of the ankles and
tibiofibular syndesmosis, bones of the wrist joint [75, 77].
In most fractures of the upper and lower extremities,
it is not possible to ensure the stability of bone fragments
only with such degradable implants. The economic effect
of the use of biodegradable materials in fractures of various
locations, including ankle fractures, was estimated
by Bostman et al. and ranged from 410 to 903 US dollars
due to minimization of repeated surgical activity needed
for the removal of metal implants [81, 82]. The terms
of fracture union remain standard [83, 84].

To obtain a real opportunity to stimulate osteogenic
processes, a number of researchers propose to add special
inductors (fillers) to the composite material as matrix
for transplantation of stromal progenitor cells, native bone
marrow cells [85, 86].

Several biocomposite materials containing bone
collagen and bone sulfated glycosaminoglycans
of animals and humans have been developed in Russia
in order to restore bone defects: Biomatrix - bone
xenocollagen and bone sulfated glycosaminoglycans;
Allomatrix-implant - bone allocollagen and bone
allosulfated  glycosaminoglycans; Osteomatrix -
biocomposition based on natural bone components
xeno- or allocollagen, sulfated glycosaminoglycans
and hydroxyapatite; CollapAn - a calcium-phosphate
biocomposite material based on synthetic hydroxyapatite,
collagen and an antibiotic [86-92].

These materials have porous and cellular structure
corresponding to the architectonics of native cancellous
bone. Such a structure provides not only volume
maintenance in the defect due to elastic properties, but
also an optimal opportunity for penetration and ingrowth
of connective tissue cells, blood vessels and bone formation
into the implant [88, 89, 92]. However, for all their
advantages, they do not have the necessary mechanical
characteristic of native bone tissue.

Osteomatrix is used in dentistry to replace bone defects
formed after the removal of cysts and teeth. It was shown
that 3 months after surgery the bone defects were actively
filled with young bone tissue [91]. Good clinical results
were also demonstrated for the CollapAn. In the area
of the defects filled with CollapAn, the cortical layer and
the medullary canal gradually formed by the 4-5" month,
along with an increase in the intensity and uniformity
of the callus. It was well tolerated; there were no cases
of rejection and allergic reactions. In fracture treatment,
an endosteal callus with a small periosteal component
occurred by the end of the 4™ week after the operation.
The use of CollapAn in delayed fracture union and
nonunion contributed to the formation of callus, mainly
in its periosteal part, by the end of the 6-8" week after
the operation. On average, by the end of the 8-9" month,
bone consolidation was confirmed [92, 93].
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Western European and American firms have developed
a whole series of calcium-phosphate-collagen composites
for filling bone defects or synostosis of vertebrae in order
to replace autologous bone material in surgical practice.
Thus, Collagraft®, a composite of collagen and biphasic
calcium phosphate ceramic, contains highly purified type I
collagen and biphasic calcium phosphate, which consists
of 65 % hydroxyapatite and 35 % tricalcium phosphate
ceramic [94].

Hydroxyapatite-poly-L-lactide (u-HA-PLLA) composites
contain poly-L-lactide (PLLA). When u-HA-PLLA-composite
rods were implanted into the subcutaneous layer, their
bending strength retained 85 % of the original value after
8 weeks and 80 % after 25 weeks, while after 25 weeks
the molecular weight of the rods decreased to approximately
20 % of original [95]. It was reported [96] that complete
degradation of u-HA-PLLA composite rods for bone fixation
happens approximately 4.5-5 years after implantation.

Beneficial properties of u-HA-PLLA composites enable
to use bioresorbable devices made from them for internal
fixation in bone fractures, orthopedic reconstructive and

restorative operations. However, all degradable products
based on PLLA have a significant drawback. In the course
of degradation, the acidity of the environment of surrounding
tissues increases, which negatively affects the processes
of reparative regeneration of bone tissue and, consequently,
the terms of fracture consolidation increase [97].

In order to eliminate this issue of implant
degradation, the researchers at Tomsk Polytechnic
University (Russia) together with researchers
from the Ilizarov center (Russia) proposed to use
polycaprolactone (PCL) as an implant matrix. Products
from PCL with the inclusion of hydroxyapatite
(from 10 to 50 wt %) were studied in the treatment
of fractures of long bones in animals, treatment of bone
defectsandexperimentallimblengthening. Experimental
studies revealed a high biological activity of this new
type of intraosseous implants: pH of the environment
remained at the level of 6-7, bone union of tibial
fractures occurred within 1 month, external fixation
index for limb lengthening did not exceed 20 days/cm
in monofocal procedures [98].

CONCLUSION

Thus, ceramic polymer composites are commercially
available nowadays for treatment purposes.
The combination of inorganic and organic components
seems reasonable for designing in bone reconstruction
surgery. Although autografts and allografts are still
widely used due to the lack of artificial materials, some
hydroxyapatite-polymer composites are attractive due
to their similarity to the structure and properties of the bone
tissue and osteoinductive activity. The use of materials
depends both on medical and biological characteristics
of a bone defect and particularities of underlying pathology.
Variability of clinical problems requires a large range
of biomaterials and implants on their basis.

The main objective of tissue engineering in the field
of orthopaedics should be construction of implants serving

Conflict of interest The authors do not have conflicts of interest.

as three-dimensional structures to guide cell migration,
proliferation and differentiation along with mechanical
support. Association with bone morphogenetic proteins,
growth factors enables proliferation and differentiation
of cell types of the targeted bone tissue. Tissue-engineered
implants must be biodegradable with a controllable
degradation rate to compliment cell/tissue in-growth and
maturation.

The manufacture of implants should easily and efficiently
reproduce various shapes and sizes. They have to ensure
bone union in non-complicated fractures within three
to four weeks and stimulate bone healing in lengthening
procedure after two to three weeks of fixation phase.
Osteoiductive implants should accelerate mineralization
of newly formed organic matrix of a lengthened bone.
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Bxanad aemopos:

TTorkoB A.B. npemyioxxu npezncrasieHHyto uzero. [Tonkos A.B. u ITonkos [I.A. cobpany 1 MpoaHaIM3UPOBasM JaHHbIe. ABTOPbI OOCYIMIIU Pe3ybTa-
TBI ¥ BHEC/IM CBOJI BKJIAJ, B OKOHYATE/IbHYIO BEPCHUIO PYKOIUCH.
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