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Poccuiicknii HayyHo-ucc/Ie10BaTe]bCKHH HHCTUTYT TPAaBMATOJOTHH U oproneann uMm. P.P. Bpenena, Cankr-IlerepOypr; ° xkadeapa
conpoTuBjeHust MmatepuaynoB (3aB. — mnpod. B.E. MeabnukoB), Cankr-Ilerepdyprckuii rocyiapcTBeHHbIH MOJHTEXHHYECKHI YHH-
BepCHTET

B o0630pe nuTepaTypbl paccMoTpeHa C MO3ULMA (YHKLMOHaNbHO-GMONOTNYECKON LienecoobpasHoCTM B3aMMOCBSA3b Mexay
nepapxueit CnupanbHOW OpraHW3aUnn CTPYKTYPHbIX 3NEMEHTOB ckeneTa M ero MexaHU4yeckuMmu CBOMCTBaMW. BbiaeneHsl cre-
Aylolue nepapxuyeckne ypoBHU CMMPanbHON OpraHu3aLnumu CTPYKTYp CKeneTa: KOnnareHoBble LEenu, KoNnareHoBble MOnekynbl,
MUKpoMBpUNNbl, GUBPUNNLI, KONNareHoBble BOMOKHA, CEeTb OCTEOHOB W OpraHu3auus MakpoCTpyKTypbl kocTed, obecneyu-
BalowWas ckpyyuBalowmin adeKkT npu Harpyske. dTa cnupanbHas opraHu3auus CO3faeT YCNoBWS, MPWU KOTOPbLIX HanpaeneHus
rOCMOACTBYIOWMX CUN B KOCTW 06bIYHO HE COBMAAAIOT C HanpaBneHueM NPoAoNbHbIX 0Ceil KpucTannuTos. B pesynbTate BO3HUKaeT
aedopmauus, obycnosneHHas CABUTOM MEXAY COCeAHUMM KpUCTANnMTaMu, KOTOPYI HAaANEeXWT yunTbiBaTb Hapsagy ¢ Aedopma-
uMeit pacTsxeHnsa-cxaTus. AT 0COBEHHOCTM NexaT B OCHOBE HaHOYPOBHEBOro MexaHu3ma, obecneynBalollero MexaHuyeckue

CBOWCTBA KOCTHOW TKaHMW.

KarueBble ciioBa:

MexaHnu4yeckne CBOWCTBa cKeyeTa, obecredu-
BAOIIME BBINOJHEHNWE OMOPHOW (YHKIMHM M TIepe-
MEIICHHS Tela B MPOCTPAHCTBE, OCTAIOTCS B LIEHTpE
BHHMAaHHs OCTEO0JIOOB, OPTONEIOB, TPaBMAaTOJOI'OB
U Apyrux cneuuanuctoB [22, 32, 51]. B uucne npo-
Yero 3TO 00YCIOBJIEHO TEM, YTO MOA BIHMSHHUEM psla
HEraTHBHBIX (PAKTOPOB B YCIOBUAX CTApeHUS U pas-
BUTHS TMaTOJOTHYECKUX TIPOIIECCOB MEXAHHUYECKHE
CBOIICTBAa KOCTHBIX CTPYKTYp yXyawarorcs [29, 33,
45, 46, 52]. B ocHOBe 3TOro yxXyAIIEHUs Jexar
yIBTPacCTPyYKTYpHBIE CIBUTH. VIMEHHO WX JIOKaJIbHOE
HaKOIUICHHE BBIIIE KPUTHYECKOI'O0 YpPOBHSA MPHUBO-
JUT K CHIDKEHHIO MEXaHWYECKHX CBOMCTB M, Kak
CIIEICTBHE, K YBEIMYCHHUIO PHCKa MHepesioMa KOCTeH
[17-20]. IIpumepoM SABISIOTCSA Pa3pbIBBI LeNed KOJ-
nareHa (DeHAaTypauMs MOJEKYJ), BO3HUKAIOIIHME IpH
dbopmupoBaHuu ocreouna [52-54].

B koHTekcTe HacTosmeld paboThl MOAOOHAs JeHa-
Typaunusi SBISETCA OOHUM W3 (AaKTOPOB Hapylle-
HUS YNOPSAOYEHHOCTH HEPApXMUECKOH OpraHu3aliu
CTPYKTYp CKejeTa, B OCHOBE KOTOpPOH JeXaT CIu-
pajbHBIE MOJIEKYJBl KOJUIareHa M popMHupyeMble UMHA
¢bubpwIsipHBIE 3JEMEHTH. Benymas cTpyKTypHO-
(yHKIHOHAIbHASA POJIb 3THX KOJUIATCHOBBIX 3JIEMEH-
TOB CBsI3aHA C TE€M, YTO OHH COCTAaBIISIOT HE IPOCTO
OCHOBHYIO Maccy OpraHH4ecKOro MaTpHuKca, HO H
(GbopMHUPYIOT BOJOKHUCTYIO CTPYKTYDPY, OPHEHTHPO-
BAaHHYIO OIpEICNIEHHBIM 00pa3oM K MEXaHHYECKHM
Harpy3kam [40, 48, 55]. Tem cambpiM OHM ompene-
NS0T OPHECHTAIMIO OCTAJIBHBIX HHTEPCTHLIHAIBHBIX
sneMeHTOB [5]. CnegoBaTenbHO, PACCMOTPEHHUE POJIU
HepapXUYecKOl OpraHM3alliM CTPYKTYp CKelleTa OT

CKeriem, KOCMb, KOCMHasa MKaHb, cnuparnbHaa opeaHu3ayud

yJIBTPa- 1O MakKpOYpPOBHS C OMOJIOTHYECKOH MO3UIHNA
nxX (yHKIMOHAJIBHON mHenecoo0pa3HOCTH SBISETCS
(GyHAaMEHTAIbHBIM 3JEMEHTOM IOHUMAaHHS B3aUMO-
CBS3M CTPYKTYpH M (YHKIMM pa3IMYHBIX COCTaB-
JAIOMUX CKeJeTa.

lens HacTosimero o630pa — paccMOTpPETh ¢
MO3UIMKA  (YHKIHMOHAJIBHO-OMOIOTHYECKON Ieneco-
00pa3HOCTH B3aMMOCBS3b MEXIy Hepapxueil cuu-
paTbHOW OpPTaHM3ALNU CTPYKTYPHBIX BJIEMEHTOB CKe-
JIETa U €ro MEXaHWYECKHMH CBOMCTBaMHU.

B Hacrosmee BpeMs MOXXHO BBIJCIHTH ClIETyIO-
mHe MepapXxuiecKue YpPOBHH CIIMPAJbHON OpraHu3a-
LMK CTPYKTYp CKelera:

1) cnupanpHas oOpraHu3anus KOJIIAreHOBBIX
uene [16, 27];

2) cmnupaidbHas OpTraHU3AlHs KOJIAr€HOBBIX
mosekyn [16,27,39,43];

3) cnupanpHas oOpraHu3anus KOJUIaT€HOBBIX
Mukpopudpumn [12, 13,50];

4) cmnupanbpHas OpraHU3alHs KOJIIAareHOBBIX
¢ubpumn [12, 13];

5) cnupanpHas oOpraHu3anus KOJUIaT€HOBBIX

posiokoH [12, 13];

6) wWepapxus CHUPAIBHOW OpraHU3alUH CETH
octeoHoB [30, 42, 44]: a) ppelipyromuii OCTCOH;
0) crnmpanu3aius BHEIIHEH (OPMBI OCTEOHA IO €ro
MIPOJOIBHON OCH; B) CIIMpalbHAsE OPHEHTALUS OT/CIb-
HBIX CEMEWCTB OCTCOHOB Ha HMX COOCTBEHHBIX OCSX;
I') COUpaJbHAsT OPUEHTALHS CETH OCTEOHOB IO OTHO-
LICHUIO K MPOJIOJIEHOM OCH KOCTH;
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7) MaKpOCTPyKTypHas oOpranu3anus (opMEl
KOCTeH, obOecmeynBaromas CKPyYHMBAIOMUN 3P PekT
IIpy MeXaHu4YecKoW Harpyske [6, 14, 28].

IIpexne Bcero, HEOOXOIMMO NOAYEPKHYTH,
YTO CTPYKTypHas CHUpaJM3alusi »3JIEMEHTOB CKe-
JeTa SBISETCS COCTABHOH YacThIO HEpapXHUECKOH
CTPYKTYpHl ero opranmsamum'. I[109TOMY HpoBOIH-
MBI HMJKE aHAJIU3 YYUTBIBAET TOT (PAKT, 4TO KOCT-
Has TKaHb (opmupyercs nByx(daszHo: mepBas ¢asza
BKJIIOYaeT o00pa3oBaHME OPraHMYECKOro MaTpHKca

(ocTeonma) M BTOpass — €ro MOCIeAYrIIas MUHEpa-
nuzanus [25, 26].
CnupanbHasi OpPraHu3anus KoOJJIATeHOBBIX

ueneii, KosnmareHoBple 1enu CKpy4uMBarOTCS B JIEBO-
Bpamaromyt cnupans ¢ marom 0,95 HM B oTiuume
OT a-cIUpalu APYyTux OenKoBHIX memed (puc. 1, a).
Takoif OoOnpmION mIar B 3TOW INeNH NPEHATCTBY-
eT (OpPMHPOBAHHUIO BOJOPOAHBIX CBSI3€H MEXAy ee
cocelHUMH BUTKamu [16].

CnupajbHasi OpPraHu3amus KOJJAareHOBBIX
MoJieKyJd. Tpu JeBo3akpydeHHBIE KOJIJIAareHOBbIE
nenu, oOBWBas Apyr npyra, o0pa3yloT TpOHHYIO
cylnepcnupanb, 3aKpydeHHYIO BIIpaBo. BomopoaHbie
CBA3M MEXIY BHUTKAMH COCEIHMX MENed CKPEemIsioT
uX MoJ00HO 3aCTEXKE-MOJHHHM Ha OJEXAe, TAe Kax-
JI0€ 3BEHO 00JlaJjaeT MUHUMAJIBHOM INPOYHOCTHIO, a
BCe BMecTe — cymiectBenHoir’. Illar Takoif cymep-
CIupanu cocTaBisieT okoso 10 HM TpH TOJIIKHE
Bcero sumsb 1,5 HM (cMm. puc. 1,6). Ctonp BeIcOKas
IJIOTHOCTh YKJIAJAKH OOYyCIIOBICHA HAJIMYUEM OCTaT-
KOB TJIMLMHA, PaAWKal KOTOPOTO IPEICTABIEH aTo-
MOM BOJOpPOJia M MO3TOMY JIETKO yMeIlaeTcs BHYTpPH,
TOTJa KaK paguKaibl OCTAIbHBIX aMHUHOKHCIOT o0pa-
IIeHBl KHapyXXW. JTa TpOWHAas CHupalb — TIJIaBHAs
OTJINYNTENbHAs YepTa MOJIEKYJbl TPOIOKOJIIAreHa,
SIBIISIIOLIENCS CTPYKTYpPHOW €OUHULEH BCeX THUIIOB
BOJIOKHUCTBIX KOJUIAT€HOBBIX OOpa30BaHMH B MEX-
KJIeTOYHOM BemecTBe [16, 21].

PaccmoTpeHne Tpex MOCIEAYIOIUX YPOBHEH
OpraHu3aly BOJIOKHHCTBIX KOJIJIAaT€HOBBIX CTPYK-

' JTH cnupajbHble CTPYKTYPbl Heo0xoaumo auddepenuuposarts
B COOTBETCTBMM C YPOBHSIMH HepapXH4ecKoi OpraHu3auuu
CcKeJleTa, TAK KaK OHM SIBJSAIOTCH MX 3jeMeHTamH. B Hacrosi-
1mee BpeMsi BBIAEJNSIIOT 7 TaKHX ypoBHeil [3]: MojekyJasipHbIii,
HAJAMOJICKYJISIPHBIii — 00beIMHEHHEe OPraHMYeCKHX MOJIeKYJ
B HaJMOJIEKY/IsIpHbIe KOMILIEKChl ¢ BKJIIYEHHEM B HX COCTaB
MHHEPAJIOB, TKAHEBbIii — O0O0beJIMHEHHE HAAMOJEKYIAPHBIX
KOMILIEKCOB B KOCTHbI¢ TKaHEBble CTPYKTYpnl (rpyooso-
JIOKHHCTAasi M ILUIACTUHYATasi KOCTHbIe TKAaHM), CTPYKTYpHO-
GyHKUMOHAIBbHBIHE — 00beAMHEHHE KOCTHBIX ILUIACTHHOK B
OCTEOHBbI U TPAOEKYJbI.OPraHo00pPa3yIHX CTPYKTYP — 00b-
e/lHHEHHUE OCTEOHOB M NOJYOCTEOHOB B KOPTHKAJIbLHBIA ci0i
(KOMIIAKTHOE BellecTBO) M ryéyaroe BelmlecTBO, OPraHHbIH —
o0beMHeHNEe TI'y0YaTOro BellecTBA M KOPTHKAJIbLHOIO CJ0sl B
KOCTh KaK OPraH, CyHepOpPraHHblii — oO0belMHeHHe KocTeil B
eINHBbIIl KOMILIEKC (CKeJer).

9To0 ofpa3Hoe BbIpasKeHHE O 3aCTeKKe-MOJHHH NPUHALIEKUT
npod. U.I'. lllepéaky, KOTOPBIH HCHOJb3yeT ero Ha JIEKIHAX
ISl CTYACHTOB NPH 00CYKACHHH 3TOW NMpobdeMbl.
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TYp OCYIIECTBJICHO HM)XE B OIHOM II0Jpasjeie, TaKk
KaK B aclleKTe HacTosmleidl pabOTHl NMPUHIUIIHAIBHBIC
CXEeMBl UX IPOCTPAHCTBEHHOW OpraHM3amuu OJIM3KH.
CnupajgbHast opraHusanusi MHUKpouodOpuLI,
Gubpuna M KONIAreHOBBIX BOJOKOH. Mukpo-
@ubpu.enel co3maroTCA JTaTepalbHOW arperammeit 4-5
MOJIEKYJl KOJUIareHa C MpPOJOJbHBIM CMEIIEHHEM II0
OTHOIIGHMIO JPYr K Apyry Ha V4 [UIMHBI MoJIe-
Kynel. B pesynerare ¢opmupyeTcs HX XapakTep-
HBIH MOP(OJIOTHUYECKUH MapKep — IepuoandecKas
HNCYEPUYEHHOCTh. JTO CMELICHHE BBI3BAHO TEM, YTO
AMUHOKHCIIOTHl 10 JJWHE MOJIEeKylbsl oOpasyor 4
NPUMEPHO OAWHAKOBBIE ydacTKa, TIAe mpeobiana-
I0T 100 MOJOXHUTEIbHBIE, MO0 OTpUIATEIbHBIE
3apsanbl. CBA3BIBasACh Pa3HOMMEHHO 3apsDKCHHBIMHU
30HAMHU, OHM CMEIIAIOTCS OTHOCHTEJBHO IPYT Apyra
Ha yKa3zaHHYIO !4 ninuHBI MOJieKyJsbl. B pesynbraTe
MIPOMCXOIUT HM3MEHEHHE XapaKTepa paclpeaesieHus
COBOKYIHOTO 3apsiia BJOJIb JUIMHHOM OCH MHKpO-
¢uOpMLIBI, YTO, B CBOIO O4Yepeab, OOecIeYMBaCT
n30UpaTeNbHOCTh aACOpPOLMH TIIMKO3aMUHOTIIMKA-
HoB® [12].
Quobpunnsl  GOPMHUPYIOTCS  ITIYTEM HHTETPally
MUKPO(HUOPHUIIT ¢ MOMOIIBIO TJIMKO3aMUHOTJINKAHOB.
Huametp ¢ubpunner xomednercs or 20 go 400 HM.
MTOBTOPSIEMOCTh OJMHAKOBBIX
10 YCTPOHCTBY (parMeHTOB CTPYKTYpHI, COXpa-

HepI/IO,Z[I/I‘IHOCTB, T.C.

HSETCS Ha TMPOTSDKEHWHM BCeH UIMHBI (QUOPHUIIHI.
@uOpMIIIBI OKPYKEHBI INPOTCOTIMKaHAMH, aJICOpOU-
pOBaHHBIMHU Ha UX HoBepxHocTH [12, 13].

Bonoxkna  popmupyroTcs  myTeM — arperanuu
GuOpPMII, KOHTAKTHPYIOIIHX MEXIy co0oi 3a cuer
CBOMX IIPOTEOINIMKAHOBEIX «000J0YeK», o0pasyro-
IAX «30HBI KOHTaKTa». BOJIOKHAa HMEIT AHameTp
0,5-20 mxm [12, 13].

XapakTepHbBIM  INpPHU3HAKOM  MHUKpoduOpui,
¢GuOpPUIII ¥ BOJOKOH SIBISICTCS WX BBITAHYTas CIH-
panbHas ¢opma. OcCOOEHHO OTYETIHBO CHUPAITb-
HOCTb JIEMOHCTPUPYETCS C MOMOIIBI0 CKaHUPYIOUIEH
3JIEKTPOHHOM MuKpockonuu [12, 13].

IpocrpancTrBenHass crabuausaunus
PANbHBIX CTPYKTYP OPraHH4YecKOro MaTpHKca.

dopmupoBaHUe OPraHMYECKOTO MAaTPHKCa IPOHC-

cnm-

XOJHUT MyTeM CaMOCOOpPKH MOcie BHYTPHUKIECTOYHOTO
CHUHTE3a €T0 KOMIIOHEHTOB M MX CEKPEIMH BO BHEKJIE-
TOYHYIO cpely. B mpomuecce 3Toit camocOopku co3na-
eTCsl BOJOKHHCTBIH KapKac MaTpHUKca C XapaKTEepHOH
JUIS KOCTHOW TKaHM HPOCTPAHCTBEHHOHW OpraHM3allu-
eil. [TomyTHO B 3Ty CTPYKTYpYy BCTpamBaeTcCs oOIpeje-
JEHHBIH Ha0Op pa3aMYHBIX OPraHWYECKUX MaKpo-
Monekyn [24, 36, 49]. PesymwsraThl camocOopkm

' Ilo HameMy MHEeHHIO, TaKas H30MpPaTeJbHOCTh ofecHevuHBaeT
NPOCTPAHCTBEHHYI0 CHUPAJIbHYI0 OPHEHTANHUIO MOJIEKYJ TIIHKO3-
AMUHOIIHKAHOB, HOBTOPSIIONIYI0 CHHPAJTLHYI0 OPTAaHH3AIHUI0 MH-
Kpoduépuii.
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Puc. 1. BapuaHTBhI CHHPAJTbHON OPraHH3aNHH CTPYKTYP H QHKCANMH MPOCTPAHCTBEHHON CTPYKTYPBI KOJLJIareHa MO JAHHBIM Pa3JIHYHBIX

aBTOpPOB.

a — I — a-cnupans; II — xoiurarenoBas cuupais [16]; 6 — TpoifHas cynepcnupans Tpornokosuiarena [16]; B — gokanu3anus HepeKpecTHbIX

'cBsi3eil KoJulareHa B mpejeiax MUKpodpuOpuin (BBepxy) u MexGuOpHIIsApHBIX cBszell (BHH3Y) [38]; r — BHYTpHUQHUOPUILIAPHBIE CIHPAIBLHO

3aKpYy4YCHHbIC MJIACThl KPUCTAJIUTOB, OPUCHTHPOBAHHBIX O yrioM 8-25° k ocu Gpubdpuimi [9]; 1 — cTPyKTYypHO co3peBaromuii apeidyomuit

ocTeoH (Bepxymka). Minmoctpanust CTpoeHUst GOPMHUPYIOMErocss OCTEOHa B Pa3IMYHBIX TOYKAaX BO BpeMeHH. bykBamu 0003HaueHa MOCIIENO-

BaTEJNbHOCTh IPOLECCA; CTPEIKH — HampasieHue apeiida [44].

3aKPEILISIOTCS MEXKMOJICKYJIIPHBIMA KOBAJICHTHBIMH
cmuBkamu [1,2, 10,23,37,38,41].

BapuaHTamMu TakKuX CHIMBOK SBISAKOTCS Iepe-
KpPECTHBIE CBS3M KOJUIareHa, KOTOpPbIe MMEKT CyIe-
CTBECHHOE 3HAa4YeHHE JJIsI OMOMEXaHHYECKOW WHTerpa-
MK KocTu (cM. puc. 1, B). OHu obpa3syrores pepmen-
TaTHBHBIM IMyTEeM NpuU (OPMUPOBAHUU albJICTHIa H3
JU3UHA TEJNONENTHIA WIH OCTATKOB TMIPOKCHIM3NHA.
Hespenble KeTOMMHHHBIC IIEPEKPECTHBIC CBS3H B
KOCTH BO3HHKAIOT Yepe3 KOHACHCALMIO albAeruja
TEJONENTHIA C JIN3UHOM WM THAPOKCHIM3UHOM CIIH-
panu. Ilocnenyroiee co3peBaHHE IMONEPEYHBIX CBS-
3eil 10 MUPUAMHOIMHA U MUPOJUIA IPOUCXOIUT B peak-
UM KETOMMHHOB C ajbAerujgamu Tenomentuaa [38].

JpyruM mpumepoM CcTaOHIH3allUA TMPOCTpPaH-
CTBCHHOU CTPYKTYpHI sBISETCS (PUKCAIMSA KOBAJICHT-
HOW CBS3BI0 KOCTHOTO CHAJONPOTEHMHAa Ha anbda2
[emoYKe KOJJareHa BHYTPH MEXOUOPHUILIAPHBIX
otBepcTuil [34]. DTOT 0OeNOK SABIACTCS OCHOBHBIM
HYKJICaTOPOM IIpollecca Kpuctamnu3anuu. Ha Hero
npuxogurcs 8-12% oOmero koJm4ecTBa HEKOJJIAre-
HOBBIX OenkoB [35].

I[Mocne ¢opmupoBanus octeouga u (HUKCAUH
€ro MPOCTPAHCTBEHHOW CTPYKTYPHI KOBAJICHTHBIMU
CBA3SIMU 3aKaHYHMBAETCS IepBas da3za W HaAYMHACTCH
BTOpas — MHUHEpaTH3aIus.

@opMHUpPOBAHHE COHPAIBHBIX CTPYKTYP MHHe-
panbHoro wmatpukca. CHupanmm3anui CTPYKTYp
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MHUHEPaJIbHOTO KOMIIOHEHTa O00EeCIeYMBaIOT 2 Mexa-
[lepBriit — wWHHUOHWAIUSA QOPMHUPOBAHUS
THAPOKCHANIATHTA IyTeM SIHMTAKCHH Ha OpraHHde-
ckoit matpuue [35J u BTOpoii — 0Opa3oBaHHME HOBBIX
KPHUCTAJIJIUTOB Ha paHee COOPMHUPOBAHHBIX TaKkKe
nyteM snutakcuu [4, II]. IlpocTtpancTBeHHass opu-
SHTAIUs 3TUX MHHEPAJIbHBIX CTPYKTYp obecnedmBa-
eTCsS OTMEYECHHOH BBIIIE KOBAJEHTHOW (Qukcannent
¢dochonpoTrenHoB Ha KoJjareHe. MIMeHHO 3TO ycio-
BUE JIEKUT B OCHOBE CTPOrOTO IMPOCTPAHCTBEHHOTO
JNETEPMUHHUPOBAHMS ydyacTKa MHWLHALMU TEPBUYHOTO
MHUHEpaja 10 OTHOLICHHIO K JPYIHM CTPYKTypam
OpraHMYecKoro MaTpukca. B pesymnbpraTte BO3HHKa-
eT HeoOXxoxuWMas HaNpaBIEHHOCTh KPHCTAJINUTOB
M0 WX OCSIM C, a, b (IIWHA, OIUPUHA, TOJIIHHA).
[Tocnenyromue MUHEpanbl pacTyT Ha IEPBUYHOM
KPHUCTAJIJINTE COOTBETCTBEHHO PACIOJIOKEHHUIO €ro
oceif, GopMupys KomnaHapHoe® oObeauHenue. Ocu
CIEAYIOIEro, psAOM pPACIOI0XEHHOTO MHHEPaJIbHO-
ro KOMIUIEKCA OIPEACNAIOTCS YK€ INPOCTPaHCTBCH-
HBIM PpACIIOJIOKEHHEM COCEIHEro IeHTpa HHHUIHA-
. CrenoBaTenbHO, BO3MOXEH HEKOTOPBIH CIBUT
HalpaBleHUs OCEH MO OTHOIICHWIO K HPEIBIAYLIEMY
KOIUTaHapHOMY oOBbeanHeHHI0. B pesynsrare Gpopmu-
pPYIOTCSl TakWe BapHaHTBl CTPYKTYpPBhl MHUHEPaJIbHOTO
MaTpUKca, KOTOpbIE SBISAIOTCS 3alporpaMMHpPOBAH-
HBIM OTP&)XEHHEM CHEeHU(HUKH TPOCTPAHCTBECHHOU
OpraHu3aliy JaHHOT'0 y4acTKa OPraHMYECKHX CTPYK-

Typ [3,4].

MuKpoOCTPYKTYypHOe O0ObeAHMHeHHMEe MUHepa-
JI0B. MuHepansl paclojaraloTcs B OCHOBHOM Bellle-
ctBe BHeQUOpMWILIIpHO W BHYTpupuOpuminsipao. B
MEXQPUOPWILIAPHBIX TPOCTPAHCTBAX OOBCAMHCHUS
KPHCTAJUIMTOB, NpPWIEralolue K KOJUIATeHOBBIM
¢ubpuniaM, OKpyXawT uX, (GOpMHUPYS MaHKET-
KM, M KOHTAKTHPYKT C BHYTPHPUOPHIIAPHBIMHU
o0benuHeHMsIMH. Ha OTHalNeHuH OT KOJUIareHOBBIX
GuOpHUIT KPHUCTATIUTE 00pa3ylT KOHTJIOMEPATHI,
B KOTOPBIX OHH OPHUCHTHPOBAHBl B OJHOM HalpaB-
neHun. [lo OTHOWIEHHWIO OPYyr K JAPYry O3TH KOH-
TJIIOMEPAThl PACHOJIOXKEHBI TOJ PA3HBIMH yIJIaMH .
BHyTpuduGpunIsipHble 00BEANHCHHS KPUCTAIIUTOB

HHU3Ma.

' B 1928 r. pas ommcaHus mpoueccoB (GOPMHPOBAHHS KPHCTAJ-

JIOB M UX OPHEHTAIMOHHOrO pocTa Pyaiie BBel TepMHH «dNHU-
Takcus». Ilo cyTH, 3To mponecc CHHTe3a MHHepaJia Ha MaTpHIe
¢ 3aJaHHBIMH YCJIOBHSIMH. PasHuma Mekay mapaMeTpaMH KpH-
CTAJIHYeCKOl pelIeTKH ofpa3ylolmerocsi KPUCTALIa H mapaMe-
TpaMH OpHEHTHPYIOINeli MATPHUBI He JOJKHA NPEeBBINATL 9%
7 (1]
Konnanapubele CTpYKTYphl — 0O0beJHHEHHE KPUCTA/LINTOB
«KOHEI B KOHEI» HIH «00K B 5OK».
Iono6Hoe BHepHOPHILISIPHOE PACHOJIOKEHHE KOHIJIOMEPATOB
10/ Pa3HBIMH YIJIAMH APYT K APYTy THNOTETHYECKH MOXKHO pac-
CMATPHBATh KaKk (parMeHTapHOe NpOsSIBJIeHHEe CIHPAIH3ANHH
BHe(pHOPHIIAPHO PACHOJOKEHHBIX MEKKJIETOUHBIX CTPYKTYP.
9To sfBJIseTcs CYHeCTBEHHBIM OTJIHYHEM OT BHYTPH(HOpHI-
JIIPHOTO PACHOJIO:KeHHsI, Ile OHH (OPMHPYIOT HelpepbIBHbIE
CHHpaIn.
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00pa3yloT psa napaedbHBIX, CIIHPAIbHO 3aKpydeH-
HBIX IUIACTOB, KOTOPHIE OPHUEHTHUPOBAHBI MOA YTIOM
8-25° x ocm ¢ubpmmn. OtrnenbHBIE OO0BEIUHCHUS
MUHEPaJOB CBS3BIBAIOT COCEAHHE ILIAacThl, obecrie-
YUBas HENPEPHIBHOCTh MHHEPAIHHOTO KOMIIOHEHTA
¢ubpmin 1mocne ymaneHWs OPTaHWYECKOH COCTaB-
nsonien [8,9].

CnupajibHasi OpraHM3anusi CceTH OCTEOHOB,
COTJIaCHO pe3yibTaTaM (yHIaMEHTAJIBHOTO HCCIENO-
Banus J. Cohen m W. H. Hakris [30], umeer mMHOTO-
YPOBHEBBIH HMepapxXxHueckuil xapakrep. PaccMoTpum
MIOCJIEJOBATEIBHO KaXABIH U3 3THX YpPOBHEH.

Hpeugyrowui Hpeiipyromuit  ocTeoH
[44] (mepBOHaYanBbHO HA3BAaHHBIM «BAJbCUPYIOIHII
octeoH) [311 ObLT ompenelieH Kak TaBepcOBa CHCTE-
Ma (OCTEOH), B KOTOPOH INPOMCXOIAT HEIpephIBHAS
pe3opOIusl Ha ONHOM CTOPOHE M HempepbeiBHOE (op-
MHUpOBaHWE — Ha Jpyroi. B pesynbrate «Banb-
CHUPOBAaHHA» OCTEOHA CKBO3b KOPTHUKAJIBHBIH CIIOH
OH CTAHOBUTCS CTJIA)XEHHBIM B OJHOH IUIOCKOCTH H
YIUIMHEHHBIM Momnepek 3Toi miockoctu [31].

Cnupanusayus enewnel @Gopmvl ocmeona no e2o
npooonvHoti ocu. Ha mocimenoBaTeNbHBIX IOIEped-
HBIX Cpe3axX BHUIHO, YTO OCTEOHBI OBAJbHBI, H Ooiee
JUIMHHBIA JUaMeTp MMeeT HeOOJIbIIyI0 CTENeHb Bpa-
IMeHNsT OT cpe3a K cpe3y. TpexMmepHas CTPYKTypa
OCTEOHOB TaKOBA, YTO BHEUIHWH KOHTYp MMEET Hepe-
TyJSIpHYIO OJJHOHANpaBleHHYI0 cnupanuzanuioo [30].

OCMEOH.

Cnupanvhas —opueHmayusi OMOENbHLIX CeMelicms
OCMeoHo8 Ha ux cobcmeenHvix ocsx. TpexmepHas
PEKOHCTPYKIUSI OCTEOHHOH CETH IOKa3bIBAeT Iepe-
KPYYHMBaHHE CMEXHBIX OCTCOHOB BOKPYT APYT Apyra.
OTO mnepemneTeHue INPOUCXOJUT B CETMEHTE Mpo-
TSDKEHHOCTBIO | MM mim Gojiee M B TOM € Halpas-
JICHUHW, 4YTO W CIHpaJibHAas OpHEHTAIUs BCceH ceTn
(o yacoBoif cTpenke U JIEBOH KOCTH U NPOTHB —
uia npasoi). Takoe mepemeTreHne, HaJOKEHHOE Ha
crupanu, (GopMHpPYyeT CTPYKTYpy, HAIOMHHAIOIIYIO
kabens [30,42].

Cnupanvhas opuenmayusi cemu OCMEOHO8 NO
omHuowenuio Kk npodoavhou ocu xocmu. CeTb 0OCTeo-
HOB pacrioyiaraercst CIHpajbHO BOKPYT IPOJOIBHON
ocH KOocTH. B OelpeHHO# KOCTH mIar BUTKa COCTaBIIs-
€T OKOJIO OJIHOH AecsATOl yacTtu ee OkpykHocTH [30].

MakpocTpyKTYypHasi opraHusauusi Qopmsl
KoOCTeH, odecneyuBaIOIIas CKPYYHUBa0 WM
3¢ ¢pexkT npu Mmexanuyeckoid Harpyske. Koctu cke-
jJera, MOMHMO OYEBHMIHBIX jAepopManuil pacTsKe-
HUS-CKATHS W n3rnda, UCHBITHIBAIOT OJHOBPEMEHHO
nedpopmanuio xpydenust [47, 48]. Bo3HUKHOBEHHIO
KpYTAILIEr0o MOMEHTa CHocOoOCTBYeT, B TOM YHCIIE,
ocobasi TPOCTPAHCTBEHHAss HMCKPHUBJIEHHOCTh KOCTH.
buonorndeckas HEOOXOAMMOCTh TaKOTO poOAa OCO-
OenHOCTEH CBsi3aHa ¢ OMOMEXaHMKOI cKeileTa, KOTO-
pas 3akirodaeTcs B cieaymoomeMm. lIpeamonoxum
nealn3upOBaHHbI OMOMEXaHMYECKUI BapHaHT, NpH
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KOTOPOM KOCTh TOJIbKO HM3rubaeTcs. B aTom ciydae
1o Bced ee jiuuHE cPopMHpoBancs Obl Tak Ha3bIBae-
MBI HEUTpanbHBIM CIOH, KOTOPBIA HE YIIUHAETCS U
HE yKOpayWBaeTCs, a JUIIb HCKpHUBIsACTCA. BOmu3m
9TOTO closA JedopManuu pPacTSKCHUS - CHKATHS
OJNIM3KU K HYJI0, TO3TOMY MEXaHOCCHCOPHEIE peIlem-
TOPHl OCTEOLUTOB B 3TON 30HE HE MOJYy4YyalOT MeXa-
HUYECKUX CUTHAJOB. B TakWX YCIOBHIX CIEIyeT
0XXUJATh PE30POIUI0 HEUTPAIBHOTO CIIOSA KaK MeXa-
HUYECKH OCCITOJE3HOTO, a 3TO, B CBOK OYEPEb, MPH-
BEIET K PE30pPOIMOHHOMY pa3JeJCHUI0O KOCTH Ha J[BE
YacTd Mo HelTpanbHOMY cioio [3].

OnHaKo B €CTECTBEHHBIX YCJIOBHSX HaJOXKEHHE
KPYTAIIET0O MOMEHTa o0ecrmeunBacT BO3HHUKHOBE-
HUE MO MOMNEPEYHOMY CEUYEHHMIO KOCTH KacaTeJIbHBIX
HampsokeHui. biaromaps mocIegHUM MOSIBISIOTCS
nepopmanuu pacTKECHUS-CKATUSI, HAIPaBICHHBIC
noj yriaom 45° k mpoJoJabpHONH ocu KocThu. B pe3ynbra-
T€ MEXaHOPEUENTOPhl OCTEOIUTOB MOIYyYaIOT MeXa-
HUYECKUE CHTHAJBI, U CTPYKTYpa KOCTH HE paspylia-
ercs [3].

DOYyHKIUOHAJbHAJIBLHAS OUOJOrMYecKas ueJe-
€c000pPa3HOCTh CHHMPAJIBLHON HepapXH4ecKoil opra-
HU3AaUUM CTPYKTYP ckeJjiera. [lepBoHauanbHO OCTa-
HOBUMCS Ha MEXaHU3Max, 00CCIMeUnBaOIUX 00BeIU-
HCHHUC BCEX KPHUCTAJUIUTOB KaXXJOU KOCTH B CIHHBIN
MUHEPAIbHBIA MOHOJHUT.

Hanoyposnesolii  mexanusm — 00veOuHeHus MuHe-
panvhelx cmpykmyp. Pazmepbl KpHUCTAJIMTOB Kpaii-
HE Manbl: mupuHa Kojiebiercs or 7,0 mo 15,8 HM,
ninuaa ot 13,0 mo 37,3 uM u TonmuHa ot 1,5 10 4,0 HM
[4, 7]. OHH COETUHSIOTCS «KOHEIl B KOHEI» HIH 00K
B 0OK», OJIHAKO TMOJIHOTO CIUSHHUS KPHCTAIIUYCCKHUX
pEUIETOK PAacHOJ0XKEHHBIX PSJOM MHUHEPaJoOB HE MpPO-
UCXOMUT. MeXay HUMH COXpaHsIETCS BOJHAS IUICHKA
[4, 8, 11]. DOta rugpatHas 000JI0YKa, KECTKO CIe-
IUICHHAs ¢ MHHEpalaMu, IPEJCTaBISICT cO00# amcop-
0aT Ha MOBEPXHOCTU ajcopOeHTa. B 3TuX ycrnoBusx
4acTh MOJIEKYJISIDHBIX CJOEB OCTAIOTCS HETOJBUXK-
HBIMH TIpM BHCIIHEM MEXaHHYCCKOM BO3JCHCTBHH.
OT0 BBI3BAHO TEM, YTO MOJEKYJBl BOJBI, 0ONanas
CYIICCTBCHHBIM JHIIOJLHEIM MOMEHTOM, BBICTpaWBa-
I0TCSI «B IEMOYKW» MOJ JeHCTBUEM DJJIEKTPUUYECKOTO
MOJIS KpPacBhIX HOHOB KPHUCTAJUIMTA. Takoe CTPYK-
TYPUPOBaHHE JIOTOJHHUTCIBHO CTUMYIUPYETCS TEM,
YTO BOJHBIA pPAacTBOp HAchIIIeH HoHAMU (QocdaTa
U Kalbl¥si, OJHOUMCHHBIMU C HOHAMHU KPHUCTAJLIH-
4yeckoil pemeTku aacopOeHTa. B urore crpykrypa,
dbopmupyromascs B BOAHOM PacTBOPE, UMEET MHOTO
00IIeT0 ¢ KPHUCTAIIMYECKOW PEMICTKON W MO CBOUM
MEXaHHYECKHM CBOWCTBaM MPHOIMKACTCI K TBEp-
nomy Tery. Takoil BapwaHT ancopONHMHM TPUBOIUT K
YBEJIMYCHUIO MIOTHOCTH XUJAKOCTH Ha 10% wu Ooiee
B CJIOSIX TOJIUHOW 3-5 MOJEKYISAPHBIX TUAMETPOB.
DTO CBUJETENbCTBYET O BEChbMa BBICOKOM YpOBHE
MEKMOJICKYJISIPHOTO MPUTSIKCHUs. IMEHHO ATH CHITBI
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OTpEeNEeNsIOT HEMallyl0 IMPOYHOCTH Ha pacTsDKeHUE,
NpUCYHIYI0 NaHHOMY BoAHoMy ciow [6, 11, 15].
Takum o00pa3om, BOAHBIH pacTBOp HOHOB Qocdarta
U KaNbIUs, HAXOISIIHACI MEXKAY KPHUCTAIIIUTAMH,
JEMOHCTPUPYET OTUETINBOE CONPOTHBICHHE OTPBIBY
KaK COOCTBEHHBIX YACTHUI[ APYT OT APYyra, TaKk U KpH-
CTAJUTUTOB U BOJHOMW TJIEHKH [6].

Bzaumocssnse  meoicdy  uepapxuyeckoii  cnupanb-
HOU opzanuzayuell KOCMHLIX CMPYKMyp U ux mexa-
HUuecKkuMu  cgolicmeamu. OTa B3aUMOCBA3b pac-

CMaTpUBacTCI B pa3pabOTaHHOW paHee HAHOYPOB-
HEBOU Tpéx(a3zHON MOAETU IIEMEHTApHOTO JOKyca
KOCTHO¥M TKaHu [6]. Monenb MO3BOJSIET OOBSACHUTH,
Mo4YeMy MNOAATIUBOCTh KOCTHOW TKaHU CYIIECTBEHHO
OoJIbIIC TOJATIUBOCTH THAPOKCHANIATHTA, COCTaB-
JSIOMIET0 OCHOBY KocTH. COTJIaCHO yCIOBUSAM ()YHK-

Puc. 2. Isa Buaa nedpopmMauuyu ruipaTHOro CJI0si B 3JIeMEHTAPHOM
JIOKyce KOCTHON TKaHM: a — pacTsikeHHe; 0 — CABHI.
N — cuiaa, rocnoAcTBYOIass B KOCTH BOJM3M dJeMeH-
TapHoro Jjokyca; A — paedopmanus pacTsKeHus (MIH
c:KaTUsl) THAPATHOro cjos; S — naedopmanus caBura
THAPATHOTO cJosi; A* — mnpoekunusi ge¢popManuu CIBHra

Ha HampaBJjeHue cuibl N.
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[MOHUPOBAHUS MOJEIH, HepapXxuveckas CHupalbHas
opraHu3anus CTPYKTyp KOCTH NPHBOJUT K HECOBIMA-
JICHUIO HAIMpPABJIEHUS TOCHOJCTBYIOUIMX CHJI B KOCTH
C HampaBlIeHHEM IMPOJOJIBHBIX OCEH KPHCTAIIUTOB
(puc. 2). B pesynabrare yKa3aHHOI'O HECOBIAJCHHS,
KpOME MpPOJOJBHBIX YCHJIHI, HANPaBJICHHBIX BJOJb
JUIMHHOW OCH KPHUCTAIINTA, BOSHUKAIOT MOIEPEUYHBIE
CHIIBI. DTO, B CBOIO O4YepEIb NMPUBOIUT HE TOJIBKO K
BO3HUKHOBEHHIO JehOpManuii pacTsKEHUS-CIKATHUS
(1) rumpatHOTO Ciost (cM. puc. 2, a), HO U K €ro
nedopmanuu casurom (S) B HONEpedyHOM HaIpasiie-
HUH (cM. puc. 2, 0).

Kak BumHO u3 cxembl Ha puc. 2, 0, gedopmaius
abcomoTHOTO caBura uMmeer mnpoeknuo (J*) Ha
HanpaiieHue cuiibl (N), FOCIOJCTBYIOIICH B JaHHOM
00BéMe KoCcTH. B momoOHBIX 00CTOATENBCTBAX JTa
MPOEKIUS CYMMHUpPYeETCs ¢ nedopMalueil yaInHeHUs -
ykopoueHust (Jl), yBenuumBas, TeM CaMbIM, [OJAT-
JUBOCTh KaK JJIEMEHTAPHOTO JIOKyca, TaK U KOCTHU B
L[EJIOM.

Takum 00pa3oMm, GHOJIOTHYECKUH CMBICT Hepap-
XUYECKOW CIHUpaIbHOW OpraHU3aluu CTPYKTYpP CKe-
JeTa 3akKJIYaeTcs B YBEIMYECHHH IOJATIWBOCTHU
KOCTHOM TKaHu TpH (PU3HOIOTHUYECKUX HaArpy3kax
(BBIIIOJTHEHNE JIOKOMOTOPHBIX (QYyHKIHUH). 3TO, B
CBOIO O4Yepe/b, ONTUMU3UPYET HPOU3BOAUTEILHOCTD
MEXaHHM3Ma KOHBEKTHBHOTO ABU)KCHHS >KUJIKOCTU B
JaKyHapHO-KaHalbIEeBON cucreme. [pyrumMu ciioBa-
MU, Takasi CTPYKTypHAas OpraHU3alus yJIydliaeT mpo-
[[eCC MOCTYIJICHHUS] MUTATEIbHBIX BEI[ECTB K OCTEO-
UTaM W yAaJdeHWss OT HUX [UIAKOB (ONTHMU3ALUS
yCIIOBUH MeTabosin3Ma KOCTHBIX KIETOK).
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HIERARCHY OF SPIRAL ORGANIZA-

TION OF SKELETAL STRUCTURES.
INTERRELATIONSHIP BETWEEN STRUCTURE
AND FUNCTIONS

AS. Avrunin, R.M. Tykhilov, LI. Shubniakov,
LA. Parshin, B.Ye. Mel'nikov and D.G. Pliev

The objective of this review is to discuss the interrelation-
ship between hierarchy of spiral organization of the struc-
tural elements of the skeleton and its mechanical characteristics
with regard to functional-biological expediency. The following
hierarchic levels of spiral organization of skeletal structures
are defined: collagen chains, collagen molecules, microfibrils,
fibrils, collagen fibers, osteon network and organization of osse-
ous macrostructure responsible for torsion effect in weight bear-
ing. This spiral organization creates the conditions, under which
the directions of domineering forces in the bone usually do not
coincide with the direction of the longitudinal crystallite axes.
It causes shifting deformity between the adjacent crystallites,
which should be taken into account alongside with distraction-
compression deformity. These features form the basis of nano-
level mechanism responsible for mechanical characteristics of
bone tissue.

Key words: skeleton, bone, osseous tissue, spiral organization
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