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Title of the doctoral dissertation:

NANOSTRUCTURAL AND MICROARCHITECTURAL BONE PROPERES OF
HUMAN FEMORAL NECK: IMPLICATIONS FOR AGE-RELATED BQOIE
FRAGILITY IN WOMEN

Summary

Background: Hip fractures are among the most ingpdrhealth problems in elderly
population worldwide, particularly in elderly wometlowever, despite extensive
research on age-related bone fragility, the fadeading to decreased bone strength in
advanced age are not yet clear enough. Indeedininat settings bone mineral density
(BMD) assessed by dual energy X-ray absorptiomediyy been used as an indicator of
hip fracture risk. However, as it has been alrgaoipted out that age-related decrease
in BMD fails to fully explain the high increase mp fracture risk with aging, other
bone features also account for age-related ded¢ioorin bone strength. Since bone is a
hierarchically organized structure, it can be hijpsized that its strength depends on
various features from nano-scale to macro-scalofigh numerous studies addressed
macro- and microstructural basis of bone fragiligo far the direct data at
microarchitectural level have been scarce. Moreovemostructure of the bone
mineralized matrix has received insufficient ati@mtwith regard to effects of aging and

its relation to bone fragility.

Hypotheses: Our hypotheses were that region-depéndersening of bone
microarchitecture in elderly women leads to inceglfemoral neck fragility, and that -
besides the microarchitectural deterioration - dge-related nanostructural changes at

the bone matrix level contribute to increased bioagility in elderly women.

Material and methods: To test these hypothesesnabzed bone specimens from the
femoral neck region obtained at autopsy in yound elderly women without hip

fracture as well as in a group of postmenopausahevowho sustained a hip fracture.
Following sectioning process, micro-computed torapfy was performed to assess
bone microarchitectural properties. Bone nanodfrectvas analyzed via Topography

and Phase modes of Atomic Force Microscopy (AFMjjlevchemical evaluation of



bone material composition encompassed energy disperX-ray spectroscopy,
quantitative backscatter electron imaging, indwdtivcoupled plasma optical emission
spectroscopy and direct current argon arc plasmigcabpemission spectrometry.
Nanoindentation and reference point indentationstegere used for assessment of

mechanical characteristics at the bone material.lev

Results and conclusions: Our results clearly detnatesl importance of
microarchitectural and nanostructural bone feattoebone mechanical integrity.

At the micro-level, our findings showed signifitadifferences in trabecular
microarchitectural properties between the postmausg@ women with hip fracture and
age-matched controls. The fracture cases presemigaired parameters of trabecular
bone microarchitectural organization, particulaity the superolateral neck region.
Considering the fact that the femoral neck fractypecally starts in this subregion, the
observed preferential impairment of the supercddteeck trabecular bone in women
with hip fracture reveals the region-dependent asittuctural basis of bone fragility in
elderly women.

Using atomic force microscopy as a powerful tasldano-level examination of
the bone tissue revealed age-related effects oe tmaterial, and provided new insights
into greater bone fragility in elderly women by dmpizing distinct age-related
deterioration at the bone matrix level.

Significant nanostructural differences betweenngpand elderly women were
found in the trabeculae of the superolateral fefoeak. In advanced age there was a
bimodal distribution of the mineral crystal sizagshere - apart from small crystals
similar in size to those in the young - the eldenigividuals also expressed a group of
larger crystals attributable to older tissue agaimfemodeled bone areas. Given that
chemical analyses showed unchanged calcium andppbos levels in the elderly
trabeculae, the increase in mineral particle smédcnot be perceived as a consequence
of an increased mineral content; rather, it sugg#st reorganization of the existing
bone mineral to larger grains in advanced age a@escence of crystals.

Furthermore, we have introduced here the powectsgedensity (PSD) and
fractal dimension analyses based on AFM topograptages of the bone mineralized

matrix, which have shown possible correlation withne tissue age and proved useful



for explaining differential trabecular bone fragjilacross age. In particular, a decreased
fractal dimension and less steep PSD trendlindhefiiterfibrillar area of the femoral
neck trabeculae in elderly individuals indicatede-aglated decrease in structural
complexity and surface roughness, suggesting deedeanergy dissipation during
loading and consequent increases in brittlenes$and fragility in aged cohorts.

Assessment of nano-level mechanical behavior (a@eadbwith nanostructural
evaluation) offered experimental evidence for patdr mechanical consequences of
bone matrix aging, separately from age-relatedceffat other hierarchical levels of
bone structure. In this context, AFM nanoindentatiests showed that mechanical
alteration already exists at the bone materiall lelrech showed less elastic behavior
with greater propensity to fractures resulting fronpact during a sideways fall in the
elderly.

In contrast to trabecular bone, our AFM analyd$ithe external cortical surface
of the femoral neck in young and aged women redesti@all mineral grains and similar
roughness (reflecting similar rate of mineral dejms) along with unchanged Ca/P
ratios, thereby suggesting similar tissue ageeaptriosteal cortical surface in both age
groups. Considering observed parallel age-relateckase in the neck outer diameter,
our data may confirm that the femoral neck undesgueriosteal expansion with aging
due to continuous periosteal bone apposition.

The external cortical surface of the femoral necgostmenopausal women with
hip fracture displayed larger mineral crystals thanage-matched women without
skeletal diseases. Based on observations that-¢megeed materials are accompanied
by decreased mechanical properties in comparisah Wme-grained fabrics, the
findings of larger crystals in the fracture groufepadditional explanation for reduced
toughness and decreased strength of its corticged bbserved in this study. Moreover,
along with increased crystal size, a shift to ahbigmineralization profile and a
tendency to increased cortical porosity and redustelocyte lacunar network delineate
that cortical bone of the superolateral femoralkniecthe fracture group bears distinct
signs of fragility at various levels of its struliorganization. These results contribute
to the understanding of osseous alterations inmglgeveral hierarchical levels in age-
related bone fragility. In particular, consideritngit we analyzed the very surface where



the fracture usually starts, these results cortgilia the understanding of structural
basis of age-related bone fragility.

Keywords: bone, nanostructure, microarchitecture, composifemur, fragility, aging,

women, hierarchical assessment, mechanical preperti

Scientific field: Medicine

Specific scientific field: Skeletal biology



HacsioB 10KTOpCKE THCEpTanMje:

HAHOCTPYKTYPHE W MHUKPOAPXUTEKTOHCKE KAPAKTEPUCTUKE
BPATA BYTHE KOCTU: YTULIAJ HA [IOBEhAHY KOIITAHY ®PAT'MJIHOCT
CA CTAPEILEM KO/l ’)KEHA

Pe3ume

VBox: [Ipenomu Kyka Cy jeian oj Haj3HAYajHUJUX 3PABCTBEHUX MPoOIeMa KO CTapuX
ocoba MIMPOM CBETa, a MOCEOHO KO CTapHjux *eHa. Mehytum, ynpkoc MHOroOpOjHUM
UCTpaKMBambUMa y3poKa (parriiHOCTH CKeleTa KOJ CTapujux ocola, jolr yBeK ce BpIIo
MaJl0 3Ha O YMHUOLMMA KOjU JIOBOJE A0 CMameHe 4BpcTohe KOCTH y CTapoOCTH.
Munepanna ryctura koctu (bone mineral density, BMD)yrBphena mnpumenom
nensutomerpujcke merone (dual energy X-ray absorptiometry, DXf¢) nyro cmatpana
TJIABHUM TI0Ka3aTesbeM KOITaHe 4BpcTohe W 10 JaHac KopumiheHa y KIMHHUYKO]
MIPOIICHH KOINTaHe (parujHOCTH W pU3MKa 3a mpeioMm Kyka. Mehyrum, Oynyhu na je
BHUIIIC ayTOpa yKa3aJio Ha MojaTak 1a crapocHu naa BMD He Morke MOTIyHO 00jacHUTH
3Ha4YajHU MOpAcT pHU3MKa OI MpejoMa Kyka KOJ CTapujux o0coba, HEONMXOIHO je
UCIIUTATH © JONPUHOC JPYTUX KOIITAHUX KapaKTEPUCTUKA CMAambEHhy KOIITaHe
yBpcTohe ca crapemeM. Kako je KOCT XujepapXujCKu OpraHW30BaHa CTPYKTYypa, MOXKE
ce MPETIIOCTaBUTH Jla HEHA YBpPCTOha 3aBUCH OJ PAa3IMYUTUX €JIeMEHAaTa KOIITaHEe
rpahe om HaHOMeTapcke A0 Makpo-ckane. [Ipemma cy ce MHOroOpojHE CTyauje
ycpeacpeauie Ha HCIUTUBAKE MAaKPOCTPYKTYPHE M MUKPOCTPYKTYPHE OCHOBE KOIITaHE
(bparwsIHOCTH, jOII YBEK HEIOCTA]y AMPEKTHU TOJAIM O MUKPOAPXUTEKTYPH KOCTH]Y
Ko/ ocoba ca mpenomMoM Kkyka. [Topen Tora, ctapocHUM IpoMeHaMa HaHOCTPYKTYPHUX
mapameTrapa camMor MaTepHujajia ox Kora je KkocT wusrpahena Huje mnoceheHa

onrosapajyha nmaxma, Kao H1 lbUXOBOM 3HA4ajy 3a KOIITaHy (hparmIHOCT.

Xwunoteza: Hame xwunorese cy Owie Ja PpErMOH-3aBHCHO IOTOPIIAEkE KOIITAHE
MHUKPOAPXUTEKType KO/ CTapHUjuX jkeHa nmoehaBa HHXOB PU3MK 32 MPEJIOM KyKa, Kao U
Ja ce, OCUM MHUKPOCTPYKTYPHHX IPOMEHA, Ca CTapeHEM jaBJbajy U HAHOCTPYKTYpHE
IIPOMEHE Ha HHMBOY KOILITAaHOI MaTpUKca Koje Takohe mompuHoce moBehaHoj KOLITaHO]

(bparwsIHOCTH KO CTapHjUX KEHA.



Marepujan u mMetoze: Jla OMCMO MCIHTAIM OBE XHMIIOTE3€, aHATM3UPAIA CMO KOILITAaHE
y30pKe Bpara OyTHEe KOCTH JJOOMjeHe TOKOM OOQyKIMje KOA MIIaJuX M CTapHX *KeHa 0e3
npesioMa Kyka, Kao U KOJ IOCTMEHOIIAy3HHX KEHa KOje Cy AOKHBeNe QpakTypy KykKa.
HaxoHn npunpeme y3opaka, KOIITaHY MHKPOAPXUTEKTYPY HCIUTHBAIH CMO IPUMEHOM
MHUKpOKOMITjyTepu3oBane ToMmorpaduje. Komrana HaHOoCTpykTypa je yTBphuBaHa
nyrem tomorpadcke u (asHe aHamM3e MHKPOCKONMHjoM atoMckux cwia (atomic force
microscopy, AFM),0k je xemujcKa eBaiyalldja KOIITAHOI MaTepujaia oOyxBaTaia
CHEPIrHUjCKH JHMCICP3MBHY PEHTIEHCKY crekTpockonujy (energy dispersive X-ray
spectroscopy, EDX)kBaHTUTaTHBHM MMUIIMHT TOBPATHUM pPACHPIICHEM EJICKTPOHA
(quantitative backscatter electron imaging, qBEkgo wu onTHuky eMHCHOHY
CIEKTPOCKOMHUjy ca MHAYKTHBHO KyrutoBaHoM mmazmom (inductively coupled plasma
optical emission spectroscopy, ICP-OE®)aupektao crpyjuoM mmiazmom (direct
current argon arc plasma optical emission spectryn®CA ARC). [Ipumenom
HaHOMHJICHTALlMj€ U MHUKPOHMHJIEHTaLHje ojapeleHe cy MeXaHW4Ke KapaKTepUCTHKE Ha

HHUBOY KOIITAHOT' MaTpHUKCaA.

Pesynrtatn wm 3akspyunu: Pesyntatu oBe cCTyadje Cy jacHO TOKa3aJlud 3Hauaj
MHUKPOAPXUTEKTOHCKMX U HAHOCTPYKTYPHUX KapaKTEPUCTHKA KOCTH 32 HEH MEXaHUYKH
UHTETPUTET.

Ha wwmkpo mmany, mnponaheHe cy 3Ha4ajHe pasiauke y TpabeKylapHoj
MHKPOAPXUTEKTYpH M3Mel)y mocTMeHOmay3HUX jKeHa ca MPeIoMOM KyKa W KOHTPOJIHE
rpymne oxrosapajyhe crapoctu. Ocobe ca GppakTypoM cy UMae MOropiiaHe noka3aresbe
TpabeKyIapHe MUKPOAPXUTEKTYPE, MOCEOHO y Mpeely CylnepoiaTepaaHor Jena BpaTa
dbemypa. majyhu y BUly YMBEHUIY Ja MPEIOMH KyKa YIJIaBHOM MOYHUEY Y OBOM
npeseny, HapoOYHTO NpOMaJame TpadeKylapHe KOCTH Yy CYIEpOJIaTepallHOM Bpary
(demypa OTKpHBa PETrHOH-3aBUCHY MHKPOCTPYKTYPHY OCHOBY KOIITaHe (hparuiHOCTH
KOJI CTapHX JKEHa.

[[puMEeHOM MHKpOCKONHjE€ AaTOMCKHX CHJIa Kao CYNEpHOpPHOT MeToja 3a
UCTINTHBAKE HAHOCTPYKTYpE KOINTAHOT TKMBA IOKAa3aHU Cy €(EeKTH CTapema Ha caM
KOIITaHU MaTPUKC, U TPY>KEHH HOBU YBUIM Y ToBehaHy KPXKOCT KOCTH]Y KOJ CTapujuX

JKCHa.



3HayajHe pas3yvKe Cy npoHal)eHe Y HAaHOCTPYKTYpH TpaOeKyaapHe KOCTU u3Mely
MIIAJINX M CTAapUX >KEHa y CyIepojaTepaHOM PErHoHy Bpara OyTHE KOCTH. Y MO3HUM
roJiHaMa yo4eHa je OMMoOJalHa pacrojieia BeIMYMHE MUHEPATHUX KpPHUCTana: TOpe.
MambHX KpUCTaJla CIIMYHKX 110 BEJTMYMHN OHMMa KOjU Cy MPHCYTHU Kol miahux oco0a,
cTapuje ocobe wuMajy | Trpymy Behux Kpucraja KOjU €€ MOTy IpHIHUCATH
HEpEeMO/ICIOBAaHUM 30HaMa, Tj. MOBpIIMHaMa ca BehoM TKUBHOM ctapocTt. C 003upom
Jla Cy XEMH]CKE aHaJM3e IOKa3aje HEMPOMEHEHW HUBO Kanmujyma u ¢ocdopa Koxa
cTapujux Tpabekyna, moBehame BeIMUMHE MUHEPATHUX KPUCTAIA CE HE MOYKE CXBAaTUTH
Kao mocienuia noBehama KonMMuuHe MUHepana, Beh je m3BecHHje Aa ce moctojehu
KpHUCTaIM BpeMeHOM cTamnajy rpajaehu Behe kpucranie xox crapujux ocooa.

OcuM Tora, MPUMEHHJIH CMO aHamu3y crekrpanHe rycrude cHare (PSD) u
dbpakranHe aumeH3uje 3acHoBane Ha AFM tomorpadckum cirkamMa MUHEpPaIU30BaHOT
MaTpHuKca TpaOeKyJapHe KOCTH, OKa3aBIlu BUXOBY Moryhy moBe3aHoct ca crapourhy
KOIITAHOT TKHMBAa M CTENEHOM (parujHoOCTH Tpabekynaa TOKoM xuBoTa. IloceOHoO,
CMameHa (QpakTamHa JUMEH3Wja W Mamwe crpMm  PSD  jumHeapHm  TpeHn
uHTepUOpIIIapHOT TIpOcTOpa Tpabekynaa Bpara OyTHE KOCTH KOJ CTapHjux ocoda
yKa3yje Ha CMamelme CTPYKTYpHE CJIOXEHOCTH U TOBPLIMHCKE XpamaBOCTH ca
CTapemeM, cyrepuinyhu na je Koa crapux ocoda cMameHa TUCUTIAIja EHEPTHje TOKOM
MeXaHU4YKor onrepehema mTo Kopenupa ca nosehanom kprouthy u, crora, moBehanom
MO JTOKHOIITNY TIPEJIOMY .

[IporieHOM MeXaHWYKOT TOHAIIaka KOCTH Ha HAHOMETapCKOM HHBOY YIOPEIO
ca HKEHOM HAHOCTPYKTYPHOM €BaJlyallijoM, AOOHMjEHH CY EKCIIEPUMEHTAHHU TOKa3H
MEXaHUYKHX MOCJIEIUlla CTapema KOIITAaHOI MaTpUKca, HE3aBHCHO O]l edekata Ha
JpYyrdM HHBOMMA KOINTAaHE XHjepapXHjcKke opraHuzamuje. ¥ Tom cmucity, AFM
HAaHOWHJCHTAIlM]a j€ TMoKa3aja jJa, Beh Ha HHUBOY caMOr MaTepujajia ojf Kora je
CauMmbeHa, KOCT CTapux ocola TMOKa3yje H3MEHhEHE MEXaHHWYKEe KapaKTepUCTHKE
(cmameny enactuaHOCT ca BehoM ckiioHomhy Ka nmpeaoMuMa IPUIIMKOM Taja Ha KYK).

3a pasnuky opn TpabexkymapHe koctu, Hama AFM anammza crospamime
KOPTUKAJIHE TTOBPIIMHE BpaTa OyTHE KOCTH KOJ MJIAJIUX M CTapUjUX KEHa ToKazaja je
NIOCTOjarbe MAJIMX MHUHEPAIHUX KPHUCTAJa U CIMYHY XpamaBoCT y3 Hempomewen Ca/P
oJIHOC yKa3yjyhu Ha Mel)yCOOHO CIMYHY TKMBHY CTapOCT Ha MEPUOCTEATHO] TIOBPIIUHH

KOpPTUKaJIHE KOCTH y o00e crapocHe rpyme. C o03upom Ha mpumeheHo moBehame



CTOJhAIIbET MPEYHUKA BpaTa eMypa ca CTapemeM, OBH pe3ysITaTh MOTBphyjy Teopujy
Jla HaBeJICHH PErMOH MOJUIeKE PacTy y IIMPHHY MyTEM CTalHE NEpUOCTHE aro3uluje
HOBE KOCTH TOKOM JKHUBOTA.

Crospanima KOPTUKAJIHA MOBPIIMHA BpaTa OyTHE KOCTH KOJI TIOCTMEHOTAY3HUX
KEHa ca MPEeJIOMOM KyKa IOKa3ajia je MOCTOjame BehMX MUHEpaTHHMX KpHUCTaja HEro
KOJI 3[IpaBUX KeHa oarosapajyhe crapoctu. Ha ocHOBY 3anaskama J1a ce KpyIHO3PHACTH
MaTepHjall OJUIMKY]y CMameHOM MEXaHWYKOM OTIOpHomhy y mopehemy ca
CHUTHO3DHACTHUM MaTepHjaliiMa, Hajla3 BEIMKHX KpHUCTaJla Y TPynu ca (PpakTypoM
npyka JI0aTHO O0jallllbemhe 332 CMAambEeHhe KUIABOCTH M MaJ uBpcTohe KOpTHKaiHe
koctu. [lopen Tora, 3ajeqHo ca moBehameM BenMYMHE KpUCTana, MOMak ka Behem
CTENeHy MHHepalu3alje M TEeHJACHIHM]ja Ka moBehaHO] TOpPO3HOCTH KOpTEeKca Y3
PEIYKOBaHY MpEXY OCTECOIMTHUX JIaKyHa, T[IOKa3zyjy Ja KOPTHUKajdHa KOCT
cymeponaTepaiHor Bpara (emypa koa ocoba ca (pakTypoM HOCH jacHE 3HAKe
(paruaHOCTH Ha pPA3MTUYUTUM HHUBOMMA KOIUTaHE CTPYKTypHE opranuzauuje. OBu
pe3yaTaTh JOTNPUHOCE pa3yMeBamy KOINTAHWX IMPOMEHA HAa BHINE XHjepPapXHjCKHX
HUBOa koj moBehane (parmmHOCTH KOCTH ca cTapemeMm. Hapouwto, Oynyhu ma cmo
UCIUTUBAIA CaMy MOBPIIMHY Ha KOjO] MpeIoM OOWYHO NOYHIbE, HAIlld pPEe3yNITaTH

JIOTIPUHOCE pa3yMeBamby CTPYKTYPHE OCHOBE KOIITaHe (PparnIHOCTH KO/ CTapux 0coda.

K/byyHe peum: KOCT, HaHOCTPYKTYpa, MHUKPOApXHUTEKTypa, cacras, Qemyp,

(bparuwiIHOCT, CTapewe, KeHe, XUjepapXHjCKU MPUCTYI, MEXaHUYKE 0COOMHE
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1.INTRODUCTION

The fractures of the femoral neck (Figure 1A) repré one of the most important
health problems in elderly population worldwide ¢Per et al., 1992). Most of these
hip fractures in aged individuals develop after-iowensity trauma, usually after falling
from the standing height (Cole et al., 2008). Ite&timated that the number of hip
fractures will even rise in future, from 1.66 nuolh recorded in 1990 to 6.26 million in
2050 worldwide (Cooper et al., 1992). Hip fractuaes particularly common in elderly
women, and as shown in UK Million Women Study theidence rate increases even 7-
fold from the age 50-54 to 70-74 in females (Baeksal., 2009). Epidemiological
studies in Serbian population for the period 1900revealed annual incidence rates
of 185.9 per 100 000 women over 50 years of ageSifLet al., 2007), while
standardized incidence rates in the same perio@ @28 per 100 000 (Le&Set al.,
2007) thus placing Serbia in the group of countwek a moderate fracture risk (Kanis
et al., 2012). National projections pointed out tihh@ number of hip fractures in women
from Belgrade would probably increase up to 1288¢dhe year 2020 (LeSiet al.,
2005). However, the estimated number of hip fraduor the year 2010 (Léset al.,
2005) was already exceeded by a third in 2009,aandntinuous trend of increase in
age-adjusted incidence rates has been shown iBdlggade population for the period
2000-2009 (Senohradski et al., 2013).

Hip fractures are a significant burden for theistycdue to high mortality, high
complication rates and high expenses (Tosteson.,eR@7; Cole et al., 2008). For
instance, more than 30% of patients die withinfite year after the fracture, and it is
disappointing that mortality rates haven’t declirstlce 1980s (Roberts and Goldacre,
2003), which urges for improving prevention. Abd@% of hip fracture patients
become permanently dependent on help of their f@sndr specialized geriatric service
(Melton, 1993). Moreover, the expenses of acuteicaktreatment are calculated to be
more than 10 000 pounds per patient in the Unitedy#fom (Lawrence et al., 2005) or
8 000 Euros per patient in France (Maravic et28lQ5). Total annual costs due to hip
fractures are estimated to 20 billion dollars ie tdnited States (Braithwaite et al.,
2003), 650 million dollars in Canada (Wiktorowickz &., 2001) and nearly a billion
pounds in the United Kingdom (Lawrence et al., 2005



Considering aforementioned and given an estimasedin the incidence of hip
fractures in forthcoming years (Cooper et al., I%@nohradski et al., 2013), there is a
strong need to improve the fracture preventioris lapparent that the falls from the
standing height are not a sufficient reason to lbotbéa femoral neck, since in those
circumstances young persons would not sustainc@ufen Hence, the main cause of
easy bone fracturing must originate from the charatics of bone itself. However,
despite the significance of this problem and extensesearch on age-related bone
fragility, current clinical understanding of agdated bone weakening is insufficient to
allow appropriate detection of persons who are high fracture risk, and the factors
leading to decreased bone strength in advancedraget clear enough.

In order to unravel the basis of bone fragilityjsi essential to further explore

bone structure and identify the determinants ofebstnength.

1.1. Bone structure: hierarchical organization

Bone is a hierarchically organized structure (Cur2002), so it can be observed at
different length scales: at the whole bone leveimgro-level, and at the level of bone
material (nano-level) (Figure 1). As nicely notedJohn Currey (Currey, 2002), bone
IS so complex that at no scale one can truly saywe are looking at “bone as such”.
Therefore, one has to consider the bone featuregabus hierarchical levels to

profoundly understand what bone really is, anddmgrehend what determines bone
strength.

Femoral neck, like other bones, consists of caltiand trabecular bone
compartments (Figure 1B, D). Cortical bone is theep bony layer with very low
porosity (also calledompact bone(Bonucci, 2000) and finite element studies sugges
that it bears 50% of the loading stress at the teigdrt of the femoral neck (Lotz et al.,
1995). Trabecularc@éncellousor spongy bone is porous bone type consisting of a
network of interconnected bony plates or roglableculaé that fills the interior of the
femoral neck (Jee, 2001; Currey, 2002) (Figure CBB, As trabeculae transfer the
stresses imposed on the cortical shell, they caredp@rded as structural support to the
cortex during impact loads, thus contributing digantly to overall bone strength
(Reich and Gefen, 2006). As a tissue, bone is ceepof cells (bone-forming cells -

osteoblasts, bone resorbing cells - osteoclaststrenmost numerous - osteocytes) (Jee,
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2001) and extracellular matrix (Figure 1E, F). ®itlce exploration of bone mechanical
behavior borrows the approach and terminology frima materials science and
engineering, beyond strict histological definitioh extracellular matrixit is quite
common in literature to use the terrbohe materidl interchangeably with Bone
matrix’, both denoting the very material which composesybelements (Weiner and
Wagner, 1998; Currey, 2002; Gupta et al., 2005cRger et al., 2008; Ritchie, 2011).

Mineral crystals

(MWW . Collagen

Figure 1. Levels of bone structural organization: MacroscofA; B), microscopic C,
D), nano-level E, F). (A) A view on the proximal half of a human fem@) Section of
the femoral neck showing that bone is organizeccompact and trabecular bone
compartments. Cortical bone is the outer layer witthbeculae fill the interior of the
femoral neck. @) Microscopic view (field emission scanning eleotmicroscopy) of
trabecular bone showing multiple interconnectecbeulae and large pores between
them. D) Microscopic view (backscatter electron microsqopy cortical bone: Note
that it is composed of numerous circular elemerdied osteons (white circle)
containing Haversian canal (white asterisk) in theddle. At the level of material
(matrix) bone is composed mainly of collagen fdfbahd mineral crystals (schemgs
F). (E) Longitudinal view on collagen fibrils covered byineral crystals. k)
Transversal section of collagen fibrils. Note timaineral crystals lie both between the
collagen fibrils (interfibrillar mineral) and insie the collagen fibrils (intrafibrillar

mineral). Non-collagenous proteins are not showrelier the sake of simplicity.



Observations at the lowest hierarchical leuwsla{rix level or material leve)
revealed that bone is a nano-composite materialposed of mineral part (65%),
organic phase and water (Currey, 2002; An and Gyr@893; Thurner, 2009).

It is generally taken that bone mineral is repnésg by carbonated
hydroxyapatite or dahllite. However, the exact cloamand physical characteristics of
bone mineral are complex and still attract reseatténtion (Paschalis et al., 1997Db;
Paschalis et al., 1997a; Boskey, 2001; Boskey, 2R@8 et al., 2009; Xin et al., 2010).
More precisely, bone mineral is poorly crystallcsbonated apatite with many cationic
and anionic substitutions that are found within thiice and on the surface of the
apatite crystals (Boskey, 2001; Fratzl et al., 20Rdy et al., 2009). It is believed that
the mineral part mainly determines bone mechamiagberties, especially hardness and
strength of bone (Currey, 2003; Currey, 2012). Apeom chemical composition of
mineral crystals and amount of mineralization, @alygerfection and size may be
important contributors to mechanical properties Sfgxy, 2001). Bone mineral is
organized in particles of various sizes, and -caltih not yet decisive - they are mostly
of plate-like rather than needle-like shape (Xinaét 2010; McNally et al., 2012).
Spatial organization of mineral crystals as well tagir relation to other bone
constituents is poorly understood. Moreover, exacttribution of various features of
bone mineral to the bone material behavior remanksiown.

Collagen is the main constituent of the organiageh(90%), type | being the
most abundant collagen form in the bone tissue (Bon 2000; Currey, 2002).
Collagen is organized in fibrils that are reinfatday mineral crystals (Figure 1E, F);
however, the precise relationship between these bano-constituents is not yet clear
(Bonucci, 2000; Currey, 2002). Majority of autheeported that about 70% of bone
mineral is located around or between collagen Ifbso called:interfibrillar or
extrafibrillar mineral) (Pidaparti et al., 1996; Sasaki et &102 Currey, 2012; McNally
et al., 2012), in contrast totrafibrillar mineral positioned mainly within the gap zones
of collagen fibrils. The remaining 10% of organicage are non-collagenous proteins,
such as Phosphophoryn, Dentin matrix protein 2e@sintin, Bone sialoprotein etc.
Although their function is not yet well understodldey probably provide attachment to
collagen fibrils, mineral crystals and cells, havkey role in mineralization process and



participate in “sacrificial bonds” phenomenon whishimportant for bone toughness
(Bonucci, 2000; Currey, 2002; Fantner et al., 200%yrner, 2009).

1.2. Age-related changes in bone mineral density drgeometry

For a long time, bone mineral density (BMD) assésty dual energy X-ray
absorptiometry (DXA) has been considered as the midictor of bone strength and
used in clinical settings as indicator of bone ifiggand subsequent hip fracture risk
(Genant et al., 1999). According to World Healtlg@rization criteria from 1999, more
than 2.5 standard deviations decrease in BMD defmsteoporosis and suggests an
increased fracture risk (Genant et al., 1999k Well known that there is an age-related
decrease in BMD which explains significant parttieé fracture risk (Melton et al.,
1993) and is statistically related to bone strerfiythrshall et al., 1996; Veenland et al.,
1997).

However, the age-related decrease in BMD failsufficiently explain such a
high increase in hip fracture risk with aging (Daek et al., 1997; Schuit et al., 2004).
Namely, as demonstrated in the Rotterdam studg-faldl increase in hip fracture risk
between 60 and 80 years was accompanied by les2thald decrease in BMD (De
Laet et al., 1997). Furthermore, the overall prtiparof fractures attributable to a low
BMD was modest in a large cohort of US elderly wan{&tone et al., 2003). In
particular, there is a significant overlap in BMBlwes between the hip fracture patients
and controls (Cummings, 1985), and therefore, ¢obees clear that other bone features
also account for age-related deterioration in sirength.

In order to provide more data about the fractisk in addition to BMD, it was
demonstrated that femoral neck length and widthwai as femoral neck angle
contribute to the risk of structural failure in thEmoral neck (Nakamura et al., 1994;
Michelotti and Clark, 1999). Moreover, in the quést improving prediction of hip
fracture risk, it became apparent that mechanicatacteristics should be estimated to
extend the information that can be obtained by DXAerefore, Beck and colleagues
developed a HSA software (HSAip structure analysior hip strength analys)sto
extract mechanical information from DXA images, éxh®n geometric indices of bone
cross-sections estimating bone resistance to bgnturckling and compression (Beck
et al.,, 1990; Beck et al.,, 2000; Beck et al., 208@ck, 2007). Despite evident
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simplifications and several approximations, thisthmd has shown useful given that
various studies reported age-related decreasesni@ tesistance to bending (decreased
section modulus), buckling (increased bucklingajatind compression (decrease in
cross-sectional bone area) (Kaptoge et al., 20@&i-Rasi et al., 2005; Beck et al.,
2006; Yates et al., 2007; Djonic et al., 2011)pwlhg better distinguishing between
different groups than possible with considering Blslbne (Djonic et al., 2011).

1.3. Age-related changes in bone microarchitecture

Further analyses focused on the cortical and ttdBebone microarchitecture that soon
became a gold standard in research of morphologiasis of bone strength (Brandi,
2009; Rizzoli, 2010). Bone microarchitecture hasrbalready assessed in the femoral
neck of individuals of different ages showing aacleage-related deterioration in
majority of cortical and trabecular parameters {deen et al., 2000; Cui et al., 2008;
Chen et al.,, 2010; Djuric et al., 2010). Those issichave further improved our
understanding of age effects, suggesting a michitatural basis of age-related bone
fragility.

However, relatively few studies compared the hgeture and control groups in
terms of trabecular bone microarchitecture (Faceiral., 1976; Evans et al., 1981, Lips
et al., 1982; Uitewaal et al., 1987; Hordon andcBelk, 1990; Ciarelli et al., 2000).
Majority of those studies actually used iliac crestroarchitecture as a surrogate for
that of the femur, and therefore, their resultsairkmited relevance since iliac bone’s
structural and biomechanical contexts differ frdra temur’s (Ciarelli et al., 2000). The
exception is the study by Ciarelli et al. wherédb&reulae were directly assessed in the
femur; however, while analyzing the femoral headciwhs not the site of frequent hip
fractures in the elderly, the subregions of thedeahneck were not considered in that
study (Ciarelli et al., 2000). In contrast to thartcal bone, no studies have directly
compared the trabecular bone microarchitecturehen femoral neck of hip fracture
patients vs. controls. Particularly, in view of recent data dmapizing regional
differences in trabecular microstructure within tfeenoral neck due to differential
stress and strain distribution in the subregiontheffemoral neck during gait and falls
(Verhulp et al., 2008), it is essential to deterenseparately the microarchitecture in two

biomechanically and clinically relevant subregiomd the femoral neck: the
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superolateral neck — where the fracture usuallptsst@akker et al., 2009), and the
inferomedial neck — which is more stable in agiDguic et al., 2010).

1.4. Investigation of nanostructural bone propertis

Modern concept takes that bone fragility is depehd®t only on bone macro- and

microstructural features, but also on its nanostimec(Seeman, 2008). In recent years,
there has been an increasing interest in explorampstructural characteristics of bone
material. Some of age-induced changes in bone tractge and composition were

revealed applying different methods for assessmérione characteristics at nano-
level, such as scanning electron microscopy (Geteal., 1985; Mackie et al., 1989a;

Mackie et al., 1989b), backscattered electron rsmwpy (Roschger et al., 2008; Fratzl-
Zelman et al., 2009; Fratzl-Zelman et al., 2011J BRaman spectroscopy (McCreadie et
al., 2006; Yerramshetty et al., 2006; Yerramshaitig Akkus, 2008).

Since the bone at the matrix level may be viewed aano-composite material
consisting of mineral grains and an organic phasemic force microscopy (AFM)
which represents a powerful tool for character@atf nanomaterials has recently been
applied to bones (Hassenkam et al., 2004; Thu2@09). AFM allows great spatial
resolution without the need of excessive samplgagraion. It uses an ultra sharp
mechanical probe to “feel” the investigated surfasbich allows three-dimensional
surface imaging as well as distinguishing betweidierént material properties of the
surface (Jandt, 2001). One of the most importamtiaihges of AFM is possibility to
perform mechanical characterization of materials aiddition to imaging (AFM
nanoindentation method) (Thurner, 2009).

1.4.1. Morphological analysis using atomic force microscopy (AFM)

Previous AFM studies were mainly qualitative, andd to improve the knowledge on
bone ultrastructure. Applying AFM on bovine trablacibone from vertebrae, Kindt et
al. showed that interfibrillar mineral crystals arvet of uniform size and shape in the
same bone (Kindt et al., 2005). Analysis of outerfasce of human trabecular bone
showed mainly bare collagen fibrils showing therakteristic 67 nm D-banding pattern
(Fantner et al., 2006), while fracture surface ofibe trabecula showed mineralized

collagen fibrils. The mineralized fibrils detectexh fracture surfaces led to the
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assumption that the mineral-mineral interface ie teakest link in bone and that
fracture mainly develops in this zone (Fantner let 2006). AFM studies elegantly
showed bovine collagen fibrils after removing thmenal particles using EDTA or NaF
(Sasaki et al., 2002; Kindt et al., 2007; Thurnieale 2007), similar like on elephant
dentine after etching with J#0O, (Bozec et al.,, 2005). Conversely, collagenase
treatment allowed better visualization of minefal®ovine cortical bone (Sasaki et al.,
2002). Based on AFM analyses combined with altereaEDTA and collagenase
chemical treatment, Sasaki et al. concluded tha&ne¥7% of bone mineral is
extrafibrillar, while the rest is placed inside leglen fibrils (Sasaki et al., 2002). In
addition to bone ultrastructure, AFM was appliedatoalyze the imprints of bone
remodeling by visualizing resorptive lacunae inbé&eulae in an excellent manner
(Bozec et al., 2005; Hassenkam et al., 2006) aexjore structure of cortical bone
lacuno-canalicular network (Reilly et al., 2001nland Xu, 2011).

However, the previous AFM studies were only qualig and so far none of
them has evaluated age-related differences at hborag matrix level. In particular, the
effects of aging process on the femoral neck ims$epf matrix nanostructure and
mineral composition have been completely obscuned & is unknown how
nanostructural features of the mineralized matrontcbute to age-related bone

fragility.

1.4.2. Mechanical characterization of bone mineralized matrix (determination of
elasticity and hardness at the nano-level)

Frequently researchers assessed bone mechanipattms, usually at the macro-level -
representing mechanical behavior of the whole bonat micro-level - when trabecular
bone cubes are analyzed (Njeh et al., 2004). Maand- micro-mechanical properties
depend not only on the bone material, but alsoarelyeometry, force directions, size,
shape, micro-architecture (Njeh et al., 2004)s Jttherefore, extremely difficult to link
individual morphological or compositional featutesparticular mechanical properties.
In contrast, nano-mechanical testsg( on a single trabecula) are capable of assessing
mechanical behavior of the very bone material, equitdependent on macro- and
microstructural characteristics of bone (Rho andarRh1999b). AFM provides

opportunity to assess material’s nanohardnessn@tkfas resistance to penetration or
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indentation by other solid) as well as its elastimdulus (Rho and Pharr, 1999b; Njeh et
al., 2004). Bone nanohardness and elastic moduhtained from AFM nano-
indentation testing represent true material progert Nanoindentation measures
mechanical properties which depend on a combinatianitrastructural factors and not
only on amount of mineral, and can be used to peoba@face and map its properties on
a “spatially-resolved basis” (Rho and Pharr, 1999jeh et al., 2004).

Previous nanoindentation studies focused mainlycomparing mechanical
characteristics of various bone microstructurakuiess within individual (Rho et al.,
1997; Rho and Pharr, 1999a; Rho et al., 1999a; &Rlab., 1999b; Zysset et al., 1999;
Hengsberger et al., 2001; Hengsberger et al., 2080#|er et al., 2005). For instance,
Hengsberger et al. showed differences in elastcaderistics of thicks. thin osteonal
lamellae of the human cortex in comparison with thebeculae under dry and
physiological conditions (Hengsberger et al., 2G8é&ngsberger et al., 2002). Rho et al.
reported variability of elastic properties when @amng interstitial and osteonal
cortical bone from the tibia with trabecular bonenfi the vertebrae in an elderly person
in two loading directions (Rho et al., 1999a), aodhpared osteonal lamellae from the
center of the osteon and those on the periphemyididle-aged men (Rho et al., 1999b).
Spatial heterogeneity of bone stiffness was asddsgdai et al. (Tai et al., 2007) and
Norman et al. (Norman et al., 2008a), while hetermity between different anatomical
locations was studied by Hoffler et al. (Hoffleradt, 2000a). Several studies analyzed
bone mechanical properties in individuals with gipalar bone disease: in osteoporotic
hip fracture (Fratzl-Zelman et al., 2009) and inneogenesis imperfecta (Fan et al.,
2006; Fan et al., 2007). Rho et al. noticed vidmatl not statistical differences in
stiffness across age in human femoral cortex attidediaphysis in men of various age
(35-95 years) (Rho et al., 2002).

However, the studies dealing with humans of variagss are extremely scarce
(Zysset et al.,, 1999; Hoffler et al., 2000b), amfluence of aging on mechanical
properties of the bone material remains obscuracelefurther assessment of nano-
level mechanical behavior (combined with nanostnadtevaluation) of the bone matrix
in individuals of different age may be essential dohieve a more profound
understanding of particular mechanical consequeaté®®ne matrix aging, separately

from age-related effects at other hierarchical lewé bone structure.



2. RESEARCH HYPOTHESES AND GOALS
Our research hypothesis was that:

a) region-dependant worsening of bone microarchitectanrelderly women leads

to increased femoral neck fragility,

b) besides the microarchitectural deterioration, adeted nanostructural changes

at the bone matrix level contribute to increasedebimagility in elderly women.

In order to investigate the relationship betweemebatructural characteristics and

mechanical resistance, the specific aims of owgareh were:

1.

to assess the microstructural basis of the femoeak fragility by analyzing
trabecular bone microarchitecture in elderly womath hip fracturevs. women
without hip fracture,

to assess how trabecular microarchitecture in Bldesmen with hip fractures.
women without hip fracture varies between two biohamically relevant
subregions of the femoral neck (superolatesainferomedial neck),

to analyze cortical microarchitecture in elderly men with hip fracturevs.
women without hip fracture,

to analyze nanostructure of the mineralized bon&ixnftom the femoral neck
cortex and trabeculae in youms.elderly women using AFM,

to assess bone nanostructure by AFM in the femmeak of elderly women
without fracturevs.women who sustained hip fracture,

to analyze bone mineral composition of the tralbscahd cortical bone of the
femoral neck in youngs.elderly women via quantitative chemical methods,
to analyze bone mineral composition of the femagalk in elderly women with
hip fracturevs.age-matched controls by using quantitative chelmiedhods,

to perform nano-scale mechanical characterizatioth® bone matrix from the
femoral neck of youngs.elderly women,

to perform nano/micro-scale mechanical charactioizaof the bone material
from the femoral neck of elderly women without ttae vs. women who

sustained hip fracture,

10.to address the relative contributions of particulaorphological features at

various hierarchical levels to overall bone fragili
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3. MATERIAL AND METHODS

3.1. Study sample

The study sample comprised two groups of Caucaf@amale postmortem human
subjects (n=35): women without hip fracture (youaged 20-40 yrs., n=5; and elderly:
aged 60-95 yrs., n=15), and postmenopausal wominamip fracture (age: 60-95 yrs.,
n=15). The bone specimens originating from the f@noeck region were collected at
autopsy at Institute of Forensic Medicine, SchdoMedicine, University of Belgrade,
Belgrade. The inclusion criteria for this study eielemale sex, defined age (young: 20-
40 yrs., elderly: 60-95 yrs.), sudden or traumatjaries as a cause of death. Exclusion
criteria included: history of musculoskeletal dises affecting the femur (except hip
fractures in the fracture group), macroscopic and@diological signs of bone
pathological changes, endocrine or metabolic dese#sat affect the skeleton, and use
of medications known to interfere significantly kitbone metabolism e(g,
anticonvulsants, corticosteroids, and hormonalajgy. Ethics approval was granted by
the Ethics Committee of the School of Medicine, \énsity of Belgrade, Belgrade.

3.2. Assessment of bone microarchitecture

3.2.1. Sample characteristics

The sample set for microarchitectural analyses istats of two groups of
postmenopausal women: 15 individuals with hip ueet(fracture group: mean age 79.5
yrs., SD 8.5 yrs.), and 14 women without hip fraesu(controlj.e., non-fracture group:
mean age 74.1 yrs., SD 9.3 yrs.). To avoid infleesfcconfounding factors, the fracture
group and the control group were not statisticaifferent in age, body height and
weight (t-test: p>0.05)All individuals included in the study were devoifltbe signs of
bone pathology, and had no history of skeletal @datfy (apart from the fractures in the
fracture group). In the donors who sustained hagttire, the contralateral femur was
taken in order to allow for scanning the femoratkhsubregions in a consistent and
precise manner. Contralateral femur has been cereslcappropriate for analysis given
that the left and right sides do not differ sigrafntly in densitometric parameters
(Bonnick et al., 1996; Rao et al., 2000; Dane et2001; Pierre et al., 2010) and no
significant inter-side differences were found famyaof the trabecular or cortical

microarchitectural parameters in previous studi@sappard et al., 2008).
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3.2.2. Preparation of specimens
After at least 2 weeks of storage in 70% ethyl laddpthe proximal femora were
cleaned of adherent soft tissue. The bone sedtidimei middle of the femoral neck was

excised using a water-cooled diamond saw (Exaktn@ey) (Figure 2).

Figure 2. The regions of interest within the proximal femiihe femoral neck, a
frequent fracture site in the elderly, is markedhwa rectangle and its subregions with

(1) the superolateral neck and (2) the inferomedidk.

3.2.3. Micro-CT scanning procedure

3.2.3.1. Trabecular bone

Each bone specimen was attached to a sample heitllea consistent proximal-distal
orientation, and then the trabecular bone of thelewfemoral neck section was scanned
using micro-computed tomography (Scanco Medical OT Switzerland) in dry
conditions. Micro-CT imaging was performed at Department of €dkigy &
Biomechanics, University Medical Center Hamburg-&mgorf, Hamburg, Germany.
The specimens were foam padded to avoid any moveargfacts during scanning.
The scanning was operated at 55 kVp, 144 pA, widhminal resolution of 36 pum,
isotropic, 1024 x 1024 pixels per slice. The inédigm time per projection was 300 ms.
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3.2.3.2. Cortical bone

Cortical bone specimens originating from the sula¢eoal femoral neck region of five
fracture cases and four age-matched controls waceg into a sample holder and foam
padded to prevent any artifacts due to movementsiglthe scanning procedure. For
reliable evaluation of the cortical microarchiteetuthe scanning was performed at a
higher resolution (10 um, 2048 x 2048 pixels pare}lusing Scanco Medical uCT 40
(Switzerland) at 55 kVp, 144 pA and integrationdiof 200 ms.

3.2.4. Micro-CT evaluation procedure

Segmentation procedure comprised manual markingpefcontours of the region of
interest (ROI) on various slices, and using Morphction of the micro-CT program to
interpolate contours to a stuck of all slices —sthwoducing the volume of interest
(VOI). Afterwards, the segmentation parameters veete(lower threshold 220, Gaus:
sigma 0.8 and support 1.0) and bone microarchitecivas evaluated automatically
using micro-CT evaluation program V6.5-1 with dir8® bone morphometry.

The following trabecular microarchitectural paraene were determined: bone
volume fraction (BV/TV, %), connectivity density ¢@n.D, 1/mnl), structure model
index (SMI, dimensionless), trabecular number (TbhINmm), trabecular thickness
(Tb.Th, mm), trabecular separation (Tb.Sp, mm), aegdree of anisotropy (DA,
dimensionless)Bone volume fraction is the ratio between the natieed bone tissue
area and total area of the VOI, and most closdlgats the amount of bonee., “bone
guantity” (Djuric et al., 2010). While trabeculaumber and thickness, as well as
separation between trabeculae are also quite stfaigzard parameters related to “bone
quantity”, other parameters that describe 3D aearent of trabeculae need short
explanation. Connectivity density is a nice quaitie measure of connectivity between
trabeculae, and it is considered to be a sendiéatire of bone aging (Djuric et al.,
2010). Structure model index is a dimensionlessbarased to describe overall shape
of trabeculae; in trabecular bone it usually takasies between 0 (plate-like trabeculae)
and 3 (rod-like trabeculae) (Hildebrand and Ruegsig1997). Degree of anisotropy
depicts whether there is a preferred orientationtraibeculae in a particular direction
(higher DA = higher anisotropy) or if their spat@ganization is isotropig,e., equally

oriented in all directions (lower DA = lower anismpy) (Ciarelli et al., 2000;
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Homminga et al., 2002; Djuric et al., 2010). Afeeralyzing the whole neck slice, we
further evaluated its superolateral and inferonldthéves separately (Figure 2) in order
to assess the region-specific pattern of trabecuniaroarchitecture.

For the cortical bone, the following microarchitgal parameters were
determined: bone volume fraction (BV/TV, %), coaliporosity (Ct.Po, %) which is
calculated as 100%-BV/TV, and cortical pore diam@®.Dm, mm), as well apparent
density of bone tissue (T.Dn, mg HA/&m

3.3. Assessment of bone nanostructure

3.3.1. Specimen selection and preparation

The bone samples from proximal femora of five ya@mgomen (age: 31.6 + 5.5 years)
and five elderly women (age: 82.2 + 8.5 years) authdiseases affecting the skeleton,
as well as five aged women who sustained hip fracfage: 82 + 4.6 years) were
considered in the evaluation of bone nanostruataneg AFM.

After storage in 70% ethanol for a minimum of 2eke, bones were cleaned of
adherent soft tissue. After excising the femorakegion (Figure 3A, B), a low-speed
diamond wheel saw 650 (South Bay Technology In&AYor SYJ-160 (MTI Corp.,
USA) with water soluble coolant and 0.3 mm thickrdond wheel was used to make
bone sections in the laterale(, superolateral) region of the femoral neck, piowg
trabecular bone samples of approximately 5 mm x5l mm each (Figure 3B, 3C),
as well as corresponding cortical bone samplesu(ei@B, Figure 4). The specimens
were afterwards ultrasonically cleaned in alcotwl 5 minutes to remove sectioning
debris, and dried naturally at room temperaturéti#d specimens were prepared in the

same manner in order to ensure validity of intexegpen comparisons.
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Figure 3. Bone specimens used for analysis of bone nantsteadA) Proximal femur
(the red rectangle shows the neck regioB)) Excised femoral neck (the red and blue
rectangle in the superolateral femoral neck depinet site from which the trabecular
and cortical bone samples were taken, respectivély)) A representative trabecular

bone specimen used for AFM and chemical analy€ges® x 5 mm x 1 mm).

Figure 4. Cortical bone specimens used for analysis of buengostructure: A) The
proximal femur — anterior aspect (the red linesimedte the femoral neck)Bf The
proximal femur — superior aspect. The red rectangléhe superolateral femoral neck
depicts the site from which the cortical bone sanwhs taken and the surface (external

cortical s. periosteal surface) that was subjechémostructural analyses.
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3.3.2. Atomic force microscopy

3.3.2.1. Basic characteristics of AFM

Atomic force microscopy is a potent technique fanorresearch, providing excellent
imaging resolution without need of excessive sarppégparation, dying and coating. It
belongs to a family of scanning probe microscof&f3M) developed by Binnig and co-
workers (Binnig et al., 1986). In contrast to lighicroscopy and electron microscopes
that use light or electron beams and system ofekemgr obtaining the picture of the
specimen, the AFM uses a sharp mechanical probgur@i5) which “feels” the
investigated surface by coming in close “touch’hatite surface and thus being able to
provide an image of the 3D surface topography. A¥bbe is basically a “nano-finger”
which “touches” the investigated surface in a “¢ghéind controlled way. It consists of
a cantilever with a specific mechanical compliarfspring constante.g: 40 N/m)
which holds near its end an ultra-sharp tip withadius of typically less than 10 nm
(Figure 5). The tip is usually made of siliciumride and represents the part of the

probe that comes into a contact with the sampliaser

Figure 5. An AFM probe showing cantilever and a pyramidatastharp tip.

During scanning, the probe and the sample are moslatlve to each other in a well
defined and controlled manner (scan size, scandj(pe® by line withinX-Y plane
(raster scanningwhich is possible owing to microscope’s piezoo@a Along each
scanning line, the relative position of the probkereécorded, thus revealingscale
information that is directly dependant on the steféopography of the sample (Binnig
et al., 1986; Jandt, 2001; Thurner, 2009).

The remaining parts of AFM actually measure andtrod the “tactile

interaction” between the probe and the sample serfBeflection of the cantilever is
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detected using a laser beam that is focused oetoetdhr of the cantilever and reflects
onto a special position-sensitive photodetectod, the signal is converted to the image
and shown on the screen (Jandt, 2001).

While there are different operating regimes of ARMis mostly performed in
“tapping mode” in which the tip oscillates over th@mple surface near the resonant
frequency, and contacts (lightly taps) the surfacly intermittently. This mode allows
good image resolution without damaging the surfatandt, 2001). The schematic
explanation of AFM principle is shown in Figure Briefly, as the AFM tip taps the
scanned surface, it loses a part of the energyghwleads to a decrease in amplitude of
its oscillation (Jandt, 2001). This amplitude isimi@ned constant via the system’s
feedback loop by adjustingposition of the cantilever, while the photodetectrords
the position of the cantilever during its contadtrwthe surface, thus visualizing three-

dimensional surface topography of the analyzedispat

Photodetect
T R aRior Laser beam

m
i J
|
\I Cantilever

Tip

/W\J\l

Figure 6. Basic operation principle of the tapping mode ARMs(mplified sketch). The

cantilever with a pyramidal tip taps the surfacetbé specimen along X-axis (scan
line). The vertical deflection of the cantileverdXis) is related to the topography of the
specimen. The position of the cantilever is detebiemeans of a laser beam that hits
the rear of the cantilever and reflects onto thetpldetector which records the vertical
displacement (position) of the cantilever alongcarsline. A series of parallel scan
lines in X-Y plane (usually 256 lines per scan)egiinformation of the total scanned
area. The position of the cantilever at each p@mgiven a particular nuance of colour

on the screen, reflecting Z-scale information, ilee topography of the specimen.
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3.3.2.2. AFM imaging of bone specimens

Each bone sample was placed horizontally and ghnetthe sample disk, and imaged by
Multimode quadrex SPM with Nanoscope llle contnol(%eeco Instruments, Inc.)
under ambient conditions. The topography and phasages were acquired
simultaneously by standard AFM tapping mode usitgramercial Solid Nitride Cone
(SNC) AFM probe (NanoScience Instruments, Ivath cantilever length of 12pm,
force constant 40 N/m, resonant frequency 275 kidlzthe tip radius lower than 10 nm.
Images were recorded with 256 lines per scan. WHlight image displays topography
of the sample, the Phase image reflects speciftermbproperties of the sample (Bar et
al., 1999; Jandt, 2001; Garcia et al., 2007; Newigdet al., 2012). Namely, the Phase
mod is based on measuring the phase shift of thiéleaer, which is directly related to
local change in the energy dissipated in the sardpteng the tip-sample interaction
(Anczykowski et al., 1999; Garcia et al.,, 2007;b&tr et al., 2010). Simultaneous
acquisition of Height and Phase images allows niagcbetween the topographical
elements and the material properties, distingugshietween materials of different
mechanical properties, enhancing image contrastimammioving detection of edges
(Jandt, 2001).

In each sample, a minimum of 10 typical imagesewantained from various
locations, to assure representativeness of thenaasdeatures. The size of mineral
crystals (grains) was recorded on AFM images bysméag maximum dimension of
the grain, using Veeco Nanoscope Il software wer$.31rl. Origin Lab (version 8)
was applied for data analysis and curve fittinge Burface roughness was estimated
from topography images using the subprogram packaf¢he Veeco NanoScope Il
Surface roughness normally increases with incrgastan area but only up to a certain
“saturation” value. This value (saturation rouglg)esas determined in trabecular bone

specimens.
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3.3.2.3. AFM imaging. Determination of advanced nanostructural descriptors: Power
spectral density (PSD) and fractal dimension (FD)

Power spectral density (PSD) analysis was performedAFM topography images
using the software WSxM (WSxM v5.0, developed byrdds et al. (Horcas et al.,
2007)). Power spectral density represents an addaacalysis of the surface roughness
(Figure 7) based on Fourier decomposition of angenmto the waves of particular
wavelengths or frequencies (spatial frequenciesic{dll and Bonnell, 1990; Lita and
Sanchez, 2000; Nenadowt al., 2012). Briefly, in the case of AFM topoging data,
PSD analysis deconvolutes the roughness as a danofi unit length of the surface
(Nenadowt et al., 2012). Moreover, PSD analysis specificallyrelates the vertical
amplitude with the spatial frequency of surfacdudess, revealing characteristics of the
surface structure (Mitchell and Bonnell, 1990; latad Sanchez, 2000; Nenadoet al.,
2012) and describing the contribution of variousnents (features) to the surface
roughness (Nenadaviet al., 2012). Mathematical evaluation of the Pfabction is
complex and complete mathematical explanation eafobnd in other studies (Fang et
al., 1997; Kitching et al., 1999). We used graphgzasentation showing PSD [fhon
the logarithmic scale on th¥-axis, while theX-axis is represented by the spatial
frequency [1/nm] and is also shown on a logarithscigle.

In order to account for the contribution of feaiof various sizes to the bone
surface, the power spectrum density data were @gtiafrom the images of various
sizes (from a minimum scan size of 0.5 x 0.5°ftona maximum of 5 x 5 pth The
data points collected from all images belongingmoindividual were then plotted on a
single graph showingpg PSD vs.log spatial frequency of each individual. The data
points were fitted linearly as previously suggegighineanu et al., 2000; Nenadéwet
al., 2012), and the slope of the obtained line determined for each individual. The
slope of PSD trendline was determined in this st&idge it has been used successfully
for illustrating differences in spatial frequencigtdbution relatively independently on
the area (Jiang et al., 2005).
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Figure 7. Roughness analysisA( B) Examples of ideally regular surface profiles
showing “peaks and valleys” (2D profiles are shovier simplicity): Measures of
roughness only consider the vertical (Z-axis) di&erafrom the mean surface, and
therefore they cannot distinguish between A andrdiles which display the same
roughness. However, the profiles A and B actuaflgidconsiderably, since B has more
peaks and those peaks are narrowé) In contrast, PSD analysis considers not only
vertical deviation, but also the width (X-axis ved) of surface peaks (~wavelength),
l.e., their number per unit length (spatial freqagr inverse wavelength)Dj A real
example of a complex profile of bone surface. PSBased on Fourier transformations
which decompose the complicated wave to a numbedeail waves of particular
wavelengths. For characterization of any surfadejsi useful to know the vertical
deviation of the peaks from the mean surface, lsat the size (width) of those elements
(peaks), as well as their relative contribution \() to overall surface topography

(see also the Results section).
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Fractal dimension (FD) is a dimensionless numbat describes the complexity
of an object’s structure (Dougherty and Henebry9130and strongly corresponds to
visual perception of roughness (Zawada and Bro®k9} It depicts how an object
occupies space (Ulmeanu et al., 2000), so that plaree surfaces have FD closer to 2,
while FD of more complex or craggy surfaces appneache value of 3 (Zawada and
Brock, 2009). Moreover, fractal dimension measutes relative importance of high
frequency fluctuations in surface patterns in comspa with low frequency
fluctuations (Constantoudis and Gogolides, 2008y PSD vs.log spatial frequency
graphs provide the ability to calculate the fracdiahension of each sample according to
the following equation:

FD=0.5*(7),
wherep represents the absolute value of the slope of f&faline (Pfeifer, 1984; Silk
et al., 1998).

3.4. Quantitative chemical analyses

3.4.1. Evaluation of bone matrix composition via destructive analytical approach

3.4.1.1. Specimen preparation

Trabecular and cortical bone specimens from indiaisl chosen for nanostructural
analyses were powdered using electric grinder tyonisized particles (as proved using
AFM). Subsequently, they were dried for 2 hour¢@# C. Then, 250 mg of powdered
samples were weighted accurately into the tefloancibte. Hydrofluoric acid in
combination with perchloric and nitric acid wereedsfor sample dissolution. The
solutions were evaporated to incipient drynessepably after warming the mixture at
lower temperature for several hours, to removeetteess HF. When cool, a mixture of
nitric and hydrochloric acid was added, and warmeedissolve salts. Amonium acetate
was added to dissolve lead chloride when it waséak. After cooling the solution was
diluted to 100 ml with distilled water and storedpolythene bottles.
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3.4.1.2. Inductively coupled plasma optical emission spectroscopy (I CP-OES)
An ICP-OES spectrometer (Spectroflame, Spectro yaieal Instrument, Germany),
operating at 27.12 MHz and 2.5 kW was used to obtia¢ element content of the
specimens, at Department of Physical Chemistrytjtihe of Nuclear Sciences Vinca,
Belgrade. This instrument is equipped with four ypsbfomators for simultaneous
determination of 30 elements and one monochronfet@equential analysis.

With the SmartAnalyzersoftware v. 2.20, it is possible to conduct anorest
scans of defined lines during quantitative measerdgs The spectral lines for all
elements were carefully selected to avoid possibterferences problems. After
successfully completing reprofiling of the opties|east 30 minutes after ignition of the
plasma the measurements were performed. The ueediy Quick Quant procedure
has been used to compare the intensities for mesd®lements in a specimen with the
intensities measured for standards with known catnagons. Calibration curves were
calculated and the concentrations for the measeleients in the unknown sample
were determined. The calibration standards werpgpesel in appropriate concentration
range from elemental stock solutions. Matrix matchalibration standards were used.
Peak identification, background subtraction and atimaog were performed prior to

calculations of concentrations.

3.4.1.3. Direct current argon arc plasma optical emission spectrometry (DCA ARC)

The measurements were carried out on a U-shapedai@Gn arc stabilized by

combined gas and wall stabilization. Analyte salntcontaining different amounts of
KCI (from 0 to 2%) were nebulized with a glass aamicic nebulizer and introduced

into the plasma tangentially to the arc axis. Thazontal part of the arc column with

its axis parallel to the optical axis was focusedlme entrance slit of a monochromator
with photoelectric detection. Radial distributioneasurements were performed by
moving the arc device perpendicular to the optaoas of themonochromator. Square
current modulation was realized using an electrdagt switch circuit. The current

transition time (between 6 and 3 A) was a few ngeomnds, which was accomplished
by careful optimization of the electric circuit., by minimizing the reactive resistance

of the circuit. The low current period lasted 5 with a repetition period of 25 ms. The
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temporal responses were acquired using a digibahge oscilloscope controlled by a
PC computer.

3.4.2. Evaluation of bone matrix composition using non-destructive analytical
approach

3.4.2.1. Energy dispersive X-ray spectroscopy (EDX)

Bone specimens were embedded in epoxy resins mmtder to provide a flat surface
appropriate for EDX analysis, the specimens warmelyi polished using 4000 grit on
Unipol 810 semiautomatic polishing machine (MTI @amation, USA) under constant
water irrigation. The specimens were then ultrasated for 5 minutes and left to dry
naturally. The surface of specimens was coated wétbon and mounted in the
scanning electron microscope (LEO 435 VP; LEO Ebect Microscopy Ltd.,
Cambridge, England) operated at 20 kV and 1 nA @retant working distance of 24
mm, in accordance with previous studies (Bussd.ef@10a). The spectra based on
characteristic X-rays of different elements wittiie bone material were acquired using
Energy Dispersive X-ray analysis (EDAX, DX-4, Mahwa\J) integrated with SEM.
Elemental peaks reflecting the content of calci®@a)(and phosphorus (P) in weight
percent (Wt-%) were evaluated using EDX-ZAF sofevarovided by the manufacturer
(EDAX, DX-4, Mahwah, NJ), and calcium-to-phosphomagio - an estimate of the

mineral composition of the bone material - was chetieed.

3.4.2.2. Bone mineral density distribution analysis (BMDD) using quantitative
backscatter electron imaging (QBEI)

The specimens were polished to achieve smooth maplsurfaces using automatic
precision grinding system under constant watergation (Exakt, Germany).
Subsequently, they were carbon coated and mountedthe scanning electron
microscope (LEO 435 VP, Cambridge, England) witbaakscattered electron detector
(Type 202, K.E. Developments Ltd., Cambridge, End)aat Institute of Osteology and
Biomechanics, University Medical Center Hamburg-&ugorf, Hamburg, Germany.
The imaging was operated in backscatter mode &e¥0and 680 pA with a constant
working distance of 20 mm. The beam current wasrobbed by use of a Faraday cup
(MAC Consultants Ltd, England). Quantitative baekter electron imaging (qBEI) was
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performed to evaluate bone mineral density distidou(BMDD) in accordance with
the application in previous studies (Roschger ¢t18198; Roschger et al., 2008; Busse
et al., 2009; Regelsberger et al., 2012; Koehra.e2013). Briefly, to allow reliable
inter-specimen comparisons all parameters weretaiagd stable during imaging and
the gray levels were controlled using calibratitandard with carbon (gray level: 5 + 1)
and aluminum (gray level: 222.4 + 1). The relatlopsetween gray levels and calcium
concentration was evaluated based on the work atiRger et al. (Roschger et al.,
1998). Namely, a highly linear relationship (r 98&). between the gray values of the
backscattered signal intensities and the calciumtett (Ca-Wit%) was reported
previously by Roschger et al. (Roschger et al.,8199he generated gray values
represent the calcium content (Ca-Wt%) in each Ipikealuation of bone mineral
density distribution based on gray level imagesatical specimens was performed
using a custom routine in MatLab software (MathVéoitdSA).

The following parameters were evaluated: meaniwalccontent (mean Ca,
wit%), the most frequent calcium concentration witthie scanned area (peak Ca, wt%),
width of calcium content determined as FWHM (widthhalf-maximum of the curve)
showing the homogeneity/heterogeneity of BMDD disition (width Ca, wt%),
percentage of low mineralized bone which denoteshibne area that is mineralized
below the ' percentile of the reference range of the controlig (Ca low, % bone
area) and percentage of high mineralized bone sgpdeas bone area containing Ca
concentration above the ®percentile of the reference range of the controlg (Ca
high, % bone area).

In addition, the osteocyte lacunar network was luatad in recorded
backscattered electron images. The number of ogEo@cunae per bone area
(N.Ot.Lc/B.Ar, #/mnf) was evaluated in accordance with previous stu@esse et al.,
2010a) and the current nomenclature guidelines miercan Society for Bone and
Mineral Research (ASBMR) (Dempster et al., 2013)l lacunae were counted
manually while the reference bone area was detednimsing an image analysis
software (ImageJ, 1.46q, National Institutes of IHgaJSA).
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3.5. Assessment of bone nanomechanical properties

3.5.1. Nanoindentation

3.5.1.1. Characteristics and preparation of the specimens

The bone samples that were subject to testing necleamical properties derived from
the femoral neck region of eight skeletal healttomen (five young: 31.6 + 5.5 years
old, and three elderly: 87.7 £ 5.7 years old).

The femoral samples were stored in ethanol, cttah@dherent soft tissue and
cut using a water-cooled diamond saw (Exakt, Geyném detach the femoral neck
region (Figure 8A, B). A low-speed diamond wheel €50 with water soluble coolant
(South Bay Technology Inc., USA) was used to exdmsgyitudinal trabecular bone
specimens by cutting parallel to the femoral nedk & the superolateral region of the

femoral neck (Figure 8C-F).

A

F

Figure 8. Schematic representation of the trabecular bonecigpens’ acquisition for
nanoindentation measurementsA) (The proximal part of a human femur: the
demarcated region shows the femoral neck region-(kuperolateral neck, M —
inferomedial neck);R®) Excised femoral neck: the cutting plane paraiéethe femoral
neck axis relieves the superolateral portion of tieek; C-F) Excising the trabecular
bone sample from the superolateral neck region.
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The trabecular bone specimens were later embeddexpoxy resins under
vacuum, and polished carefully using carbide papémncreasing smoothness (from
1200 up to 4000 grit) under constant water irrigaton Unipol 810 polishing machine
(MTI Corporation, USA). Afterwards, the polished espmens were cleaned
ultrasonically in alcohol for 5 minutes to removeyalirt, debris or particles resulting
from the polishing procedure. The specimens ween tallowed to dry naturally at
room temperature at least 24 hours before nanociatien tests. Every effort was made
to prepare all the specimens in the same mannander to secure the validity of inter-

specimen comparisons.

3.5.1.2. AFM imaging

Prior to embedding, each trabecular bone sampier @fminutes’ washing in ultrasonic
bath, and natural drying) was placed horizontaftyoahe sample disk, and imaged by
Multimode quadrex SPM with Nanoscope llle contnol(&eeco Instruments, Inc.)
under ambient conditions in standard AFM tappingdenaising a commercial Solid
Nitride Cone (SNC) AFM probe (NanoScience Instrutaginc.) (cantilever length 125
um, force constant 40 N/m, resonant frequency 275, kkk tip radius lower than 10

nm).

3.5.1.3. AFM nanoindentation

3.5.1.3.1. Principle of nanoindentation

Nanoindentation method is based on penetration diamond tip ie., indente) of
known proportion and geometry into the investigateniface at accurately defined
loading force. In a typical indentation cycle, losdapplied to the indenter that is in
contact with the surface of the specimen. The ke depth of penetrationd., load-
displacement or force-penetration curve) are resmbrals the load (force) is increased
steadily up to a pre-defined maximum value whil&kimg an indentation on the surface
(loading phasgand then decreased from maximum load back to white the tip is
removed from the surfacerfloading phase(Figure 9). There are different variants of
nanoindentation tests (quasi-static and dynamiaj, @liver-Pharr method is most
commonly used in both material science and in treelfield (Oliver and Pharr, 1992).

The detailed mathematical description of Oliver#iPBamethod is available in their
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original publication (Oliver and Pharr, 1992) adlvas in other studies (Rho and Pharr,
1999b; Rho and Pharr, 1999a; Rho et al., 1999a; &hal., 1999b; Thurner, 2009).
Basically, this method allows calculating elastiodulus and nanohardness of the
investigated material, based on indentation delptind (force magnitude) and known

geometry and properties of the indenter (Oliver Bhdrr, 1992) (Figure 9).

indenter initial surface

unloaded

Figure 9. Schemeof the surface profile under maximum load basedQdner and
Pharr's method. It is noteworthy that the investeghsurface partly recovers after the
indentation due to elastic properties, while thenegning indent reflects persistent
plastic deformation of the material. Oliver-Pharnsethod calculates the nanohardness
as the relation between maximum load and indematicea. (P — load, k. — the
maximum indentation depth, i.e., indenter’s pertetradepth at the maximum load at

the end of loading phase, k residual depth after removing the indenter).

3.5.1.3.2. Nanoindentation test

Nanoindentation was performed on Multimode quad&3M with Nanoscope llle
controller (Veeco Instruments, Inc.) under ambieonditions in Force-indent mode
using a commercial DNISP AFM probe (Veeco Instrutnémc.) with a diamond tip
suitable for nanoindentation applications (canglevength of 350um, resonant
frequency 63 kHz, high spring constant of 243 Ndmyadius 40 nm, Poisson’s ratio of
the tip 0.07 and elastic modulus of the diamondlid@g0 GPa). The force applied is
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determined as the product of the spring constarthefcantilever and its deflection.

Deflection sensitivity of the cantilever was cadited by indenting a sapphire surface.
The trabecular bone specimens were indented irditleetion normal to the femoral

neck axis, which resembles the direction of théifapact in the elderly (Lotz et al.,

1995).

We made series of indents using Auto Indent optidmnch produces the
indentation arrays automatically, after setting thuenber of columns and rows in the
array and the spacing between them. A force-dispt@nt curve was recorded for each
indentation (Figure 10). A 10 x 5 array of indenidere the applied force increased
along each row, were made on each specimen. Theatypdentation forces ranged
from 0.01 to 0.12 mN, and the tip was givenXarotation of 25°.

30
25

20

Force [uN]

10 = |oading
® unloading

0 s0 10 150 200
displacement [nm]

Figure 10. A typical force-displacement plot showing a single load-udlagycle.
Maximum displacement corresponds to the depth déntation at the end of the
loading phase. During the unloading phase, the asi@f moves back towards the
original position due to elastic properties. Notepowever, that the surface never
achieves the zero-position and even at the enchiolading phase it remains slightly
indented indicating persistent (plastic) deformaticElastic modulus information is
extracted from the unloading part of the curve f&ta deformation region) using

Oliver-Pharr method.
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In each indentation cycle, the corresponding fqgreeetration depth plots were
used to determine the elastic modulus and hardnals® according to Oliver and
Pharr method (Oliver and Pharr, 1992). In this méfhthe projected area of contact
between the indenter and the sample at maximum ikaalculated considering the
geometry of the indenter and the depth of confdanoindentation analysis software
developed by Shuman and Costa (Shuman, 2006; Shetvedn 2007) Dureza 1.1 was
used to analyze the curve data, extracting theiela®dulus and nanohardness values
of the specimens. Unload curve data were usechéonon-linear numerical power-law
fit, specifically the points from 20 to 100% wersed for fitting following previous
recommendations (Oliver and Pharr, 1992; Helvad &mho, 2005; Shuman et al.,
2007). It should be noted that we performed naremtation tests on bone surfaces and
also on the surrounding resin, in order to checktie effects of underlying acrylate on

the measured bone values.

3.5.2. Reference point indentation (RPI)

3.5.2.1. Characteristics and preparation of the specimens

The specimens that were subject to RPI testing cse cortical specimens from
elderly women who sustained hip fracture (n=5, &+ 4.6 years) and age-matched
control group of women (n=4, age: 82 + 9.8 years).

A low-speed diamond wheel saw SYJ-160 (MTI Cag$sA) with water soluble
coolant was used to make bone sections in the slaperal region of the femoral neck,
providing cortical bone samples each approximatetlym x 4 mm x 1 mm in size. The
surface of cortical bone specimens was finely pelisusing 4000 grit on Unipol 810
semiautomatic polishing machine (MTI CorporationSA) under constant water
irrigation. The specimens were then ultrasonicdi@d5 minutes and left to dry

naturally before mechanical testing.

3.5.2.2. Reference point indentation tests

Cortical bone specimens were mounted on a samptthand placed on a BioDent
Hfc instrument (Active Life Scientific Inc., San@arbara, CA, USA) in Institute of
Osteology and Biomechanics, University Medical @entHamburg-Eppendorf,

Hamburg, Germany. Reference point indentation nreasents were performed using a
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commercial probe (type BP2, Active Life Scientifiaic., Santa Barbara, CA, USA)
consisting of aeference probeavhich rests on the bone surface anést probewhich
indents the bone during the testing (Hansma e2@08). Reference probe is a flat bevel
with 5-mm-long cannula, whereas the test probedfsc@nospherical with less than 5
pm radius point.
The reference probe is driven to the bone surfélce.principle of RPI involves
10 successive indentation cycles per measurememgdwhich the test probe goes
deeper into the bone with each cycle. Each cyalsists of three equally long phases: a
loading phasewith the applied force linearly increased to 2a\hold phasewhere the
force is kept constant, anchloading phasen which the force linearly decreases to 0
and the probe is removed from the surface.
Based on the load-displacement curves that arerded by the Biodent
software, the following parameters were measuregu(e 11):
- first cycle indentation distance (ID 1, um) which a penetration depth
achieved by the test probe during the first indiorecycle,
- total indentation distance (TID, um) — distancearfrthe initial touchdown
distance to the maximum indentation distance irldkecycle,
- indentation distance increase (IDI, um) — the iaseein indentation distance
from the first to the last cycle,
- average creep indentation distance (CID, um) —tmdai distance traversed
by the probe during the hold period, averaged allendentation cycles, and
- the average energy dissipated (ED, puJ) which ieanmtegrated area under
the load-displacement curve (averaged during @llesy.
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Figure 11. Schematic overview of material properties acquiusthg reference point

indentation

3.6. Statistics

3.6.1. Determination of sample size
Sample sizes needed for the analyses in this siehg calculated in MedCALC

statistical software (version 9.1.0.1) considemxgected variability of the investigated
parameters and biologically relevant level of difeces intended to be detected, with

type | error of 0.05 and type Il error of 0.20.

3.6.2. Statistical analysis of data
Kolmogorov-Smirnov test was applied to assess thmality of the data distribution of

compositionahd a mechanical parameters.

microarchitectural, nanostructural,
Parametric tests (t-test;, ANOVA, ANCOVA) in the easf normal distribution, or

otherwise - appropriate non-parametric tests (Mafminey test) - were used for

assessing the differences in microarchitecturahost@uctural, compositional and

mechanical parameters between the investigatecpgrddNCOVA was used to check
31



for inter-group differences in various micro-CT g@aueters upon adjusting for BV/TV,
and to check for inter-group differences in RPIgpaeters or cortical micro-CT
parameters after age-adjustment. Linear regressiaiysis was used for determining
the relationship of nanostructural parameters ameghanical properties of the bone
matrix, as well as exploring the effects of agenanostructural parameters of the bone
matrix. Pearson’s correlation analysis was usedigsess the relationship between
different parameters.

All statistical tests were performed in Statidtieackage for the Social Sciences
(SPSS) version 15, while curve analysis was perdrin SPSS 15 and OriginLab 8.
The p-values0.05 were considered statistically significant.
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4. RESULTS

4.1. Analysis of trabecular bone microarchitecture

We analyzed trabecular bone microstructural pararsedf the femoral neck in 29
women belonging to two categories: non-fracturen{iad) group and fracture group.
All microarchitectural parameters showed normalriiigtion (Kolmogorov-Smirnov
test, Tables 1-4).

Table 1. Microarchitectural parameters in the superolaterack of the control group:

Kolmogorov Smirnov test for normality of data disition.

BV/TV Conn.D SMI Th.N Tb.Th Th.Sp DA

Mean 8.00 0.63 262 125 020 085 1.69
SD 4.00 0.55 0.47 0.06 0.05 0.05 0.29
Kolmogorov-Smirnov Z 0.45 0.88 0.39 0.88 0.54 0.89.77
p value 0.99 0.42 1.00 042 093 047 059

Table 2. Microarchitectural parameters in the inferomediadak of the control group:

Kolmogorov Smirnov test for normality of data distition.

BV/TV Conn.D SMI Th.N Tb.Th Tb.Sp DA

Mean 1400 0.84 226 1.27 0.27 0.82 2.30
SD 6.00 0.61 0.42 0.07 0.07 0.06 0.26
Kolmogorov-Smirnov Z 0.64 0.75 0.38 0.78 0.86 0.870.72
p value 0.80 0.62 1.00 0.57 0.45 0.44 0.68
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Table 3. Microarchitectural parameters in the superolaterack of the fracture group:

Kolmogorov Smirnov test for normality of data disdition.

BV/TV Conn.D SMI Th.N Tbh.Th Tb.Sp DA

Mean 3.6 0.21 294 1.22 0.17 0.89 1.67
SD 1.6 0.15 0.36 0.04 0.00 0.03 0.22
Kolmogorov-Smirnov Z 0.58 0.55 0.65 0.72 0.51 0.54 057
p value 0.89 0.92 0.80 0.68 0.95 093 091

Table 4. Microarchitectural parameters in the inferomediadak of the fracture group:

Kolmogorov Smirnov test for normality of data disdition.

BV/TV Conn.D SMI Tb.N Tb.Th Tbh.Sp DA

Mean 9 0.46 229123 024 086 2.59
SD 4 0.43 0.440.06 0.04 0.07 0.33
Kolmogorov-Smirnov Z  0.42 0.97 0.4mM.97 049 120 0.46
p value 0.99 0.30 0.990.31 0.97 0.11 0.98

Comparison of the fracture and control groups shibwleat they differed most
significantly in bone volume fraction (BV/TV: 6.3% fracture casess. 11.2% in
controls, p=0.002), probably due to an overall drén changes in both trabecular
number and trabecular thickness. Moreover, thddraacases had a lower connectivity
density (Conn.D: 0.33/mfvs. 0.74/mni, p=0.019) and a higher trabecular separation
(Th.Sp: 0.87 mnvs.0.83 mm, p=0.030) (Table 5, Figure 12).

After division into the superolateral and inferatia regions of interest, evident
inter-site differences appeared: in particular, gbperolateral neck displayed markedly

unfavorable microarchitectural features (Tableigufes 12 and 13).
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Table 5. Microarchitectural parameters in the fracture (FAhd control (CTL) groups
in the femoral neck section.

The femoral neck section

% of
Control Fracture _
difference p
(n=14) (n=15)
FX vs. CTL
Mean BV/TV (SE) [%)] 11.2 (1.2) 6.3 (0.7) -43.8 0.002
Mean Conn.D (SE) [1/mni] 0.74 (0.14) 0.33 (0.07) -55.0 0.019
Mean SMI (SE) 2.44 (1.00) 2.61 (0.09) 7.1 0.207
Mean Tb.N (SE) [1/mm)] 1.26 (0.02) 1.22 (0.01) -2.8 0.081
Mean Tb.Th (SE) [mm] 0.23 (0.02) 0.21 (0.01) -12.0 0.093
Mean Th.Sp (SE) [mm] 0.83 (0.01) 0.87 (0.01) 4.8 0.030
Mean DA (SE) 2.00 (0.05) 2.13 (0.07) 6.6 0.124

The measured values are reported as mean withasthador of mean

Figure 12. Representative 3D micro-CT reconstruction of #mdral neck trabecular

bone in an elderly woman who sustained hip fract{&g and in a woman without

fracture B). M — inferomedial neck region, L — superolatersdck region (The red

layer represents exactly the osseous material®tdb slice. The gray values represent

all subsequent slices.)
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In the superolateral neck the majority of paramset@ere impaired in the

fracture group (Table 6, Figure 13). Especiallyndaolume fraction and connectivity

density demonstrated more than 50% lower valudsarracture group (BV/TV: 3.6s.
8.2%, p=0.001; Conn.D: 0.2%.0.63/mni, p=0.008). Other parameters showed smaller

percentage of differences, but with attained stesiksignificance, except in the case of

trabecular number and degree of anisotropy (Tahl€elee superolateral neck of the

fracture group displayed especially thinner trabeeu0.17vs. 0.20 mm, p=0.05),

higher separation between the trabeculae (@89.85 mm, p=0.013), and a higher SMI

reflecting the predominance of rod-like trabecudements (SMI: 2.94vs. 2.62,

p=0.049) (Table 6).

Table 6. Microarchitectural parameters in the fracture amn-fracture (control)

groups in the subregions of interest.

Superolateral neck

Inferomedial neck

Control Fracture Control Fracture
% * p % * p
(n=14) (n=15) (n=14) (n=15)
Mean BV/TV 8.2 3.6 14.3 9
-56.1 0.001 -37.1 0.006
(SE) [%9] (1.2 (0.4) (1.5) 4)
Mean Conn.D 0.63 0.21 0.84 0.46
3 -67.2 0.008 -45.8 0.059
(SE) [/mm7] (0.15) (0.04) (0.16) (0.12)
Mean SMI 2.62 2.94 2.27 2.29
12.2 0.049 1.0 0.873
(SE) (0.13) (0.09) (0.12) (0.44)
Mean Th.N 1.25 1.22 1.27 1.23
-2.3 0.129 -3.2 0.113
(SE) [/mm] (0.02) (0.01) (0.20) (0.02)
Mean Th.Sp 0.85 0.89 0.82 0.86
45 0.013 5.2 0.202
(SE) [mm] (0.01) (0.01) (0.17) (0.02)
Mean Th.Th 0.20 0.17 0.27 0.24
-14.8 0.05 -9.8 0.094
(SE) [mm] (0.01) (0.01) (0.02) (0.01)
Mean DA 1.70 1.67 2.30 2.59
-1.3 0.821 12.4 0.016
(SE) (0.08) (0.06) (0.07) (0.09)

* - percentage of difference between the fracture gangpthe controls
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In contrast, in the inferomedial neck only BV/TVdadegree of anisotropy differed

significantly between the fracture and non-fractgreups, where the fracture cases
presented significantly lower values of BV/TV (9%. 14.3%, p=0.006) and a higher

anisotropy (2.59s.2.30, p=0.016) (Table 6, Figure 13).
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Figure 13. Comparison of the microarchitectural parametersween the fracture and

non-fracture (control) group for the superolateed inferomedial neck: BV/TV - bone
volume fraction, Conn.D - connectivity density, SMitructural model index, Th.N -
trabecular number, Tb.Th - trabecular thickness,Sfh- trabecular separation, DA -
degree of anisotropy. Bars indicate SE. & p0.05, **p< 0.01, **p< 0.001:

Student’s t-test)
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In addition, bone volume fraction correlated siigantly with all micro-CT
parameters except with degree of anisotropy in Batioral neck subregions (Table 7).
After adjusting for the effects of BV/TV, majorityf inter-group differences
disappeared (Table 8).

Table 7. Pearson’s coefficient (R) for correlation betweewi/BV and other micro-CT

parameters.
Site Conn.D SMI Tb.N Th.Th Th.Sp DA
Supero R 0.885 -0.815 0.679 0.682 -0.802 0.317
lateral BV/TV
p-value <0.001 <0.001 <0.001 <0.001 <0.001 0.094

neck
Infero R 0.731 -0.680 0.676 0.682 -0.729 -0.151
medial BV/TV

. p-value <0.001 <0.001 <0.001 <0.001 <0.001 0.433
nec

Table 8. Inter-group differences after adjusting for thdeets of BV/TV (ANCOVA).

Note that majority of inter-group differences dipapred.

Superolateral Inferomedial

neck neck
Y p

Conn.D 0.504 0.955
SMI 0.180 0.010

Th.N 0.300 0.794
Tb.Th 0.712 0.459
Th.Sp 0.788 0.715
DA 0.326 0.022
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4.2. Analysis of bone nanostructure and chemical agposition
We have performed an AFM characterization of nanosire of trabecular and cortical
bone specimens from the superolateral femoral regibn in young and elderly women

to determine whether bone aging effects are vigibeenano-scale.

4.2.1. Age-related differencesin nanostructure of trabecular bone

Analysis of AFM images revealed evident differen@@snanostructure between the
trabecular bone samples from the young and old lesndigure 14 shows AFM
topography images of the bony trabeculae. The isiagewn here are representative of
those acquired from various areas of the sample @epict features observed

consistently.

nm

400.00
400.00 nm

o
\\ L //ﬁ/ 400
\ . 3
\|

Figure 14. Trabecular bone from the superolateral region loé femoral neck in a
young @A) and old womang): AFM 3D Topography image (500 nm x 500 nm). Note

lower surface roughness of the old woman trabecula.
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In terms of materials, the observed bony surfaepsesent a continuous phase,

but with evident granular structure (AFM phase imdggure 15).

129.79 nr

12.00 nr

-10.32 De

-22.58 De

Figure 15. Representative AFM 2D Topography (up) and corredptg Phase image

(down) of the trabecular bone from the superoldteegion of the femoral neck in a
young woman (500 nm x 500 nm). Note granular omgtion of the mineralized
matrix. In 2D Topography image, the information dre third (Z) dimension is
represented by different nuances of orange-brovioucothe highest parts (“the hills”)
are lighter, whilst deeper parts of the surfacedgmaphy (“the valleys”) are darker.
The Phase image uses different colours to depiet areas of different material
properties across the scanned area. In this cdse,surface is composed of a single
type of material in terms of physical and mechanateracteristics. It is evident that
the surface is made of mineral grains of variouesiand shapes. Matching of Phase
and Height images shows that the dark lines orPitese image represent edges of the

mineral grains, not different materials.
40



1.00

1.00

0.75

0.50

0.25 0.25

0
00

0
00 0

0 0.25 0.50 0.75 1. 0.25 0.50 0.75 L.

Figure 16. Representative AFM phase image of the trabeculanebfrom the
superolateral region of the femoral neck in a yo@Ay and old womang) (1 pm x 1
pm). Domination of a single colour suggests tha dibserved surface is made of
homogenous material in terms of material propertiakhough it is clear that the
surface is granular (N.B. dark brown lines show th@ges of individual mineral

grains). Note larger mineral grains in an elderlpman’s trabecula.

Size of the grains differed between the young dddralividuals in a specific manner
(Figures 16-18). In the elderly, the grains wergéda on average (median: 95 w1 59
nm; Mann-Whitney test, p<0.001), but also the \@lity was much greater (coefficient
of variation: 60%vs. 38%; Figure 17). Old women displayed wide disttid of the
grain sizes (26 nm - 445 nm), in contrast to yountividuals where the grains were

notably within a narrower range (21 nm - 129 nnguiré 17).
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Figure 17. Boxplot diagram showing variability of the grairee distribution in the
superolateral femoral neck trabecular bone in yoang old women.
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Figure 18. The superolateral femoral neck trabecular bonee Gnain size distribution
in the young and old women.
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After deconvolution of the curve showing grainestistribution in old women,
two peaks were identified (65 nm and 130 nm) usdnigyin Lab software (Figure 19).
According to determination of the area under theveuthe smaller grains (which were
of similar size to the grains of the young womespresented 44.8% of the grains in the

elderly, while the remaining 55.2% were larger gsai
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Figure 19. The superolateral femoral neck trabecular bondtdei curves of the grain
size distribution in the young and old women. Nib&g in old women there are two
peaks indicating presence of small and large mihgrains, while the position of the

peak in the young overlaps with the first peakhefelderly.

In addition, we observed that old women showed peetedly a low mean saturation
roughness of the trabecula (around 50 nm) (Figdjed&picting that larger grains were
flattened. In contrast, the mean saturation roughne most of young cases was too
high to be measured.

Chemical analyses showed unchanged levels ofutal@and phosphorus in
trabecular bone of elderly women (t-test: p=0.390.B4, respectively), without
significant difference in Ca/P ratio (t-test: p=8).3Elemental composition of the bone

matrix as revealed by spectroscopic analyses s Table 9, revealing presence of
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various trace elements in bone. Old bone contaim® rstrontium and barium, and less
iron (judging from mean values), however statistgignificance was not achieved due
to high variability in concentrations of these e@ats €f. high SDs, Table 9).

Table 9. Chemical composition of the human femoral trab@cblone (ICP-OES and
DCA ARC quantitative analyses).

Young women | Elderly women

Mean SD Mean SD
Ca [wt %] 2255 3.01 | 2438 255
P [wt %] 10.62 0.43 | 10.68 0.22
Ca/P ratio 2.12 0.26 2.28 0.23
Mg [mg/g] 3.25 0.26 3.08 0.64
Sr [ug/g] 5425 222 | 89.25 76.75
Fe [mg/g] 2.40 3.90 0.21 0.21
Ba [ug/g] <5.00 0.00 9.00 10.00
K [mg/g] 0.42 0.10 0.66 0.34
Na [mg/g] 2528 528 | 27.90 4.96

4.2.1.1. Advanced nanostructural analyses (PSD, FD) of trabecular interfibrillar
surface in young vs. elderly women

lllustrative AFM topography images of the trabeeul@Figure 20) revealed the
nanostructural features of mineralized bone matrshowing densely packed
extrafibrillar bone minerals. The representative MARmages depict the features
observed consistently at various locations witlmvestigated human trabeculae. It was
obvious from these images that the surface textiffered across age. To quantify
differences in surface roughness and texture codtpleve extracted power spectral
density curves and fractal dimensions data fromAR®& topography images of the
mineralized bone matrix of the femoral neck trall@eun a group of youngs. elderly
women.
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Figure 20. Representative AFM 3D surface plot (Topographygesa scan dimensions:
2 um x 2 um) of a young femabd @nd an elderly female individuasy.

Power spectral density graphs showed the roughdessity distribution in
relation to spatial frequency. There was a decr@aseagnitude of the power spectra
with increasing spatial frequencies in all cases.each individual, the PSD data
originating from AFM images of different sizes wesweraged. The observed
relationship between the power spectra and spiiglency could be approximated
with a straight line in each individual (p<0.05)gtres 21A and 21B show linearly
fitted PSD graphs of a young and an elderly indigidrespectively.
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Figure 21. Power Spectral Density graph with linear fitting anyoung femaleA) and
an elderly female individuaB{). Note that both axes are with a logarithmic scafe
values (PSD=Power spectral density) correspond He tontribution of particular

spatial frequency (X-value) to overall image rougbs
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The slopes of the fitting lines were determinedath young and old individuals. The
slopes showed negative values, illustrating deeckasagnitudes with increasing spatial
frequency. The absolute value of mean PSD slopkerelderly was higher than in the
young specimens (2.374 compared with 2.066). Evialuaof the slopes of PSD
trendlines in relation to age of individuals (Figu22) suggests a tendency towards
steeper lines in the elderly. There was statigyiGgnificant dependence of PSD slope

on age according to the following law:
PSD =-0.007 * age - 1.828 (p<0.05).
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Figure 22. Age-dependence of PSD slopes.

PSD trendlines in each individual allowed subsetj@alculation of the fractal
dimension of their mineralized bone matrix. Youngpeecimens had higher average
values of fractal dimensions (2.467) than the &d€R.313). Individual fractal
dimensions are shown in Figure 23. It was obsetladthe distribution of FD in young
individuals was more homogenous, and only the FEhénoldest individual (38 years
old) deviated towards the lower values. In conjrakterly individuals presented with
more disperse values of fractal dimension. In otdexssess how the FD depends on the

age of an individual, we have applied linear regi@s analysis. Evident negative
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correlation was found in regression analysis betwE® and age, which can be
expressed with the following law:
FD =-0.003 * age + 2.586 (r=0.65, p<0.05).
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Figure 23. Age-distribution of fractal dimension of the baneeralized matrix in the

femoral neck trabeculae

4.2.2. Age-related differencesin nanostructure of cortical bone

Given that we observed a significant trend to iasesl femoral neck outer diameter in
advanced age (R=0.844, p=0.004 — Figure 24), winerenean neck diameter was 3.1
cm = 0.2 cm in the youngs. 3.6 cm = 0.2 cm in elderly group (p=0.005), we
hypothesized that bone apposition happens at thiespzal cortical surface of the

femoral neck. Therefore, we have performed qualgaand quantitative nano-scale
characterization of the external cortical surfgoeripsteal surface) of the femoral neck

in women of young and old age.
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Figure 24. The femoral neck outer diameter in relation to afendividuals.

AFM Phase images that allow distinguishing betwdgenmaterials of different
properties have shown that the external corticalebsurface represents a continuous
phase composed of mineral grains exclusively (led%). The granular organization of
the mineral phase was evident in Height and Phmagas in both age groups of women
(Figure 25 A, B, C, D). The minerals were densedgked, and they varied in shape.
Usually they were plate-shaped rather than neddipesl. The recorded features were

consistently seen in AFM images in various locatiamhin the cortical samples.
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30 deg

30 deg

0 nm 0 deg

Figure 25. Representative AFM images of the external cortlwahe surface of the
femoral neck in a youngA( B) and elderly womenQ, D). An AFM Height imageA),
with corresponding AFM Phase imagg) (of the external cortical surface in a young
woman. C) AFM Height image of the external cortical surfacean elderly woman,
with corresponding AFM Phase imagB)( Simultaneous acquisition of Height and
Phase images allows matching nanostructural featusith corresponding material
properties. Note that in both individuals the obsel surface represents a continuous
phase composed of densely packed small minerahgrai various size and shape.
Scale bar =100 nm.
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Matching of simultaneously acquired Height and dehianages allowed reliable
identification of mineral grains and subsequent sneament of their size. The results
revealed that small crystals dominated both in goand elderly external cortices
(Table 10, Figures 25-27; Young.Old: p>0.05). In young women, the size of mineral
grains was in the range between 8 nm and 99 nnm, awerage diameter of 35 nm
(Table 10). Likewise, the mean grain size in théedy was 37 nm, with a range
between 10 nm and 105 nm. Further analysis of thim gize distribution showed that
minerals with diameter between 10 nm and 40 nmessmted more than 60% of all

mineral grains in both age groups (Figures 26 af)d 2

Table 10. Grain size at the external cortical surface in yguend old women femoral

neck (Cl — confidence interval).

Grain size

Lower Upper
age Mean SD  95% CI 95% ClI Min Max
of Mean of Mean

young 35nm 18nm 33 nm 36 nm 8nm 99 nm
old 37nm 18 nm  35nm 38 nm 10 nm 105 nm
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Figure 26. Histogram of grain size distribution in young wame
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Figure 27. Histogram of grain size distribution in elderly men.

AFM topography images allowed 2-D and 3-D viswatiian of mineral crystals
that cover the bone surface (Figure 25 A, C; Fi@8é\, B). Moreover, analyses of the
spatial organization and packing of the grains aéack fiber-like structures densely
covered by mineral grains (Figure 28). Those fbniostly had a fusiform shape, and
appeared to be slightly interlaced with each otfieégure 28) or packed tight and
parallel (Figure 29). They were obviously envelopedggregates of small crystals.
The diameter of those fiber-like structures did difter significantly between the age
groups (Table 11; p>0.05).

51



100 nm 50 nm

0 nm 0 nm
Figure 28. AFM Topography images showing mineralized colladimils at the
external cortical bone surfaceA) Note ~150nm-thick fibrils spreading mostly frdme t
upper-left to lower-right angle of the imag®)(Higher magnification image showing
two oblique fibrils. Note that the fibrils are ceat with grains.

A

Figure 29. External cortical bone surface at the femoral neegion in a 38-year-old
woman: AFM images (1 pm x 1 pmh) (The Height image shows realistic topography
of the external cortical bone surface (Z scale rrid0 nm). B) The corresponding
Amplitude image. Amplitude image is a special tgpeAFM image which is edge-
sensitive and usually shows the shapes (2D) dfulface elements more easily. Here it
clearly shows several parallel fibril-like struces (two of them are marked by width
using white lines) that might correspond to colladirils coated with minerals (~100-
150 nm in width). It is noteworthy that AFM Amptieuimage does not contain height
information, and therefore, its Z scale is mear@sglin terms of surface structure.
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Table 11. Diameter of mineralized fibrils at the externalrocal surface in young and

old women femoral neck.

Lower Upper
age Mean SD 95% ClI 95% CI Min Max
of Mean of Mean
young 146 nm 40 nm 140 nm 152 nm 68 nm 235 nm
old 154 nm 33 nm 148 nm 160 nm 76 nm 233 nm

Cl — confidence interval

4.2.2.1. Advanced nanomorphological features. Power spectral density and fractal
dimension in cortical bone of young vs. elderly women
Power spectral density graphs from AFM topograpimagdes show contribution of
surface morphological features of different sizesoverall surface roughness of the
external cortex, where the slopes of PSD trendlarestaken as good descriptors of its
surface roughness.

A representative graph ¢dg PSDvs.log spatial frequency is shown in Figure
30, and denotes decreasing magnitudes with incrgaspatial frequency in a linear
manner (R>0.95, p<0.001). Based on the slope of ®&idline, surface roughness did
not differ between the age groups (-3v81-3.87; p>0.05).

Likewise, fractal dimension of the external caatisurface did not significantly
change with age (1.54.1.56, p>0.05).
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Figure 30. A representative AFM-derived PSD graph of therestlecortical surface.

4.2.2.2. Calcium/phosphorusratio of the cortical bonein young vs. elderly women

As determined using ICP-OES, calcium/phosphorus (&a-wt%/P-wt%) which may
be taken as a measure of tissue age showed unchealyes between young and old
specimens (1.92 £ 0.3%.1.82 + 0.25; p>0.05).

4.3. Nanomechanical assessment of trabecular boneatarial in young vs. elderly
women

One of the principal advantages of AFM is its a@pilio extract information on
mechanical properties of the specimens. Therefargddition to imaging, here we
performed AFM mechanical characterization of yousmgd elderly femoral neck
trabeculae in order to assess age-related diffesent the level of bone mineralized
matrix using AFM nanoindentation method.

During loading phase of nanoindentation, the @gpliorce was increased in
each subsequent indent, and the maximum indentdepth at each indentation was
recorded. In both age groups, increasing forceledip deeper into the bone material
resulting in higher indentation depths (Figure 3ddmparison of young and elderly
trabeculae revealed that for the same applied flb@adndentation depth was shallower
for elderly trabeculae than for the young, indiegtthat young bone is less stiff. After

300 nm - 400 nm of indentation depth there was iakikg” phenomenon, where a
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larger force increment was required for the sanmhdmcrement in both the young and
elderly bone.
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Figure 31. Force-indentation depth graph. Note that young banenore deformable

under the same load. Observe that after approxilp@@0 nm indentation depth there

is a “kinking” possibly caused by delamination.

Analysis of the relation between elastic modulmsl andentation depth has
revealed that elastic modulus was generally hifirdow indentation depths. However,
with increasing penetration depth, the elastic nhegludecreased towards the
equilibrium value which determines the true tissugdulus. This was evident in each
individual (an example shown in Figure 32 A) andteage group (summarized in
Figure 33).
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Figure 32. (A) Example of elastic modulus of the bone matrixaasunction of
indentation depth in an elderly individual. Notetlwith increasing indentation depth
the calculated modulus decreases towards a steatlye which represents the true

tissue modulusB() Example of nanohardness in an individual, showirgsame trend.
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Figure 33. Elastic modulus as a function of indentation depthyoung vs. elderly
women. Note higher values of elastic modulus inetberly. With increasing depth the
modulus achieves a steady value in both age grapslines represent average values

in given groups of specimens.
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Comparison of elastic modulus - indentation depitve between the age groups
showed a clear trend of higher elastic moduluhénelderly for almost all indentation
depths (Figure 33). In addition, mean true elastadulus of elderly group was more
than 50% higher than in the young (Table 12) anutessed greater variability (Figure
34). It might be noted that at the highest deptlesvalues of modulus in both the young
and old bone approached those of embedding regjaré=33).

Table 12. Nanostructural and nanomechanical properties afyotrabeculae in young

vs. elderly womef(r - median).

Mean SE
Grain size [nm] young 59* 3
old 120* 18
Elastic modulus [GPa] young 1.28 0.16
old 1.97 0.52
Nanohardness [GPa] young 0.59 0.15
old 0.92 0.12
3.0
25T
o
o
920+
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0.0 | |
young old

age category

Figure 34. Box-plot diagram of elastic modulus of the bondrixman young vs. elderly

women.

57



Similar to elastic modulus, nanohardness was gégdrigher at low indentation
depths, while increasing penetration depth led iedaiction in nanohardness down to a
stable value (plateau) which corresponds to tresué hardness. An example in an
elderly individual is expressed at Figure 32B.

Analysis of relation between nanohardness anditadien depth showed higher
nanohardness in the elderly for almost all indeotatiepths (Figure 35). Mean true
nanohardness was more than 50% higher in the gl@Eable 12). It might be noted
that at the highest depths the values of nanohasdneboth the young and old bone had

a tendency towards those of embedding resin (Figbye
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Figure 35. Nanohardness as a function of maximum penetratepth for young and

elderly women. The lines represent averages imgiveups of specimens.

Median size of bone mineral grains in the eldétl¥0 nm) was approximately
two-fold larger than in the young (Table 12). Lineagression analysis between the
median grain size and elastic modulus of bone sHotheir pretty high correlation
(r=0.80) and revealed that about 65% of variability elastic modulus can be

statistically explained by variability in medianagr size (coefficient of determination
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r’=0.64, p=0.018). The relationship between the mineral sind elasticity can be
approximated by a linear statistical model, witl thodel equation as follows:
E=0.19 + 0.018 * G,

where E is elastic modulus of the material, ang @&édian grain size (Figure 36).
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Figure 36. Relationship between the median size of minehgrand elastic modulus
of the bone matrix in the femoral neck trabecutaeromen (Linear regression analysis,
Elastic Modulus = 0.19 + 0.018 * Grain Size).

4.4. Assessment of cortical bone in hip fracture sas vs. controls

4.4.1. Analysis of cortical bone nanostructure

To directly evaluate the significance of nanostueton bone mechanical competence,
another part of our study encompassed analysisxidreal cortical surface of the
superolateral femoral neck of aged women who sustiahip fracture in comparison
with age-matched healthy controls. Simultaneousuiadgpn of 3-D topography data
and phase composition revealed granular organizatiGcurface mineral phase in both

groups (Figures 37-40).
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Figure 37. AFM Topography image (left) and Phase image (Jigitthe femoral neck

cortical bone specimens in a 75-year-old femaléaeuit bone diseases.

cortical bone specimens in a 79-year-old femald \wip fracture. Note larger mineral

grains in comparison with the control group repnetsal in Figure 37.
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Figure 39. External cortical bone surface of the femoral nesgion in an 87-year-old
woman with sustained hip fracture: different imageodalities of atomic force
microscopy (500 nm x 500 nm imagesh) (The Height image shows realistic
topography of the external cortical bone surfadeisTs a two-dimensional image of the
specimen’s topography where the third (Z) dimens®rrepresented by different
nuances of orange colour: the hills, i.e., the leigthparts are lighter, whereas the
valleys, i.e., deeper parts are darker (Z scalegeams 30 nm); B) The corresponding
Phase image shows that the surface is composediafjke type of material in terms of
physical and mechanical characteristics (single ocol depicts the same material
properties across the scanned area) (Z scale raad®° in this image). It is evident
that the surface is made of mineral grains of vasisizes and shapes, with domination
of larger mineral plates (~100 nm). Matching of Baaand Height images shows that
the dark lines on Phase image represent edges @fntimeral grains. @) The
corresponding Amplitude image (Z scale range: 140.nThe Amplitude image of the
AFM is edge sensitive, so it nicely distinguishesvieen the individual elements of the
surface pattern. However, we prefer the Phase imagemeasurements of grains’
dimensions, since the Phase image also shows wradtledements belong to the same
material. If the grains were measured only on HeghAmplitude images, it would not
be possible to assure that all measured grains rgelto the same material (e.qg.,
mineral) which would lead to erroneous interpretats.
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Figure 40. Atomic force microscopy images (1 um x 1 um) ofetkternal cortical
surface of an elderly woman with sustained hiptiree (age 78 years)A) The Height
image (Z scale range is 110 nmB)(The corresponding Phase image (Z scale range
60°). The Phase image uses different nuances otictd depict the areas of different
material properties across the scanned area. Heote two different phases: the light
brown-orange representing bone mineral and the evpiitches scattered throughout
the surface indicative of surface dirC)(The corresponding Amplitude image (Z scale
range: 600 mV). Without checking the Phase imagdase dirt can be mistaken for
mineral grains and erroneously included in quarttita analysis.

Statistical analysis of mineral crystals showedagigular distribution of crystal sizes

extending to higher values in hip fracture casdh wimean mineralite size of 65.22 nm
+41.21 nm. In contrast, control cases displaygdiicantly smaller mineral crystals in

outer cortical surface (36.75 nm + 18.49 nm, p<0,®dgures 37 and 38).
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The control group showed unimodal grain size distion (peak position: 35 nm),
while the data deconvolution revealed two distimeaks in the fracture cases reflecting
two groups of mineral crystals with respect to itmeaximum size. The peak positions
in the fracture group were located at 36 nm and®4(Figure 41) and the occupied
areas under both curves were similar (Figure 41).
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Figure 41. Deconvolution of mineral crystal sizes in the iniggged subject groups.
Note a bimodal distribution of the sizes in thecfteie group (dashed lines, FX) with the
peak positions at 36 nm and 84 nm, in contrast riomodal distribution with peak
position at 35 nm in the controls (full line, CTL).
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Advanced nanomorphological analyses revealed oertifferences in surface
characteristics and morphological complexity of tbertical bone in investigated
groups. Linear fitting of the PSD data allowed odtion of the PSD slope that is
considered as a material/surface characteristghduld be noted that PSD “curve” of
the cortical bone in women with hip fracture shoveéeeper slope (Figure 42yhich
indicates that larger elements contribute morééostructure of the surface.

Roughness analysis in the cortical specimens pnfisicture group showed a
trend towards a lower surface fractal dimensiodqt 0.13vs. 1.56 £ 0.14) indicating
lower and/or slower surface mineral deposition psses, which might suggest a

decreased periosteal apposition in patients whdadasuffer from hip fracture.
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Figure42. Fitted PSD curves of the fracture and control greup
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4.4.2. Assessment of other levels of cortical bone hierarchy
4.4.2.1. Analysis of cortical microarchitecture at the superolateral femoral neck
Micro-CT analysis of the cortical bone samples #tatn from the superolateral femoral
neck showed a tendency towards increased cortaralspty in the fracture group with
larger pores and decreased apparent density oftlssoe (p>0.05) (Table 13).
Pearson’s correlation analysis showed that poraméliers significantly
correlated with cortical porosity (R=0.766, p=0.p27Tortical porosity showed
significant negative correlation with apparent dgnsf the bone tissue (R=-0.783,
p=0.022).

Table 13. Estimated marginal means for micro-CT parametegefadjusted).

' 95% CI
Structural Indices Groups Mean  S.E.M.
lower upper
control 92.1 2.1 86.7 97.4
BV/TV [%]
fracture 89.4 2.1 84.0 94.7
control 7.9 2.1 2.6 13.3
Ct.Po [%]
fracture 10.6 2.1 5.3 16.0
control 0.078 0.016 0.037 0.120
Po.Dm [mm]
fracture  0.107 0.016 0.066 0.149
control 935 36.7 840 1029
T.Dn [mg HA/cn]
fracture 903 36.7 808 997

Abbreviations: S.E.M. — standard error of mean,-Ctonfidence interval, BV/TV —
bone volumeltissue volume, Ct.Po — cortical poyp$to.Dm — pore diameter, T.Dn —

density of bone tissue

4.4.2.2. Assessment of osteocyte lacunar network

The number of osteocyte lacunae, as a representafivosteocyte network, was
evaluated per given bone area on recorded bac&saiéictron images of the cortical
bone specimens. The fracture cases showed a |les=ows osteocyte lacunar network,
where mean osteocyte lacunar number per bone amsdower than in the controls
(226 + 27 #/mrhvs. 247 + 32 #/mm p=0.05).
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4.4.2.3. Evaluation of bone matrix composition
EDX analysis provided estimates of material comjpmsiand showed slightly higher
amount of calcium in relation to phosphorus in filaeture group (Fracture group: 2.38
+ 0.01vs.control group: 2.37 + 0.01; p>0.05).

Analysis of bone mineral density distribution bBE| in the superolateral
femoral neck cortex showed significant differendetween the fracture group and
controls. Namely, the fracture group showed an alehift to higher calcium content
which is reflected in significantly increased mé2an content, increased peak Ca content
and significantly decreased percentage of bone aremralized less than the"s
percentile of the reference range of the controligr(Ca low) (Table 14, Figure 43).
The FWHM of Ca distribution (Ca width) was lowerthme superolateral neck cortex of

the fracture cases demonstrating a more homogegmofike of tissue mineralization.

Table 14. Bone mineral density distribution in the cortidabne of the superolateral
femoral neck in fracture group (FX) and control gpo(CTL) of elderly women.

Data are expressed as Mean + SE. (Wt% - weightquer@ - p value)

Ca mean Ca peak Ca width Ca low Ca high
[Wt%] [Wt%] [Wt%] [% bone [% bone
area| area|

CTL 25.162+0.142 25.824 +0.121 4.894 +0.1755.15+0.60 5.16 +0.66
FX  25.836 +0.090 26.307 £ 0.070 4.041 £0.0442.52 +0.28 5.48 +0.52
P <0.001 0.001 <0.001 0.001 0.702
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Figure 43. Differences between the fracture and control geo@b the composition

level. Backscattered electron micrograph of a repreative cortical field in a control

woman A) and a woman with hip fracturd] (calcium concentration is related to the
nuance of colour, where lower calcium values in atipular spot are darker and

higher calcium values lighter)C) Bone mineral density distribution (distributiori o
calcium concentrations) in fracture (FX) vs. comtgooup (CTL). Note that the fracture
group shows a shift to a higher mineralization dssgr
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4.4.3. Reference point indentation assessment of the material properties of the
cortical bone
Reference point indentation was used to extradergifit mechanical properties of the
cortical bone in both fracture and control casesil®\the same force was applied on
the test probe in both groups, the external codkxhe fracture group showed a
tendency to achieve a highef' tycle indentation distance and a total indentation
distance and a higher indentation distance incrdasdle 15), however without
achieving statistical significance.

In particular, indentation distance increase whrelfers to the difference
between indentation distance of the first and ¢tgstes showed approximately a 20%
increase in the fracture group, revealing that esgive indentations are more

detrimental for them, compared to the control group

Table 15. Age-adjusted estimated marginal means of the mécdlaparameters

obtained in RPI testing.

% of
_ . . difference
Reference Point Indentation Indices Groups Mean S.E.
fracture vs.
control
1st Cycle Indentation Distance (ID 1) [um control 12.63 1.180 10.55

fracture 13.96 1.125

Total Indentation Distance (TID) [um] control  13.12 1.263 11.97

fracture 14.70 1.204
Indentation Distance Increase (IDI) [um] control 1290 0.215 20.54
fracture 1.555 0.205
Average Creep Indentation Distance (CIC control 0.658 0.038
[Lm] fracture 0.675 0.036
control 2.705 0.155

Average Energy Dissipated (ED) [uJ -9.09
J & P (ED) [} fracture 2.459 0.148

2.58

68



The average dissipated energy which correspondseem area under the load-
displacement curve trended to lower values in womlen sustained a fragility fracture,

suggesting that these individuals require lowerkwmaor mechanical failure at micro-
level (Table 15, Figure 44).

-
T

X
T

w
o
1
S

N
T

N
o

|
—

Average energy dissipated [pJ]

—
()]
|

[
CTL FX

Figure 44. Box-plot diagram of average energy dissipated myrindentations in
control (CTL) and fracture (FX) groups.
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4.4.4. Percentage of inter-group differences at various length scales
Figure 45 shows percent of differences betweenfieture and control groups at

various hierarchical levels of the superolateraideal neck cortex.
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Figure 45. Multi-level differences between the fracture (X control groups (CTL)
in the cortical bone of the superolateral femorach (* p<0.05, ** p<0.01, ***
p<0.001). Abbreviations: BV/TV — bone volume fracti Ct.Po — cortical porosity,
Po.Dm — pore diameter, T.Dn — tissue density, McIB.Ar — number of osteocyte
lacunae per bone area, Cs.Le — mineral crystal ¢ieegth), Ca — calcium, ID 1 —
indentation distance in®1Lcycle, TID — total indentation distance, IDI — @ndation

distance increase, CID — creep indentation distaid® — average energy dissipated.
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5. DISCUSSION

In this study, we have undertaken a complex stratitharacterization of the femoral
neck’s trabecular and cortical bone compartmentaabus levels of bone hierarchical
organization, in women of various ages and fractiia¢uses. Our approach comprised
analyses of the trabecular bone microarchitectunanostructure and matrix
composition, as well as assessment of bone medilartiehavior. Likewise,
microarchitectural, nanostructural and compositiop@perties of the cortical bone
were explored, along with consideration of bone maeical competence. Taken
together, this complex hierarchical evaluation edéee evidence of microarchitectural
and nanostructural/compositional basis of incredset fragility at the femoral neck in

elderly women.

5.1. Microarchitectural basis of trabecular bone fagility

It is generally held that bone microarchitecturears important contributor to bone
strength (Brandi, 2009; Rizzoli, 2010). Howevethaugh etiology of age-related hip
fractures has been in focus for decades, therestdtelimited data on trabecular
microarchitecture in the proximal femur of the Ilfiacture cases. Ciarelli et al. (2000)
found a substantially lower bone volume fractisabecular number and connectivity in
the individuals with fractures, thus documentinge timportance of trabecular
microarchitecture for sustaining hip fracture; hoes it referred just to the femoral
head region which is not the site directly involweanajority of hip fractures.

In this study we performed 3-D analysis of trabacuhicroarchitecture in the
femoral neck of postmenopausal women with hip éneciand in a control group. Our
findings revealed that the trabecular microarchitet properties of the femoral neck
differed significantly between the fracture and 4fi@tture groups ina region-
dependent manneNamely, particularly the superolateral regiorptiged outstanding
trabecular microarchitectural weakness in eldertynen who had sustained the femoral
neck fracture. Human proximal femur is subject toomplex loading pattern during
daily activities (Hert, 1994; Verhulp et al., 2008here a larger proportion of the load

on the femoral neck trabeculae is borne by theromiedial group, while the

71



superolateral neck experiences only modest stressgsstrains (Hert, 1994; Kalmey
and Lovejoy, 2002; Rudman et al., 2006; Djuric &t 2010). In contrast, the
superolateral neck becomes severely loaded durisgleways fall and represents a
fracture-initiating site (Verhulp et al., 2008; Bak et al., 2009). The results of our
study indicated that almost all microarchitectysatameters (trabecular bone volume
fraction, connectivity density, SMI, trabecular asgion and trabecular thickness) in
the superolateral neck region were significantlyrsgoin those women who had
sustained hip fracture. These findings mirror distied biomechanical competence of
trabecular bone (Ciarelli et al., 2000; Legrandakt 2000; Liu et al., 2006) and its
failure to successfully disperse the forces exeaedhe proximal femur during a fall.
Therefore, it is likely that the interaction betwesevere impact load during a fall and
weakened microarchitecture plays a crucial roleparticular vulnerability of this
femoral neck subregion. Moreover, some previoudigtuas well as the results from
our study this thesi3 have reported deteriorated cortical microstrietumn the
superolateral neck of the hip fracture cases, wtdgkther with the observed trabecular
deterioration may be a significant contributor bereased bone fragility (Bell et al.,
1999Db).

5.1.1. BV/TV and other microarchitectural parameters of the trabecular bone: Two
sides of the same coin?

Djuric et al. (Djuric et al., 2010) have recentgported that besides the bone volume
fraction (a quantitative indicator of bone losghey parameters more closely reflecting
the bone internal organization and arrangemeng: (trabecular connectivity and
separation) were significantly deteriorated in agedsons. The results of our present
study show that apart from lower BV/TV and trabecuthickness, postmenopausal
women with hip fracture displayed lower connecyivilensity, higher SMI and
increased trabecular separation. After adjustinghe effects of BV/TV, the majority
of inter-group differences disappeared, demonsgatihat the microarchitectural
changes are dependent on bone loss. Namely, besenanifests itself via the changes
in trabecular microarchitectural parameters: tral@cthinning, rising the spacing
between individual trabeculae, reducing trabecuwannectivity and accentuating

trabecular perforations leading to predominancedfdlike trabecular elements.
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Only degree of anisotropy did not correlate witlab&cular bone volume
fraction; it expressed the independent role for fngcture in the inferomedial neck
irrespective of BV/TV. Increased trabecular anispyr of the inferomedial neck in the
fracture cases reflects preferential preservatibnthe trabeculae oriented in the
direction of the dominant habitual stress. The phamnon of increased anisotropy has
been observed in aged femora (Djuric et al., 2@&@) suggested as a mechanism to
compensate for age-related net bone loss. Howealgpugh anisotropic trabeculae
would be stronger and stiffer when loaded alongdinection of dominant trabecular
orientation (.e., during normal daily loading), such structure wblle less resistant
against collateral unusualgtror”) loads, such as falls (Ciarelli et al., 2000; Homga
et al., 2004; Djuric et al., 2010), like it was ebsged in our hip fracture cases.

5.1.2. Aging process and age-related hip fractures. a microarchitectural perspective
Majority of the previous studies regarding proxinfi@moral microstructure assessed
microarchitectural changes during normal aging (aen et al., 2000; Tsangari et al.,
2007; Cui et al., 2008; Lochmuller et al., 2008;e€tet al., 2010; Djuric et al., 2010)
and suggested (or indirectly concluded) the releganf the changes in some of the
micro-CT parameters for age-related bone fragaityl hip fractures. However, since
those studies are based on the data from normgctsibn normal aging, they cannot
be fully extrapolated to the cases with fracturgific et al., 2010). Aging process
itself increases bone fragility via deteriorationdone microarchitecture (together with
other mechanisms: (Beck et al., 2000; Busse ef@lpa; Djonic et al., 2011)). It is
corroborated by the details from the current stugiyen that the same micro-CT
parameters that we found to be an important detemmbiof hip fracture had been
previously demonstrated to change as a functicagef (Djuric et al., 2010). However,
our results further reveal that the women with higcture have more deteriorated
trabecular microarchitecture than the controls, ciwhraises the question of inter-
individual variation in bone aging effects or aduhtl factors leading to excessive
damage in the microarchitecture in some persongrGihe cross-sectional nature of
our study, it cannot be excluded that the persohs would eventually sustain a
fracture have been already predisposed (in terms uofavorable trabecular

microarchitecture) even before reaching the obseage, which might be related to
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genetic determinants of bone microstructural dedggyond the causes of insufficient
trabecular microarchitecture in hip fracture casm®, study points out that it is a
significant determinant of bone fracture suscelitybi

Our microarchitectural analysis is limited by indetr restraints of cross-
sectional studies, as it does not track an indafiduaging process and sustaining
fracture, but compares two different groups (freetcases and the controls). A
relatively small sample is due to analyzing cadiavaaterial; however, the sample size
is quite consistent with other micro-CT studies.isTBtudy assessed only region-
dependence of trabecular microarchitecture, withemalyzing cortical compartment
which is also important for overall bone strengdimce certain data on regional
variability in cortical bone were already availabiem other studies (Bell et al., 1999b).
In the fracture group, contralateral (unfracturédg) bone was analyzed, in order to
allow for scanning the femoral neck subregionsntérest in a consistent manner. The
contralateral hip was considered appropriate falyens given that left and right sides
reportedly did not differ significantly in densit@tnic and microarchitectural
parameters (Bonnick et al., 1996; Rao et al., 2@2Ne et al., 2001; Chappard et al.,
2008; Pierre et al., 2010). Since our intention weascan complete femoral neck, such
sample size had to be scanned in 36 pm nominaluteso Like in all imaging
technigues the resolution limits the lowest detadetavalues (Djuric et al.,, 2013);
therefore the findings of the present study areitdich by the micro-CT scanning
resolution of 36 um which could have affected thedr boundary of values of detected
trabecular elements. However it is similar to mattyer human bone studies, allowing
inter-study comparisons. In addition, although vimin trabeculae may be present, it is
not much likely that such thin trabeculae wouldabgrevalent issue both in normal and
fracture cases based on the range of trabeculangions in human bone reported in
various classical histomorphometric studies (Ciaetlal., 2000; Hordon et al., 2000;
Ostertag et al., 2009). Therefore, although absolatues may be affected indeed, it is

unlikely that such statistically significant difearces would be neutralized.
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5.2. Bone nanostructural changes during aging anddme compositional data show
that the young and elderly women trabeculae diffeeven at the bone matrix level
Atomic force microscopy was shown as a useful teghen for bone nanostructural
characterization, which was capable to discrimirm®veen the young and aged bone
materials.

AFM phase images have shown that the observeddutdr surface in terms of
materials represents a continuous phase, whicbnisigtent with the SEM findings on
bovine femur trabeculae (Chen et al., 2011); nbedess, granular organization of the
phase was evident in our sample. Based on appeammnt size of the grains, the
material corresponds to extrafibrillar bone mingtatated on the surface of collagen
fibrils (Landis et al., 1996; Sasaki et al., 206Z3ssenkam et al., 2004), forming a
continuous scaffold (Hassenkam et al., 2004; Cherale 2011). However, we
demonstrated that in contrast to the grains of gowomen, the mineral graihin the
elderly were larger on average, with bimodal sizgtridbution. Diverse techniques
applied in several species and various bones (ynostlisolated bone mineralsg.§:
TEM, XRD, FTIR, SAXS) showed that bone mineral wdets usually increased in size
and crystallinity with age (Handschin and Sterr3;9Paschalis et al., 1997b; Kuhn et
al., 2008). However, some of the XRD studies on &umaterial suggested that there
was practically no change after the age of 30 (dehith and Stern, 1995). Previous
AFM studies which focused on mineral size only gpedl the dimensions of isolated
crystals from immature (Tong et al.,, 2003) and metoovine bones (Eppell et al.,
2001), and suggested that crystals grow during ra@tm. However, the reported age-
related crystal growth is not enough to explairhsadarge mineral grain size in elderly
individuals observed by AFM in our study. Apartrracrystal growth, there are two
additional processes by which minerals can becaggeh crystal secondary nucleation
leading to crystal proliferation, and aggregati@ealescence) of preformed crystals
(Zinke-Allmang et al., 1992; Boskey, 2001). Givdmatt our quantitative chemical
analyses revealed unchanged calcium and phospleveis (as well as Ca/P ratio) in

the elderly, increased mineral grain size in oldnga cannot be explained by raised

Y In this study the term “mineral grain” or “minerpérticle” has often been used instead of the term
“mineral crystal” as it is beyond atomic force nascopy to determine the level of crystal perfection
however, whereas in materials science “grains”aacemmon term, it is usual in bone literature tere

to mineral constituents of bone matrix as “minergktals” regardless of their crystal perfection.
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amount of mineral. Rather, our findings indicatattin aging the existing mineral is
reorganized by coalescence to form larger graimsiles like it was suggested for

turkey leg tendon maturation (Landis et al., 19B8ndis et al., 1996). As a rule of
thumb, the surfaces with larger grains are expettedxpress a higher roughness;
however, our observation of lower roughness inespitlarger grains in the elderly also
gives support to the reorganization hypothesis, revifeised grains form a larger
flattened structure. However, for direct assessmantthe mechanisms of grain

enlargement experimental studies are warranted.

Despite the process of crystal enlargement, ne&sBb of mineral grains in
elderly individuals are small grains which are $amin size to those observed in the
younger women. Given that small mineral size hasnbattributed to more freshly
remodeled bone - younger bone (Su et al., 2008)smhmall grains found in our elderly
cases could correspond to new (remodeled) bormritrast, large grains might denote
the areas which were devoid of remodeling process fconsiderable amount of time.
The question remains whether the large mineralngraould be a consequence of
reported low rate remodeling process in the eld@igble, 2003; Busse et al., 2010a),
or those crystals have just been too large or tatura to be remodeled (Boskey, 2001).
The latter option is supported by the observatiat tegradation of calcium phosphate
ceramics depends inversely on grain size (Grynpad.,e2002), and the fact that the
surfaces with larger grains weaken the cell-mdteni@ractions (Bose et al., 2010),

which could also account for insufficient osteotiaeemoval of such grains.

5.2.1. Mechanical consequences of changed nanostructural pattern in aged
trabecular bone

In spite of general notion that bone mineral prapsr(amount of mineral; crystal size,
shape and perfection) are significant determinahtsone mechanical status (Boskey,
2002), the precise effect of changes in the minanake on bone mechanical properties
is not yet fully understood (Burr, 2002a). It wagygested that cracks could appear
easier in more mineralized bone due to decreasedi@nof plastic deformation before
ultimate failure (Burr, 2002a). However, the cheshianalyses in our sample showed
similar calcium content in the trabecular bone @fiyg and elderly women. Apart from

mineral content, changes in the morphology of naherystals were assumed to be
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relevant for altering tissue local stress distidmut (Mongiorgi et al., 1983) and
increasing bone brittleness (Burr, 2002a). Gengeratl various materials (including
pure hydroxyapatite) the smaller grain size is eissed with increased stiffness, higher
compressive and tensile strengths and high fracturghness of the material (Rezwan
et al., 2006; Wang and Shaw, 2009; Bose et al.0R@iven that strength of ceramics
is inversely proportional to the square root of ¢nain size (Carter and Norton, 2007;
Wagoner Johnson and Herschler, 2011), the struetiibelarger grains is mechanically
disadvantageous in comparison to that with smaiftains. As a result, when during a
fall the previously underloaded superolateral feahoeck is suddenly subject to high
compressive stresses (Lotz et al., 1995; Beck .et2806), the stress is less well
tolerated which can lead to fracture. Therefore,age-related increase in mineral
crystals’ size as observed in our study suggesis #ftered nanostructure of the
superolateral part of the femoral neck can be demed as one of the determinants of
its particular fragility in advanced age.

Our nanostructural observations of the trabechtare are limited by inherent
limitation of cross-sectional observational studias we analyzed the individuals of
various ages without possibility to follow the sapesons during aging process. There
are some restrictions of AFM technique as wellth@sAFM probe tip radius (less than
10 nm) and scan size limit the minimum size of obsele elements. In addition, AFM
assesses the surfaces, without supporting bulk méogical evidenceGiven that the
thickness of the diamond wheel used for specimetioseng was 3 orders of magnitude
higher than the average grain size, the observaith gizes could not be an artifact of
the preparation procedure. On the other hand,ahghness might have been influenced
by the sectioning; however, inter-specimen compasswere possible since all the
samples were prepared in the same way. In ordelatdy the exact mechanisms of
crystal growth, combining AFM with diffraction teslyues would be particularly

beneficial in further experimental studies.
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5.3. Power Spectral Density (PSD) and Fractal Dimeion (FD): Advanced nano-
roughness analyses in trabecular bone may reveal fmtial correlates of bone
tissue age

The shape of PSD curves in materials science hars c@nsidered to reflect particular
physical and chemical processes that participatdalilding the material surface (Lita
and Sanchez, 1999; Lita and Sanchez, 2000; Jiawad},e2005; Castro et al., 2007).
Such connection has not yet been evaluated in ldgal context, so it remains
unknown whether the surface patterns of the mirra@lbone matrix may reflect the
process of bone remodeling. In that context, gitreat the remodeling process affects
bone structure by substituting old bone tissue Jnésh bone tissue, AFM analyses
might elucidate differential nanostructural featutbat are potentially attributable to
different tissue age. Based on characteristicsraxdtdl dimension reported for other
systems (Dimri, 2005), our findings of higher fi@ctlimension of the interfibrillar
surfaces in the trabecular bone of young women estgg greater degree of roughness
and more structural complexity. Moreover, it wagarked that a large fractal dimension
indicates the significant contribution of high-fremcy {e., small-wavelength)
fluctuations in the surface patterns (Constantoads Gogolides, 2008). Such frequent
spatial fluctuations may correspond to our findaiggmaller mineral grains dominating
trabecular bone structure in younger individualac& smaller mineral crystals indicate
the presence of younger bone (Su et al., 2003hehifractal dimension of the bone
matrix may correlate with a more recently remodefedcture.

Steeper PSD slope with a decreased fractal dimensi the trabeculae of
elderly women denotes the dominance of large-dimanglow spatial frequency)
surface patterns. These large morphological festofethe mineralized bone matrix
surface may reflect larger dimensions of the iitbeifar mineral grains that we
observed by AFM. In contrast to small mineral gsaithe larger crystals denote older
unremodeled areas of bone. Bone remodeling is gkmess in bone tissue, consisting
of coupled and balanced bone resorption and bormeatmn phases (Parfitt, 1987;
Martin, 2000; Burr, 2002b; Parfitt, 2004; Busseakt 2010a). Several studies pointed
out that the bone remodeling process might be heedpe aged human bone, causing
accumulation of microcracks and hypermineralizediteae, as well an increase in tissue
age (Schaffler et al., 1995; Noble, 2003; Normamlgt2008b; Busse et al., 2010a).
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Without remodeling, senescing bone mineral wouldai@ “in plac€ long enough to

undergo energy-driven physicochemical processedinigato increased size and
perfection of the mineral crystals, which was ofbedrin the trabeculae of the elderly
(Paschalis et al., 1997b). As these crystals grihwy reprecipitate in a dynamic
equilibrium during which the mineral structure bewms more ordered and the
interfibrillar surface less complex, decreasing fitaetal dimension in the elderly as we

observed in this study.

5.3.1. Decreased fractal dimension in the elderly trabecular bone matrix suggests a
decrease in bone toughness

The present findings from advanced structural aesyhave particular mechanical
implications. Detection of only mineralized fibriten the fracture surfaces led to the
assumption that the mineral-mineral interface esweakest link in bone (Fantner et al.,
2006) and that bone usually cracks within inteilldor space (Fantner et al., 2005;
Fantner et al., 2006; Ebacher et al., 2012). Maiure modes and energy dissipation
mechanisms are based on the separation of miredtafibrils (Fantner et al., 2005;
Gupta et al.,, 2005). Increased roughness and gréapegraphical complexity of
interfibrillar matrix that we observed in younglietulae would increase the interface
available for cracking between the mineralizedilgsbrin that way, increasing amounts
of energy can be dissipated at the nano-level duhia loading. Moreover, the presence
of many grain boundaries in such a material migiteract with crack propagation,
interrupting it and/or increasing the tortuosity tfe crack path. Overall, both
mechanisms lead to increased bone toughness, Wdtalenano-level failures can be
regarded as a means of energy dissipation withultiate goal being to prevent a
macroscopic bone failure (Ritchie, 2011). In addhifisince it has been suggested that
nanogranular friction between mineral particlesréases yield resistance (Tai et al.,
2006), higher surface roughness of the mineralfd@ds would have further positive
effects on bone strength. In sharp contrast toyieng individuals, lower surface
roughness and reduced topographical complexityrédsed FD) in the elderly signify a
decline in bone toughness, which renders their dmitde and more susceptible to
fracture. Reduced toughness is also the resulhahges in collagen cross-linking in
aged cohorts (Viguet-Carrin et al., 2006; Bartlalet2010). Given that bone resistance
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to fracture originates from various features atealels of bone hierarchical organization
(Busse et al., 2010a; Launey et al., 2010; RitcB®1), it is important to try and

extract the individual contributions of each featuo overall bone strength. In that
context, our AFM study showed the particular cdmitions of the mineralized bone
matrix from the morphological point of view. Howeyé&urther experimental studies are
necessary to provide direct demonstration of machimehavior at the interfibrillar

level.

Additional studies are warranted to determine hbw age-related changes in
PSD and FD shown in the present study might intexgt larger scale characteristics
of tissue organization. For example, it would b@amant to determine how these nano-
scale parameters might correlate with trabeculaehmackets (Parfitt, 1979), which are
an important toughening mechanism in trabecularhboecause they create interfaces
and potentially increase mineral heterogeneity asrsequence of differences in their
mean tissue age (Roschger et al., 2008; Busse @0ab; Ciarelli et al., 2009; Smith et
al., 2010).

In addition, the PSD curve presented as a strdiightwith a constant slope in
both age groups of individuals indeed resemblestiage of PSD curve of a randomly
rough surface with self-affine characteristics, evhimplies that vertical and lateral
surface elements vary in a constant manner (BuchR87; Cui et al., 2001). The
constant slope appearance is a property of fratjaicts (Cui et al., 2001; Dobrescu et
al., 2004). Therefore, our data suggest fractaditymineralized bone matrix, albeit
limited only to the investigated range of spati@gencies at nano-scale due to the
complex hierarchical organization of bone (Curiz312).

5.4. Experimental evidence of deterioration in tralecular bone mechanical
properties at the material level with aging

By using AFM nanoindentation method, we have aredyage-distinct nanoscale
mechanical characteristics of bony trabeculae m® mbgion where age-related hip
fractures usually start (the superolateral regibthe femoral neck). This study reveals
experimental data that the bone trabeculae of lgldesomen express less elastic
behavior at the material level, which (along witthey features) makes them more

vulnerable to unusual impact loads such as thagaating from a fall.
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In the literature the values for elastic modulibmne material extend over two
orders of magnitude depending on the study, refigctboth biological and
methodological variability (Thurner, 2009). Thenefp quantitative comparisons
between the studies are problematic. However,-Bgecimen comparisons within the
study are relevant (Thurner, 2009), as we maderteffio prepare and test all the
specimens in a consistent manner. Our study shawebtkar trend of lower elastic
moduli of the bone matrix in the femoral neck tradar bone in young women in
comparison with the elderly. According to Curregstensive tests on inter-relation of
various bone mechanical properties (Currey, 2004) higher modulus that we found in
the elderly suggests decreased bone toughnesstirgfléess ability to absorb energy in
the post-yield region of the stress-strain curvearéddver, higher modulus of bone
would be associated with decreased impact energprption and higher notch
sensitivity (Currey, 2004). Notch sensitivity shotlis propensity of material to fracture
when a notch or a crack is present. The superalategion of the femoral neck (which
we analyzed in this study) does not experienceifgggnt stress during normal
locomotion; however, it becomes subject to a higipact load during a fall on the
trochanter in the elderly (Verhulp et al., 2008pnSidering low elasticity of the bone
found in elderly women, the impact would be lesdl wderated, which can lead to a
fracture in that femoral subregion. Moreover, ine titase of already existing
microcracks, increased notch sensitivity in theedid would also contribute to
weakened resistance to impact of a fall.

Bone is a nano-composite material consisting afemal and organic phases
(Fantner et al.,, 2006). Therefore, the changesanebmaterial properties may be
regarded as a consequence of the changes in e#oh pifiases and/or their interaction.
In this study, we found larger mineral crystalghe trabecular bone of elderly women
(enlarged due to crystal growth and/or coalesc@gmoeesses), which might contribute
to its decreased mechanical competence during padhof a fall. The results from the
current nanoindentation tests add experimentaleexie to this assumption, based on
strong correlation between the grain size and mredselastic modulus. In addition, the
remaining part of variability in matrix elastic mdds which cannot be explained by
increased mineral size could originate from agea$f on other features, such as

chemical composition of bone mineral and/or alterst in organic phase. We believe
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that organic phase (mainly collagen, but perhaps-amtlagenous proteins as well)
contributes to age-dependent differences in elgstitamely, based on collagen’s low
turnover rate the age vestiges reflected in mogaichl and chemical alterations in
collagen were recorded in aged individuals (Nallaale, 2006; Saito and Marumo,
2010). However, more detailed description of agégen interaction requires further
studies.

It is evident that there is a higher elastic madudt small indentation depths in
both age categories; however, with increasing patieh depth, the elastic modulus
decreases towards the stable value which can ®desad as the true tissue modulus.
The same behavior was evident for nanohardness dlservation resembles the
phenomenon known in materials science asitidentation size effedfMishra and
Ghose, 2006) and is considered as a consequeribe sfrain gradient plasticity (Nix
and Gao, 1998). In addition, our study suggestschnical matter in nanoindentation
studies dealing with trabecular bone embedded oxyepesins. Namely, in previous
studies the effects of underlying acrylate on nadentation properties of bone were
neglected (Rho et al., 1997; Fan et al., 2006; &at., 2010). In contrast, the influence
of an underlying material on the nanomechanicap@roes of thin films and coatings is
a known issue in materials science, cakedbstrate effec{Helvaci and Cho, 2005;
Mishra and Ghose, 2006). In our study, it seemsahthe highest indentation depths in
both the young and old bone trabeculae, the valtiekastic modulus and nanohardness
converge towards the values of resin (see FiguBean8 35). Indeed, the core idea in
embedding is to support the bone tissue with tlsenrevhich resembles the bone
hardness as much as possible (An and Gruber, 280@EVver, since the resin fills the
space all around trabeculae it is also possibleithéhe case of high indentation depths
there is already an influence of the underlyingnres the measured values of the bone
layer. Therefore, our findings might suggest thahwndentation depths exceeding 400
nm the effects of embedding resin should be consiblerhen interpreting the results.

Macro- and/or micromechanical tests on bone spews were applied
previously by various authors.), Martens et al., 1983; Ciarelli et al., 2000; Fentet
al., 2004; Passi and Gefen, 2005; Reich and Gefed6). However, since bone is an
extremely complex hierarchical structure, thosésteégar combined information from

the material and structural properties, and itmipassible to extract the relative effects
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of particular micro- or nanostructural features.eThalue of our study is that it
succeeded in isolatedly assessing the age-reldtadges of the bone mineralized
matrix and its mechanical significance, withoutenférence from other hierarchical
levels of bone structure. Therefore, the data ftloi study show that even if the macro-
and microstructural parameters were the same betiteeyoung and elderly, elderly
bone would still be more fragile due to lower qguyaland subsequent particular
vulnerability of the material which it is composed

Apart from numerous advantages of nanoindentatiethod which are related
to extracting material properties (Rho and Pha#99b), this type of study has its
restraints. Namely, this study is liable to inheéremitations of observational cross-
sectional study design.e., it does not follow the same person during agingcess.
The purpose of this study did not include analg$ilemora with fractures, but focused
just on skeletal healthy individuals (youmsg. old). The size of the sample is limited,
but still it is quite comparable (Bar et al., 1998 et al., 2006; Fan et al., 2007; Fratzl-
Zelman et al., 2009), or sometimes even superiothier nanoindentation studies (Rho
et al., 1997; Rho and Pharr, 1999a; Rho et al.949RBho et al., 1999b; Hengsberger et
al., 2001). In addition, Oliver-Pharr method hastaia limitations: it considers the
material as elastic with time-independent plastiait fixes Poisson’s ratio of the bone
to 0.3, and assumes isotropic nature of bone (Oawel Pharr, 1992; Thurner, 2009).
However, it is the method most commonly used inemiait science and there is a lot of
experience with its application to the bone (Rhd &arr, 1999b; Thurner, 2009).
Although nanoindentation of bone under dry condgidoes not give absolutely correct
values, it is very common and reliable method (Rbhal., 1997; Rho and Pharr, 1999b;
Rho et al., 1999a; Rho et al., 1999b; Gan et AlLP? In order to minimize the drying
artifacts, the samples were kept dry for more tbdmours before the analysis, since it
was previously shown that the modulus value stadsliafter 24 hours of drying
(Hengsberger et al., 2002). Nevertheless, the ecoaaeith Oliver-Pharr method are not
deleterious for the results of this study, sinceweee less interested in absolute values,
but rather focused on the young. elderly inter-specimen comparisons which were

appropriate since all the specimens were treatdcaalyzed in the same way.
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5.5. Young and aged individuals’ bone nanostructurié&compositional features at
the external (periosteal) cortical bone surface sygst that this surface is not a
Lazy Mary’

Several AFM studies have recently assessed thé&aodompartment of animal or
human bone (for a review see: Sasaki et al., 2B02gc et al., 2005; Thurner, 2009;
Wallace, 2012). However, quantitative analyseswhan cortical bone nanostructural
features have been insufficient. Given that our n¢jtetive analysis of bone
nanostructure revealed that bony trabeculae hieaue age informatignwe were
interested to determine whether age effects in stamcture are also visible at the
external cortical (periosteal) surface of the feahoeck which is a frequent fracture site
in elderly persons.

The periosteal surface of the cortical bone in llenan femoral neck still
represents an unsolved riddle since its nanostid¢tas not been explored and there is
considerable controversy about the existence oé lamposition process at this surface
(Cullinane and Einhorn, 2002; Orwoll, 2003; Seem2dQ3; Bliziotes et al., 2006;
Seeman, 2007). Based on the hypothesis that thgsenaf nanostructure may provide
evidence of bone surface dynamics and tissue agtis study we performed AFM
nano-scale characterization of the external cdrscaface from the femoral neck in
young vs. elderly women. Our aim was to address age-reldifdrences in bone
nanostructure and explore the presence or absém@mnostructural signs of periosteal
bone activity in youngs.elderly women in the femoral neck region.

While other studies focused on different areasoofical bone in various species
(Hengsberger et al., 2001; Reilly et al., 2001; Mt et al., 2010; Lin and Xu, 2011),
our AFM study on the human femoral neck in yowsgelderly females represents the
first qualitative and quantitative AFM charactetiaa of the periosteal (external)
cortical bone surface. Namely, in contrast to othene surfaces, the external or
periosteal cortical bone surface has been widefjyested in previous research, which
resulted in many still unresolved issues aboutsitsicture and dynamics (Seeman,
2007). Whereas the role of periosteum is more gititlorward in growing bones
(Rauch, 2007), there is a dilemma regarding thegieal surface in adults, particularly
in the femoral neck region. Namely, while the daliliterature mainly indicates that it

is a quiescent and inactive surface (Cullinane Bimhorn, 2002) with less cellular
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periosteum when compared to other bone sites (Adlah Burr, 2005), other studies
speak for existence of active re/modeling eventikliry new bone to the surface
without prior osteoclastic resorption (periosteapasition) (Parfitt, 2002; Power et al.,
2003), or bone formation following bone resorptiprocesses (bone remodeling)
(Orwoll, 2003).

Assuming quiescent periosteal surface (Cullinam Binhorn, 2002) and given
that outer cortical lamellae are unreachable bsagairtical remodeling (Akkus et al.,
2003), the periosteal bone surface would possitagesime information bearing clear
signs of increased tissue age with person’s adWagnely, when the mineral crystals
stay “in place” undisturbed long enough, the preessof crystal growth and/or
aggregation can take place leading to an increasgstal size (Boskey, 2001).
However, our AFM findings showed consistent bon@asé&ructural patterns at the
external cortical surface in both age groups. Siatly, both in young and elderly
women the investigated bone surface was composadhali densely packed mineral
crystals that were similar to small mineral graimast we observed using the same in situ
AFM technique in trabecular bone specimens of yowognen. Furthermore, several
spectroscopic and microscopic bone studies, as aselbur AFM data in trabecular
bone, demonstrated that smaller mineral crystalse veesign of newly deposited or
more freshly remodeled bone (Eppell et al., 200kkuS et al., 2003; Su et al., 2003),
while dominance of larger minerals was suggestivelder tissue age (Paschalis et al.,
1997b; Eppell et al., 2001).

Our advanced nanostructural analyses (power sphedensity and fractal
dimension) showed similar surface texture and umgbd morphological complexity of
the external cortical surfaces between young addrigl women, suggesting that both
express similar tissue age (based also on our segliy trabecular bone) and similar
rate of mineral deposition at the surface (Sahoal.e2006). Namely, as portrayed in
experimental studies in materials science thatptheer spectral density (PSD) slopes
depended on the rate of particle deposition orsthitace, slow surface deposition rate
of the material would result in smooth and less glem surface morphology (lower
roughness, lower fractal dimension) (Sahoo e2806).

Apart from the size of mineral crystals which wiaked to bone tissue age in

several studies of cortical and trabecular bone €6al., 2003; Kuhn et al., 2008),
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composition of matrix minerals which can be expedss the form of Ca/P ratio has
been also regarded as an indicator of bone agedtesgt al.,, 1987; Grynpas, 1993;
Skedros et al., 1993; Huja et al., 2006; Kuhn ¢t28108; Roschger et al., 2008; Busse et
al., 2009; Busse et al., 2010a; Busse et al., 201D spectroscopic analysis showed
consistent Ca/P ratio between the groups. Theregfioeindependent measures of bone
tissue age in our study (crystal size and relatiboalcium to phosphorus) showed the
same range of values between the groups, suggesitimigr surface tissue age at the
external cortex between young and elderly womenrelder, domination of small
crystals at the cortical surface in both age groapd low fractal dimensions may
support the theory of slow but continuous new badegosition at the periosteal surface,
especially considering the parallel increase irkrmder diameter. These results are in
line with several studies showing that periostggdasition continues during adulthood
(Beck et al., 2000; Szulc et al., 2006; Seeman82@jonic et al., 2011), which is
considered as a compensatory mechanism for offgedtyje-related net bone loss (Beck
et al., 2000; Seeman, 2008; Djonic et al., 2011).

In addition, our observation of AFM topography mea frequently revealed
fibril-like packing of mineral crystals that migltbrrespond to mineralized collagen
fibrils, i.e., basic building blocks of the bone matrix as shawrprevious studies
(Hassenkam et al., 2004; Hassenkam et al., 200%tkat al., 2005). However, since
the main focus of our study was on organization amgearance of mineral plates, our
experimental protocol did not encompass deminexidim that would allow direct
visualization of collagen fibrils (Kindt et al., @0; Thurner et al., 2007; Wallace et al.,
2010). Nevertheless, the diameters of the minedlitbrils are compatible with the
range of diameters of the collagen fibrils repoiitedhe literature (Thurner, 2009), and
we found no significant age-related differencemirphology or size of those fibrils at

the external cortical surface.

5.5.1. Fresh bone at the external cortical bone surface: Periosteal bone apposition
Although signs of periosteal remodeling were foumdonhuman primates (Bliziotes et
al., 2006), it is still unknown whether remodelimgleed takes places at the periosteal
surface in the human femoral neck. Our findingseiv (young) bone at the human

external cortical surface may actually be indicatof bone modelingi.e., periosteal
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apposition. The latter is further supported byeacltendency to increase femoral neck
outer diameter in analyzed subjects with advanggd(Rigure 24). In that context, the
presence of “young” bone at the external corticafaxe even in a 94-year-old woman
suggests that the process of periosteal appositiowomen might be continuous
throughout life. Our results are in line with selestudies which suggested that
periosteal apposition continued during adulthooddBet al., 2000; Szulc et al., 2006;
Seeman, 2008; Djonic et al., 2011), trying to pnesdhe deleterious effects of age-
related net bone loss (Beck et al., 2000; Seem@®8;2Djonic et al., 2011). Namely,
periosteal apposition increases bone outer diametere distributing bone tissue just a
little bit further from the neutral axis leads tasignificantly increased cross-sectional
moment of inertia and consequently improves bosest@nce to bending (Beck et al.,
2000; Beck, 2007; Seeman, 2008; Djonic et al., 2011

Indeed, our data suggest that outer cortical sarfa renewed throughout life,
and the characteristics of its surface dynamicshinige important element of bone
quality. In this regard, mechanical properties offeo cortical surface received attention
in nice recent work by Diez-Perez et al. (Diez-Reztal., 2010; Guerri-Fernandez et
al.,, 2013). Namely, these authors introduced a Inowethod - “reference point
indentation” - which represents a microindentatiechnique for in vivo measurement
of tissue material properties at the external gartchumans (Diez-Perez et al., 2010). It
was reported that mechanical probing of the extercartical surface better
discriminated between the patients with fragilitgcture and healthy controls than did
the standard densitometry (Diez-Perez et al., 2040)ther study additionally showed
usefulness of such methodological approach sincevialed that among long-term
bisphosphonate(BP)-treated osteoporotic patientseththat experienced BP-related
atypical fractures showed inferior material projartof the external cortical surface
(Guerri-Fernandez et al., 2013). Therefore, pesmistortical surface may indeed
represent a valuable tissue for assessment of Hoeadth.

5.5.2. Mechanical requirements may drive periosteal bone apposition during aging
The exact “driving force” for periosteal bone appos is still unknown. The hormonal
theory suggesting that postmenopausal estrogemiel®gfy removes a constraint on

periosteal apposition (Seeman, 2003) is not fullpp®rted by our study, since there
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were no nanostructural differences in periostealrtical surfaces between
premenopausal and postmenopausal women. Moreowgerimental studies in
materials science portrayed that the power spedaasity (PSD) slopes depended on
the rate of particle deposition on the surface (®aét al., 2006). In that context, our
findings of unchanged power spectral density gragtd fractal dimension in elderly
women suggest that their rate of periosteal bop@sipon is not altered significantly.
Therefore, instead of hormonal theory, the “mecktatd theory assuming that
periosteal apposition is regulated by mechanicglirements (van der Meulen et al.,
1996) seems much more likely in this context. Mepecifically, widening of the
femoral neck via periosteal apposition was suggetst@ccur in response to weakening
of the cortex due to its “trabecularization” by a@ge bone turnover in aged persons
(Power et al., 2005). However, our AFM data indéchtraces of periosteal dynamics
irrespective of agea,e., there were nanostructural signs of bone formagictivity not
only in elderly but also in young adult women. Téfere, our findings reinforce the
observation that, in the case of bending loadgetl® a strain gradient through the
cortex where the maximum strains are reached apé¢hiesteal surface (Beck et al.,
2000; Tanck et al., 2006; LaMothe and Zernicke, & ®usse et al., 2010a) throughout
life. In that context, since bone structurally aaf predominant mechanical stimuli
(LaMothe and Zernicke, 2008; Djuric et al., 201&e&os et al., 2012), these high
strains are most likely responsible for the obsgrgeriosteal bone formation across
life.

The cross-sectional design of the study imposetinelimitations since the
processes can be only inferred, which cannot repiii@ct dynamic observations. The
AFM analyses are performed on relatively small densfze, due to analyzing human
cadaveric material; however, the sample is largan in majority of other AFM studies,
even those analyzing animal bones (Hengsbergeid.e2@01; Tong et al., 2003;
Hassenkam et al., 2004; Hassenkam et al., 2008t kéiral., 2005; Thurner et al., 2005;
Hassenkam et al., 2006; Kindt et al., 2007; Lin Zngi2011). Since our previous AFM
analysis of the nanostructural signs of yousgold tissue showed that they are notably
different this thesiy, and given that in this study confidence intesviar nanostructural
and chemical properties in both age groups werestimmompletely overlapped, it is

unlikely that increasing sample size would bringdignificant differences. Although
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absolute values of the parameters analyzed irsthidy (mineral grain size, Ca/P ratio)
might be dependent on the applied techniques, umiforocessing of all specimens

allowed reliable inter-specimen comparisons.

5.6. Hierarchical assessment of cortical bone at ¢hsuperolateral neck in the
fracture and control groups reveals signs of bonadgility at various length scales
Using a combined analysis that focuses on sizesaainging from the nano-to-micro
levels in cortical bone from the superolateral femhmeck, we showed a wide range of
differences between the fracture group and comntesdes. In particular, our study
suggests that a number of detrimental changesratugahierarchical levels of cortical
bone may render bone fragile and thus help to expdahigher susceptibility to

macroscopic failure with advanced age.

5.6.1. Microstructural basis of increased cortical bone fragility

Already at the level of the cortical microarchiig®, the fracture group showed higher
porosity with larger pores, however, without reachsstatistical significance. In the
previous studies, Bell and co-workers also repohighh porosity values in the cortical
femoral neck in the fracture cases (Bell et al9%8 Bell et al., 1999b; Bell et al.,
1999c; Bell et al., 2000; Bell et al., 2001). It svauggested that merging adjacent
clustered osteons during the bone resorption ples#s to increasing porosity in
fracture cases (Jordan et al., 2000). However, amethe non-fracture cases, the
superolateral femoral neck shows higher porosintthe inferior neck or the femoral
diaphysis due to significant enlargement of poi@kappard et al., 2013). Increasing
porosity in the fracture group would favor localests concentrations and flaws, thus
promoting deleterious effects on bone integrity.

In contrast to large-sized cortical pores (~ 100 ,uoateocyte lacunae were less
frequent in the fracture group. This denotes a haeth network for detecting
microcracks and launching bone repair processas €Qal., 2005; Busse et al., 2010a;
Bernhard et al., 2013; Milovanovic et al.,, 2013) ieth is particularly harmful
considering a higher degree of mineralization mftlacture group.
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5.6.2. Nanostructural signs of cortical bone fragility

Different bone mineral characteristics, such asemahcontent and composition, crystal
shape and size, have been recognized to be pdiientiportant for bones’ mechanical
integrity (Paschalis et al., 1997a; Boskey, 200@sky, 2003; Boskey, 2007; Donnelly
et al., 2010). While the composition and size ohenal crystals have repeatedly been
assessed in bone via different spectroscopic mstfitidlompson et al., 1983; Fratzl et
al.,, 1991; Simmons et al., 1991; Handschin andnSte995; McCreadie et al., 2006;
Kuhn et al., 2008; Yerramshetty and Akkus, 2008ui@m-Arsiquaud et al., 2009),
their morphological evaluation due to direct viszetion in bone remains of particular
importance (Hassenkam et al., 2004; Hassenkam, &0fl5; Chen et al., 2011). In this
context, our AFM data showed that the externalecodf the superolateral subregion in
the femoral neck demonstrated distinct nanostratpatterns between the fracture and
control group in elderly women, where an increapedportion of larger mineral
particles was observed in the fracture group. Imému trabecular bone, it has been
shown that bone nanomechanical properties signifigadepend on mineral crystal
size, where larger crystals correlated with de@@&asiechanical competencehi§
thesig. Additionally, studies dealing with synthetic lmgayapatite particles showed
that lower material strength occurred with largeainy size (Wagoner Johnson and
Herschler, 2011). In nanocrystaline synthetic hyglapatites increased grain sizes of
up to 140 nm without any phase changes were showsubstantially decrease the
indentation toughness (Wang and Shaw, 2009). Viénilaller grains are able to deflect
the crack path, intergranular fractures lead tdhéigdissipated energy and improved
toughness. In contrast, larger grains are assdchtth transgranular cracking with
inhibited crack deflection, thereby reducing thesrgly dissipation (Wang and Shaw,
2009) and increasing bone fragility.

There is a strain gradient through the cortex wtibee maximum strains are
reached at the external cortical surface (Beck.e2@00; Tanck et al., 2006; LaMothe
and Zernicke, 2008; Busse et al.,, 2010a) throughiéeit Because previous studies
showed that the superolateral femoral neck undergimgmificant impact stress during a
sideways fall (Lotz et al., 1995) and hip fractum@mally starts in the cortex of the
superolateral femoral neck (Bakker et al., 2009)e tchanges in its osseous

nanostructure may represent a crucial factor ictdwra risk.
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5.6.3. Compositional imprints of increased cortical bone fragility: higher and more
homogenous mineralization profile

Distribution of the cortical bone mineralization the femoral neck was analyzed in
recent quantitative backscatter electron imagingnaroradiography studies. In this
context, conflicting results were reported in reg&r the mineralization level in the
fracture group (Loveridge et al., 2004; Fratzl-Zefmet al., 2009; Wu et al., 2009;
Bousson et al., 2011). While some authors founeéaeahsed degree of mineralization
in the femoral neck in hip fracture patients (Loslge et al., 2004; Fratzl-Zelman et al.,
2009), others showed significantly increased mine@ntent in the inferomedial
femoral neck (Wu et al., 2009n our fracture groupwe found a shift towards higher
mineralization levels and a more homogenous miizatadn profile. In general, during
maturation the bone material accumulates more @lingrich is essential for achieving
bone mechanical strength (Currey, 2002). Howevehas to be borne in mind that
various bone mechanical properties do mutually ampso that any structural and
compositional alteration may result in mechanicgabalances as some mechanical
properties would be improved while others are haegph¢Currey, 2003; Currey, 2004;
Ritchie, 2011). Therefore, increasing mineral cohtes beneficial for mechanical
strength primarily in the elastic region of theess-strain curvep(e-yield zong
whereas - in contrast - excessive calcium contastideen shown to result in deleterious
post-yield mechanical behavior of bone (Currey, 2004). Inepttvords, increasing
mineral content leads to increased stiffness, vadsethe absorbed impact energy and
bone toughness decline simultaneously (Currey, 2008rey, 2004; Currey, 2012). In
this context, altered mineralization pattern tha¢ Wound in the cortex of the
superolateral femoral neck of the fracture caseyg j@apardize bone toughness and
impact energy absorption (Busse et al., 2009) whrehboth crucial properties relevant
for avoiding bone failure under impact load duregideways fall. Moreover, higher
mineralization heterogeneity in control group mayleneficial as it creates interfaces
and increases the path of the microcracks, thusasing energy dissipation and

preventing a macroscopic bone failure.
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5.6.4. Mechanical evaluation of the bone material provides experimental evidence of
decreased bone toughnessin cortical bone of the fracture group

Reference point indentation has the potential ttheece osseous changes at the
nano/micro-level (Diez-Perez et al., 2010; Guemirlandez et al., 2013). Our findings
from reference point indentation testing of the deah neck cortical bone showed a
tendency towards increased indentation distan@ss ¢fycle indentation distance, total
indentation distance and indentation distance asa® This confirms data from a&m
vivo study using RPI on the external cortex of the hurildia that showed increased
IDI, TID and CID in hip fracture patients (Diez-Reret al., 2010). It has to be noted
that RPI does not solely indent the surface, bilteraindentation also produces micro-
cracks similar like in bone fractures (Diez-Pereale 2010). We found a 20% increase
in the indentation distance increase (IDI) whiclaiseasure of damage resulting from
repeated loading (Hansma et al., 2008). This suggasdecline in crack growth
toughness in the fracture cases in comparisondactimtrol cases (Diez-Perez et al.,
2010; Gallant et al., 2013). Average energy diggpasignifies the amount of work
until failure. In our fracture group, a tendencwé&ods lower energy dissipation indeed
reflects a higher fracture risk.

These analyses have a few limitations, first a ssectional study design
implies that we cannot follow the same individualsd track whether they would
sustain a fracture. Another limitation is a relatw small sample size, however it is
comparable or superior to other studies with AFM arechanical tests (Hassenkam et
al., 2004; Hassenkam et al., 2005; Hassenkam, &(4l6; Lin and Xu, 2011).

5.7. Summary of structural and compositional deterrmants of age-related hip
fracture

Our hierarchical characterization of the femoratk® trabecular and cortical bone
compartments revealed that deterioration in boneroarchitecture (decrease in
trabecular bone volume fraction, trabecular thignimabecular perforations and loss of
connectivity, as well as increased cortical pososihd cortical pore diameters) and
reduction in osteocyte lacunar network (decreasgebayte lacunar number per cortical
bone area), as well as alteration in bone nandsnalq(increased mineral crystal size,

decreased surface roughness) and compositionalrésafincreased mineral content
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with more homogenous calcium distribution) wereoasged with age-related hip

fragility (Figure 46). Each of these age-relatetederations at various levels of bone
organization contribute to increased bone fragility altering stress distribution in the
bone and/or facilitating microcrack growth, hampgribone repair mechanisms and
reducing bone toughness (Figure 46).

AGE-RELATED BONE CHANGES

Deterioration in trabecular Deterioration in cortical
microarchitecture microarchitecture
W bone volume per tissue volume, Acortical porosity, Wosteocyte lacunar
loss of trabecular connectivity, larger cortical pores network
perforation of trabeculae,
trabecular thinning

| Composition changes | | Nanostructural changes |

*mineral content |¢mineral crystal size
A mineralization o "
homogeneity surtace
roughness

V¥ load transfer = | A stress concentration A brittleness

¢ microcrack
formation

Wmicrocrack detection
and repair

— V¥ toughness

A BONE FRAGILITY

Figure 46. The determinants of age-related bone fragilityhet femoral neck region in
women
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6. CONCLUSIONS
The results of this study yielded evidence for imgace of microarchitectural and
nanostructural bone features in age-related deofib®ne mechanical properties.

Not only does the aging lead to deterioration irabécular bone
microarchitecture of the femoral neck region, dabaas our results revealed, there are
significant differences in trabecular microarchiteal properties between the
postmenopausal women with hip fracture and agetmedtcontrols. The fracture cases
presented impaired parameters of trabecular bormoarchitectural organization,
particularly in the superolateral neck region. Gdesng the fact that the femoral neck
fracture starts in that region, the observed peefigall impairment of the superolateral
neck trabecular bone in women with hip fracture eeds the region-dependent
microstructural basis of bone fragility in eldeviypmen.

Using atomic force microscopy as a powerful toolrfano-level examination of
bone tissue provided new insights into the ageedlaffects on bone material and
increased bone fragility in elderly women. Assessmef nano-level mechanical
behavior (combined with nanostructural evaluatioinbhe bone matrix in individuals of
different ages proved essential to achieve a moy®pnd understanding of particular
mechanical consequences of bone matrix aging, seharfrom age-related effects at
other hierarchical levels of bone structure.

Namely, our in situ AFM study revealed differendasthe trabecular bone
nanostructure of the superolateral femoral neclwéetn young and elderly women. In
particular, we observed a bimodal distribution feé tineral crystal sizes in advanced
age, showing that - apart from small crystals simih size to those in the young - the
elderly individuals also expressed a group of lacgestals that could correspond to
areas that were devoid of remodeling for considerdalme. Given that chemical
analyses showed unchanged calcium and phosphorets I the elderly bone, the
increase in mineral particle size could not be asequence of an increase in the
mineralization degree; rather, it suggests thegauration of the existing bone mineral
to form larger grains in advanced age possibly keams of grain aggregation and fusion
(coalescence). Based on the mechanical disadvamtgerge-grained structures
(decreased material strength), these nanostructtifiérences contribute to our
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understanding of the increased fragility of theesofateral part of the femoral neck in
aged females.

Analyses of AFM-derived power spectral density d@radttal dimension at the
nanometer scale have shown themselves useful fuaieing differential trabecular
bone fragility across age, and how their specifitggns may potentially correlate with
bone tissue age. Namely, our findings showed dsetkdractal dimension and less
steep PSD trendline of the interfibrillar area lo¢ ftemoral neck trabeculae in elderly
individuals, adding new evidence for age-relatdtedinces at the level of mineralized
bone matrix. Lower structural complexity and suefasughness of the interfibrillar area
in elderly individuals, which was reflected in acdeased fractal dimension, may
suggest a decreased energy dissipation duringrigadecline in the bone toughening
mechanism), which may in turn lead to increasetilémiess and bone fragility in aged
cohorts.

In addition to structural characterization of thene material, nanoscale
mechanical assessment of the femoral neck trabe@daveen the young and elderly
women provided direct evidence that the qualitharie material differs across age. The
observed age-related alteration at the bone mhtexial (less elastic behavior in the
elderly) adds new experimental insight into theedminants of hip fractures in elderly
women.

In contrast to trabecular bone, AFM analysis of élxéernal cortical surface of
the femoral neck revealed consistent qualitativet guantitative nanostructural features
in young and elderly women. Our nanostructural ifigd of small mineral grains in
both age groups and similar rate of mineral dewsdlong with unchanged Ca/P ratios
suggest similar tissue age at the periosteal ebrsiarface both in young and elderly
women. Beyond advanced morphological characteomatf external cortical bone
surface in youngrersuselderly women, our data may confirm that the femhareck
undergoes periosteal expansion with aging due tttiraoous periosteal new bone
apposition.

The external cortical surface of the femoral neckastmenopausal women with
hip fracture displayed larger mineral crystals thanage-matched women without
skeletal diseases. Based on observations that-¢megeed materials are accompanied

by decreased mechanical properties in comparisah Wme-grained fabrics, the
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findings of larger crystals in the fracture grodfeoadditional explanation for reduced
toughness and decreased strength of the cortica¢ lmibserved in this study. In
particular, considering that we analyzed the vamnfage where the fracture usually
starts, these results contribute to the understgnefi nanostructural basis of age-related
bone fragility. Moreover, along with increased ¢ayssize, a shift to a higher
mineralization profile and a tendency to increasmuitical porosity and reduced
osteocyte lacunar network delineate that corticalebof the superolateral femoral neck
in the fracture group bears distinct signs of fiagat various levels of its structural
organization. These results contribute to the wtdading of osseous alterations
involving several hierarchical levels in age-retbb®ne fragility.
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Buorpaduja kanauaara

Hp Ilerap Munosanosuh je pohen 9. mapra 1984.ronune y 3emyHy. 3aBpumuo je
ocHOBHY 1kony ,Cytjecka“ 1999.ronune, a 2003.roguHe 1 3eMyHCKY THMHA3U]y Kao
bak renepamnuje. Ha Memnununacku dakynret y beorpany ynucan je 2003.roaune, a
nurmomupao je 2009. roqune ca mpoceunom oreHoM 10 m Harpahen kao Haj6osbm
JMIIOMHpaHu cTyAeHT. JlokTopcke cryauje - cMep buosoruja ckenera (Ha eHITIECKOM
jesuky) ymucao je 2009.rogune Ha Memuuuuckom dakynrery y beorpamy. Ox 2005.
TOJIMHE aKTHBHO YYECTBYje y HAay4dHUM Ipojektuma JlabopaTtopuje 3a aHTPOMNOJIOTH]jY
WNuctutyTa 3a anaromujy Menunuackor ¢akynrera y beorpamy kojom pykoBoau mpod.
np Mapuja Bypuh. [JobutHuk je OpojHux momahux u MehyHapogHuX TpU3Hama 3a
CTpyuHH U HaydHu paa. JJoOutHuk je DAAD crunenauje 3a uctpaxusauku pag 2012.
rOZIMHE, Ha OCHOBY Koje je OOpaBMO Ha HayyHOM ycaBpuiaBawkby Ha WHCTHTYTY 3a
OCTEOJIOTH]Y U OnoMexaHuKy y XaMOypry, Hemauka. Y 3Bame capagHuka y HaCTaBU Ha
Katenpu 3a aHatroMujy MemunmHCcKOr (akynteta y beorpamy m3abpan je mememOpa
2010. rogune, a HoBeMOpa 2012.roaune u3abpaH je y 3Bame acuctenra. Onx 2011.
roauHe paau Ha npojekty 145005 koju punancupa MuHHMCTApCTBO MPOCBETE U HAyKe
Penyoiuke CpOuje. Aytop je wiaum koayrop y 23 pada INTamnaHa y LEITUHUA Y

yaconucuma uHaekcupanuM y JCRiucT.
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Mpunor 1.

UsjaBa o0 ayTopcTBy

Motnuncanu: lMetap A. MunosaHosumh

UsjaBrbyjem

Aa je OKTopCKa AucepTauuja noj Hacrnosom

,HaHOCTPYKTypHE 1 MMKPOAPXNTEKTOHCKE KapaKTEpUCTKe BpaTa ByTHE KOCTW: yTULaj
Ha nosehaHy kowTaHy pparMnHOCT ca CTapereM Ko KeHa*

pe3ynTat CoONnCTBeHOr UCTpaxmBadkor paga,

Aa npeanoxeHa gucepraumja y UenuHn H1 y genosuma Huje una npeanoxexa
3a pobujawe BWUNO Koje AunnomMe npema CTyAMCKMM nporpamuma apyrux
BMCOKOLLIKONICKMX YCTaHOBA,

[a Cy pe3ynTaTi KOPEKTHO HAaBEAEHW U

Aa HUCaM KpLUXQ ayTopcKa npaBa W KOPWUCTUO MHTENEKTyasliHy CBOjUHY APYrux
niua.

~aIN IR

MoTnuc gokTopaHaa

Y Beorpagy, 02.11.2013.

;/7« v; vé{i(wy‘f:;lci'(fg
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Mpwunor 2.

M3jaBa 0 NICTOBETHOCTHM WITaMMNaHe U ernieKTPOHCKe
Bep3uvje OOKTOPCKOr paga

Wme 1 npesnme aytopa: Metap . MunosaHosmh
Ctyaujckun nporpam: 6Guonoruja ckeneta

Hacnos paaa: HaHOCTPyKTypHE 1 MUKPOAPXMTEKTOHCKE KapakTepMCTMKe BpaTta 6yTHe
KOCTW: yTuLaj Ha nosehaHy KowTaHy parunHOCT ca cTaperemM KOf XeHa

MeHTop: npod. ap Mapuja bypuh

WsjaBrbyjem Aa je wramnaHa Bepsuja MOr [OKTOPCKOr paja MCTOBETHA €NeKTPOHCKO)
BEP3MjU KOjy cam npepao/na 3a objaBrbuBarke Ha noptany  [OuruTtanHor
penosutopujyma YHuBep3uTeta y Beorpaay.

HosBorbaBam aa ce o6jase Moju NUYHW Nofaum Be3aHu 3a Aobujare akaaeMCcKor 3Bakba
AOKTOPa Hayka, Kao LUTO Cy uMe U npesnme, rognmHa u mecto pofiewa 1 agatym oabpaHe
paga. SR

OBy nuyHM nogaum mory ce o06jaBuTM Ha MPEXHUM CcTpaHuuama A[urutanHe
Bubnuoteke, y eneKTPOHCKOM KaTanory vy nybnukauvjama YHusepsuteTa y beorpaay.

MoTnuc pokropaHaa
Y beorpagy, 02.11.2013.

% Jauu{énr@v ¢
Up,p Metap A. MunosaHoBuh
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Mpwunor 3.

UsjaBa o Kopuwhemy

Osnawhyjem YHusepsutetcky 6ubnuoTteky ,CBeTosap Mapkosuh* aa y [OurutanHu
penosuTopujym YHueepsuteta y Beorpagy yHece mojy AOKTOPCKY AucepTauujy nop
HaCrnoBoOM:

»HaHOCTPYKTYpHE 1 MUKPOAPXUTEKTOHCKE KapaKTepuUCTuke BpaTa ByTHe KocTU: yTuLaj
Ha nosehaHy KoLiTaHy pParuHoOCT ca CTapereM Kog KeHa"

KOja je Moje ayTopcKo 4eno.

Hunceptauujy ca ceum npunosrma npeaao cam y enekTpOHCKOM dopmaTy norogHom 3a
TPajHO apxuBMpare.

Mojy fokTopcky AucepTauujy noxparweHy y Jurutantm penosntopujym YHuBepauTeTa
y beorpagy mory na kopuicte cBu koju nowwTyjy oapende cagpxaHe y ogabpaHom Tuny
nuueHue KpeaTusHe 3ajegHuue (Creative Commons) 3a kojy cam ce oanyuvo.

1. AyTopcTtBo

2. AyTopCcTBO - HEKOMEPLMjanHo
@\; AyTopcTBO — HEKomepLmjanHo — 6e3 npepage

4. AytopcTBO — HeKoMépQMjanHo — AENUTW NOA UCTAM yCroBUMa
5. Aytopcteo — 6e3 npepage LR

6. AyTOpCTBO — AENWTU Nog UCTUM yCroBMMa 5

(Monumo Aa 3aokpyxuTe camo jefHy Of WecT MOoHyReHUX nuueHum, Kpatak onwuc
nvueHUn aaT je Ha nonefuHn nucra).

MNotnuc pokropanaa

Y beorpagy, 02.11.2013.
j"* J .Ll«f{./.,u-’ﬁzzﬂ,ﬁg/// s
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