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Summary. Bone contains several growth factors, in- Résumé. L'os contient plusieurs facteurs de
cluding bone morphogenetic proteins (BMPs), trans-croissance notamment: la protéine morphogénétique
forming growth factor beta (TGP), insulin-like  osseuse (BMPs), le facteur de croissance béta (TGF-
growth factors | and Il (IGF-I and IGF-Il), platelet B), les facteurs de croissance insuline-like | et Il
derived growth factor (PDGF) and basic and acidic (IGF-1) et IGF-Il, le facteur de croissance pla-
fibroblast growth factor (bFGF and aFGF). The quettaire (PDGF) et les facteurs de croissance fibro-
BMPs are the only factors known to provoke boneblastique basique et acide (bFGF et aFGF). Les
formation heterotopically by making undifferentiated BMPs sont les seuls facteurs connus a l'origine
mesenchymal cells differentiate into osteoblasts (ose’ossifications hétérotopiques par transformation en
teoinduction). Much of our knowledge of osteoinduc-ostéoblastes des cellules mésenchymateuses in-
tion derives from studies in rodents of heterotopicallydifférencées (ostéoinduction). La majorité de nos
implanted demineralised bone which contains variousconnaissances de ['ostéoinduction provient de
growth factors, including BMPs. This model has been’étude chez les rongeurs des ossifications hé-
used to examine the effect on osteoinduction of differtérotopiques qui contiennent plusieurs facteurs de
ent factors, including the type of host soft tissue, ageroissance notamment en BMPs. Ce modele a été
and species of donor and recipient, demineralisationutilisé pour étudier I'effet de différents facteurs sur
procedure, storage and sterilisation procedures, exd’ostéoinduction comme le type de tissu mou
perimental diabetes, dietary factors, hormones,receveur, I'dge et I'espece du donneur et du receveur,
growth factors, caffeine, biphosphonates, indomethales procédés de déminéralisation les procédés de
cin and biomaterials. Demineralised bone enhancesstérilisation et de stockage, ou encore le rbéle des
bone formation experimentally in various animal facteurs alimentaires, des hormones... L'os dé-
models, including cranio-maxillofacial reconstruc- minéralisé accroit la formation expérimentale d’os
tions, healing of diaphyseal defects, and spinal fu-dans des modéles animaux variés et il a été aussi
sion; demineralised bone has also been used in a limatilisé cliniquement de facon limitée. Cependant,
ited way clinically. However, sufficient osteoinduction I'ostéoinduction chez 'homme demande une plus
in humans may require a higher concentration ofgrande concentration de BMPs que celle présente
BMPs and other growth factors than those found indans I'os déminéralisé.

demineralised bone.

Introduction

Reprint requests td. Solheim, Section of Orthopaedics, Dea- Osteoinduction is the process of mesenchymal cells

coness Hospital, Haraldsplass, University of Bergen, N-5009P€iNg stimulated by growth factors, such as those
Bergen, Norway from demineralised bone, to differentiate into osteo-

No benefits in any form have been received or will be receivetpla'Sts’ leading to bone f_ormatlon. Much of the knowl-
from a commercial party related directly or indirectly to the que at_JOUt osteoinduction is based_on studies on de-
subject of this article-. mineralised bone; although recombinant growth fac-
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tors ae naw readily available, deminealised bone
contirues to be impaant, both gpetiimentaly and
clinically. Senn vas the ifst to use deminatised
bone [65]; he usedxobone deminalised in lydro-

chloric acid believing it to have antisetic propeties.

After expeliments in dgs, he used this rtezial in

patients with sleletal deécts causedybosteonyelitis.

Xenogenic deminegilised boneeasults in little or no
osteoinduction, and the enhanced barenétion ob-

seved was pobaly due to osteocondueg pioper

ties. In 1965, Ust reported tha allogenic bone
which had been deminglised in 0.6 N fdrochloric

acid caused hetetopic bone drmation in moe than
90% of cases fen implanted in thebalominal nus

cles of indents [83]. Uist named the ypothetical os
teoinductve factor bone mophogenetic potein

(BMP), and in 1979 he pty isolaed this as anxe

tract of osteoinducte glycopmteins [88]. L&er, se/-

eral dosely relaed BMPs vere identifed [94], and &
present thex ae & least 15. Bone contains vseal

other gowth factos which may modeete osteoin

duction, induding transbrmating growth factor beta
(TGF), insulin-like gowth factos | and 1l (IGF-I
and IGF-Il), plaelet deived gowth factor (PDGF),
and basic and acidigbfoblast gowth factor (bFGF
and aFGF).
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E. Solheim: Osteoinductioryldeminealised bone
Heterotopic osteoinduction ty demineralised bone

Deminegrlised bone or dentin@atly puiified ostee
genic poteins, or ecombinant BMPs induce heter
topic bone érmaion when implanted in soft tissue
such as the bdominal nusde of rodents. he major
phases of hetetopic osteoinduction arthe tiemo
taxis of mesertyymal cells vhich are pluipotent po-
genitor cells, mitosis of osteamgenitor cells (dg 3),
differentigion of catilage (d& 5), vascular inasion
(day 7), hypettrophy of chondocytes and calcita-
tion of catilage mdrix (day 9), bone diferentigion
(day 10), and érmation of an ossike filled with bone
marow elements (b day 16 to 21) (kg. 1) [57, 83].
The wlume of induced ne bone is popottional to
the wlume of implanted deminalised bone [71]. It
is postuléed tha the sparte events of the induction
cascade & mediged ly a sefes of gowth factor e
leased fom the deminedised méix, which acts as a
sustained delery system.

Deminealised bone-induced heteopic osteger+
esis in odents has been used as apedmental
model to iwestigate osteoinduction itself [33, 57,
83], as vell as to stug the efects of seeral influenc
es on osteoinduction: (1) type of host soft tissue [20];
(2) age [2, 77] and species [5, 63, 85] of the donor

-

prtes: = W

Fig. 1. Photomicograph, 4 weeks after implanten of allogenic deminealised boneB) in rat abdominal nusde, shaving osst
cles of bone B) and bone maow (BM) surounded ly host &dominal nusde (M) (hemaoxylin and eosin x100)
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Table 1. Effect of dietay factos/trace elements, horones, gowth factos and dugs on deminalised bone-induced hetgopic

oste@enesis

Factor Animal  Effect on osteoinduction References

Hypoplysectony Ras Inhibition of meseniksymal cell poliferation, deceased and dejad [58]
chondiogenesis, delged and educed wscular inasion, and impaéd
bone brmation.

Castation Ras Decreased calcium \els in the induced bone; moalised ly dihydro- [40]
testostenne teament.

Estadiol and pogestebne  Ras Progesteone in combindon with estadiol stinulated bone drmation [18]
and minealisaion.

Expeimental didetes Ras Reduced calcitation of catilage and ostegenesis; caected ly insulin. [92]

Lathyritic drug Ras Elevated alkaline phospltase actiity and educed calcium content [25]

(beta-aminopopionitrile) in implants &2 weeks. At 4 veeks, these pametes were reversed

PDGF Rats Increased mRM for collagen Il, alkaline phosptiase actiity [37]
and calcium content of the implant.

FGF Rats The amount of minalised tissue in the FGFeated implants inaased 25%. [4]

BMP-2 Squirel Higher incidence of ostgenesis. [6]

monkeys

Magnesium-detient diet Ra Decreased ostgenesis; lage fibrous caoering formed dout the implant,
and catilage was pesent in mltiple locaions under thelbrous coa [15]

Zinc-deicient diet Ras Decreased ost@enesis. Bor vasculaisaion gopeaed to be an impdant factor [14]

Copper and mangnese- Ras Delayed chondiogenesis. [76]

deficient diet

Manganese-dgleted diet Ras Failure of cthondiogenesis or ostagnesis. [76]

Aluminium-treaed Ras Decreased ostgenesis and bonemodelling [96]

bone méix

Fluoride Rats Inhibited minealisaion. At higher concenétion of fluoride, [81]
increased ost@@nesis.

Vitamin A excess Ras Decrease of mesehgmal cell poliferation, chondiogenesis, ostagenesis [24]
and bone minedisaion.

Vitamin D defciency Ras Impaired minealisaion and educed boneoimation and esoption; [8, 89]
corrected ly vitamin D metaolites.

Caffeine Rats Inhibition of pwliferation of undiferentided mesentyymal cells as wll as [11]
later stgyes of bonedrmation.

Biophosphontes Rats The uptak of45Ca in implants deeased with in@asing doses of [12]
1-hydroxyethylidene-1, 1-bisphosphot& Almost no*>Ca actvity
was bund with the highest dose

Indomethacin (systemicgll Rats Indomethacin had to be gsent beadre or d the time of implantion [80]
of deminealised bone to inhibit osteoinduction.

Indomethacin (locayl) Ras Local delvery of indomethacin ¥ a polorthoester signi€antly inhibited [73]
osteoinduction.

Rifamycin, fucidin Rabbits Bone induction ws slighty inhibited ky local delvery of rifamycin by [91]

or gentamicin (local}) plasterof-Paris pellets, it was not dfected ly fucidin or gentamicin.

Gentamicin (localf) Ras No effect on bone inductionydocal delvery of gentamicin ly a polorthoester [72]

and ecipient; (3) popeties of the deminalised
bone depending on the deminalisaion procedue
[23], paticle siz [78], stoege and stdlisation pro-
cedues [44, 93]; (4) hanones, gowth factos, die
tary factos and dugs (Bble 1), and (5) biomarals
(Table 2).

The esults obsered with hetentopic osteoinduc
tion produced ly deminealised bone in pmates ae
conflicting [5, 35, 59]. hee mg be a demased
ability of primate host tissue toespond to some os
teoinductve stimuli, sud as thaproduced § demin
eralised bone [2].

Preparation and storage of deminerlised bone
Several methods dr prepaing deminealised bone

have been poposed [9, 57, 83, 87].HE moe exten
sive piocessing of the bone in the amtigectracted

autodigested alloimplant (AAA) method [87] mpa
lead to some loss of induegi potential compad to
deminealisdion and Yophilisgion only [23]. We

have used a modiation [9] of the oiginal method
of Urist [83] in Wistar rats. The fermur, tibia and ibu-

la are dissected &e of soft tissue immedely after

deah under stale conditions. he diahyses ae

crushed and the maw is removed The cotical

bone is cut into ltips, deminaalised in 0.2 N HCldr

48 h & 4° C, flushed in salinesuspended in liquid i
trogen andyophilised br 22 h.

Deminearlised bone has been used irgdapieces,
chips or pavder Reducing the p#cle siz of the de
minerlised bone maimprove the handling of the ma
terial when useddr filling bone deécts and maallow
percutaneous injection of the egial [7]. The osteoin
ductive potential mg increase with deeasing pdicle
size [61, 78] due to the ineased ara of contact be
tween the osteoinducin@dtos and esponding mes
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Table 2. Effect of biomé&erials on deminalized bone-induced hetopic ostegenesi:

Biomaterial Animal Host tissuee@sponse and fefct on osteoinduction References

Fibrin sealand (FS) Ras New bone deeloped without ay qualitdive difference betwen specimens [64]
with or without FS

Fibrin sealant Ras FS inhibited bone induction andqatuced a leronic inflammaion with [52]
plasma cells and uftinudear dgant cells.

Fibrin-collagen paste Ras Fibrin-collagen paste inhibited osteoinduction andguced a leronic [72]
inflammdion with macophajes and mltinudear gant cells. Rt of the maerial
was not asorbed

Porous tydroxyapdite Ras PHA was surounded ly macophayes and raltinudear gant cells. No bone [60]

biomatrix (PHA) induction in 74% of the composite implants of PHA and denailised bone
When pesent, bonedrmed ony within the deminalised bone and notase
to the PHA.

Dense lydroxyapdite Rats DHA was surounded ly fibrous connectie tissue containing uitinuclear [49]

grarules (DHA) giant cells. DHA inhibited osteoinduction; the spamnev bone brmed
was neer dose to the DHA.

Plastetof-Paris Rabbits  Plasterof-Paris pellets with incoporated fucidin or gntamicin did not [91]
affect bone induction.

Bone vax of 88% beesax Ras The bone wax inhibited osteoinduction; itas not &sorbed and induced [72]
a chronic foreign bod reaction.

Porous poysulfone (PPSF) Ras The tissueasponse to PPSF did noepent the osteoinducte piocess. [90]
Chondogenesis s seental0 dys, followed by ossifcation a 21 dys.

Telon tubes with either Ras Inflammaory reaction vas seen and osteoinductioasvnhibited in the [82]

Gore-Tex (PTFE) vicinity of the foreign maeral.

or Dacon felt

Polyorthoester Ras The polorthoester did not inhibit osteoinduction and it caused onl [51, 72]

a slight infammadion tha subsided within 3 weks. e polorthoester
was most} resorbed P 4 weeks postopetively.

encdymal cells. his mg also be dgieved by making
multiple small perbrations in the deminatised bone
[28]. Pulerisdion of deminealised bone to a pécle

size less than@proximately 0.1 mm mg cause educ

tion of its osteoinductie potential, psbably by dena

turation of contained gpwth factos [61, 78].

For practical easons, it is desole to stoe the
material for some time befre implantdion. Bang and
Johannesserofind tha stolage of deminealised den
tine for 24 weeks 420° C caused m&ed decease of
osteoinduction compad to stoage & 4° C or—-20°C
[10]. However, Hosry and efal. found no diference
in osteoinduction Y using deminalised bone tha
was either fesh, yophilised or stagd for 6 months &
—70°C, -4° C or 25°C [34]. We found tha storage
of deminealised bonedr 9 months &-70°C or 4°C
did not infuence the osteoinduction heras staage
for 14 months @aboth tempeatures esulted in de
creased osteoinduction [50].

Sterilisation of demineralised bone

Whereas unstéle deminealised bone mabe used in
rodents without anproblems, the knical success of
the maeral depends on its stdity. Deikers etal.
found oganisms of lav pathogenicity in 50% and of
high pahogenicity in 3% of bone allgrafts retrieved
from cadaer donos under stéle conditions [22].
Demineaglisaion of bone in HCI does not ensuste
rility [21]. Various methods of stiising bone hse
been desdbed induding boiling autodaving, tred-
ment with antisptic and antibiotic solutions, radia

tion and ethlene xide gas. It is essential théhe in
ductive piopeties of deminealised bone @& main
tained duing steflisation. Wientroub and Redi ex-
posed deminalised bone tomgduded doses ofadi
ation (1 to 15 mad). The osteoinducie response
was educed in doses higher than 5ach93]. Inacti
vation of HIV requires a dose oftdeast 25 kGy [19];
priones pobaly need anwen higher dose [30].

Ethylene «ide steilisation of deminealised bone
has been usedif a long time gpeimentally [9, 48,
62, 77] and knically [84], goppaently without delete
rious efects on osteoinduction. Mever, these stud
ies hae not induded a conwl group of unstdlised
deminealised bone Two studies hee indicded tha
ethylene «ide steilisation may reduce the osteoin
ductive poteng of deminealised bone [3, 44]. As
penbeg etal. found tha 5, 30 and 240 min of siér
saion with ettylene xide was bllowed by a Ca con
tent @tio in recovered gafts of 0.6, 0.3 and 0.ler
spectvely, compaed to the contd [3].

We found no quantitéve or qualitéive difference
in bone brmation by deminealised bone implanted
without piior steilisation or steilised in etlylene -
ide cas @ room tempegture for 1, 3 or éh [74]. Re
cently, Zhang etl. confrmed our esults ly finding
no signifcant diference in osteoinduction with im
plants stalised in etlylene xide & 40°C for 8h
compaed to contols, and thg conduded tha this
method mg be ecommendedair dinical use [95].
Exposue to etlylene «ide & 55°C resulted in al
most complete loss of osteoindwity, probebly due
to hea induced inactiation of contained osteoinduc
tive poteins. e diference in the obseed efect of
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ethylene xide steilisation on the osteoindue pc
tential of deminaalised bone mabe due to dfer-
ences in stdisation equipment and téoique pro-
cessing of deminaftised bone or methods ofadua-
ing osteoinduction.

The suscptibility to ethylene @s \aries among
different species of baciar Exposue for 2 to 4 h
usually secues steifisation of bone [9, 68]. Hedly
contamin&ed bone afts my require exposue for 4
to 6 h [3, 44].

Effect of aye of the donor and the ecipient
of demineralised bone

The osteoinducte response to hetetopically im-
planted deminalised bone inadents de@ases with
increasing ge of the ecipient [36, 38, 77], mbadly
due to an ge-relaed detine in the mmber and act
ity of osteopogenitor cells [47, 54]. e esults e
garding the infuence of the dona’ age on osteoin
duction hae been less cohusive.

Syftestad and Ust found no signitant diference
in 45Ca uptak in recovered heteotopic implants of
deminealised bone fsm Hsher \ts who were 3
months and 13 months of)g wheras the uptak
was educed in implants é&m older done of 28
months [77]. Redi found th&a heteotopically im-
planted deminalised bone fsm 4-month-old Long-
Evans ets induced mar bone than thaof donos
aged 24 months [56]. As opltwo age-goups of de
nors were induded one should be cautious in inter
preting the esults as aeneal dedine in osteoinduc
tive piopety of marix throughout the lié of the at.

Jergesen eal. found ly semiquantitive histol@i-
cal rating tha more bone vas brmed in hetestopi
cally implanted deminadised bone fsm 8-month-
old rats than in thoseged 1 month [39]. W found
by estimding 85Sr uptale, tha the osteoinduocte re-
sponse B deminealised bone m nevbom, 8-
week-old (adolescent) or 8-month-old i(pe breed
ing age) increased with the ineasing ge of the de
nor Wistar rats [53].

The esults of these studies [39, 53, 56, 77]4ndi
cde thd the ostegenic potential of the bone rmix
increases fsm nevbom to adulthood bt deceases in
aged iats, which may be due to lsanges in concent
tion of essential @wth factos. BMP and other
growth factos ae stoed in the bone ntax. Matura-
tional cdhanges in the boneesulting in moe marix
than cells mg lead to an in@ase in concerdtion of
BMP and the otherrgwth factors. The deceased os
teogenetic potential of the ndx of aged ats mey be
related to osteopatic changes in the bone

Clinical use of demineanlised bone
Deminenlised bone has been shtoto enhance bone

healing in animals, mostirodents, in gpeimental
models mimi&ing dinical situdions, induding cia-
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nio-maxillofacial econstuctions [43, 48, 55, 70],
healing of diphyseal deécts [7, 29, 32, 45, 69] and
spinal fusion [42].

In 1961, Shamard and Collins eported god re-
sults with deminalised bone in the sgical tred-
ment of scoliosis in tlee dildren [66]. Uist reported
good esults ly clinical and aediographic evaluaion 5
months to 3 gars after opeations for pseudahrosis,
arthrodesis of the hip and spinal fusion using tegtall
deminealised (=16) or surbace-deminalised
(n=10) autgenic bone [84]. Ust and Davson bund
approximately 80% ecellent and god results and a
pseudahrosis ate of 12% in 40 intdérans\erse spi
nal fusions with a composite of demiaksed bone
and fresh autgenic cancellous bone [86].

Glowadi etal. reported god ealy healing ac
cording to dinical and adiagraphic examindion and
biopsy of deminealised bone implants usedrfcra-
nio-maxillofacial reconstuction in 34 p#ents [31].
Sonis efal. reported a deaase of pdeet deth in
about half the ptents f=21) with peiodontal de
fects teaed with deminealised bone [75]. Kbler et
al. found osseous ingeation and emodelling of the
deminealised bone implants with minimatsoption
in 19 of 21 péents, 12 to 58 months afteragiiopla
sties [41]. Bodnerdund tha implantdion of demin
eralised bone enhanced bone healing in ffefects
after g/st removal compaed to paking with ébsorb
able gelatin spong [16].

Ousterhout ealuged 25 p&ents with canio-max
illof acial deécts 6 to 18 months after implatiten of
commecial deminealised boneWhereas smaller de
fects g@nenlly healed resoption of implant and poor
bone brmation was obsered in some cases of tgr
defects [46]. Driumi etal. found a high dgree of e
somption of commetial deminealised bone Kafts
used or cranio-maxillofacial pocedues, mostf cor
rections of the noselorsum and columella [79].

Deminealised bone has been used in maxaltiél
suigery, genenlly with good esults, in combirtgon
with membanes 6r guided tissue egenesgtion [1,
17] and theaded titanium implants taeplace teeth
[27]. However, in a lecent &inical stud/ of commer
cial deminealised bone used in connection with den
tal implant eplacement and pgletrafluorethylene
membanes, deminatised bone lose to the host
bone underent a patal reminerlisaion, wheras
deminealised bone distant to the host boresvglov-
ly resorbed and sk@d no bonedrmation [26].

Bedker etal. found insignifcant nev bone 21 dgs
after heteotopic implantéon of human demineti-
sed bone ’'m commecial souces in ghymic mice
[13]. Shigeyama etal. found deceased osteoindugé
activity and reduced concerdtion of BMP 2, 4 and 7
in protein etracts of bone ffm commeical souces
[67]. The esults of these studies indieaha the os
teoinductve potential and the conceation of BMPs
may be educed dung the pocessing of deminah-
sed bone ypsome commeial souces.

In condusion, deminaalised bone islmically su
peiior to allogenic fresh or fozen bone Futhemore,
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complicdions klaed to havesting autgenic bone
are avoided and the mieral is readily available in

abundant quantityDeminealised bone has not been

shovn to be supéor to fresh autgenic cancellous
bone Good esults can bexpected vinen demineali-
sed bone is usedff filling defects, it the esults of
onlay grafts ae uncefain. This ma be due to them
propriate osteoconduacté piopeties of the meeral,
whereas the conceration of BMP ma be less than
optimal for osteoinduction. fie osteoinducte plop-
erties ae influenced § the aye of the dongrthe po-
cessing telenique and the stiéisation procedue.
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