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Autolyzed, antigen-extracted, allogeneic (AAA) bone was prepared from human 
cortical bone and its morphologic, biomechanical, and osteoinductive properlies 
were compared with untreated (frozen) as weil as lyophilized human bone. Scan­
ning electron microscopy revealed removal of inprganic calcium phosphates and 
pefsistence of shrunken collagen fibrils on the surface of AAA bone matrix. Bio­
mechanical testing of differently prepared bone samples showed that lyophilization 
increased both the modulus of elasticity (P < .00001) and the compressive 
strength (P < .00001 ). Depending on the depth of decalcification in the preparation 
of AAA bone, both measured values decreased in rehydrated AAA bone compared 
with untreated bone {P < .00001 ). Completely demineralized and rehydrated 
AAA bone was soft, flexible, and showed very little compressive strength. Dif­
ferences in biomechanical behavior between samples drilled longitudinally or per­
pendicularly to the diaphyseal bone axis were observed. Xenogeneic human 
bone samples were implanted in muscle pouches of Sprague-Dawley rats for 6 
weeks. AAA bone implants showed chondrogenesis and osteogenesis in 50% 
of the cases, while untreated or lyophilized bone implants induced no new cartilage 
or bone formation. As decalcification exposed xenogeneic organic matrix com­
ponents, AAA bone implants provoked the highest inflammatory reaction. When 
AAA bone samples were implanted in immunosuppressed rats, the inflammatory 
reaction was suppressed and 94o/o of the implants showed endochondral bone 
formation. The chondroinductivity of the bone samples also was tested in vitro 
using neonatal rat muscle tissue to avoid interference with inflammatory cells 
and secreted cytokines.ln this assay, 68°/o of AAA bone samples induced chon­
droneogenesis, while untreated as weil as lyophilized bone samples failed to 
induce any cartilage formation. The results clearly dernonstrafe that AAA bone 
has osteoinductive properties. Biomechanical stability of AAA bone implants de­
pends on the degree of demineralization. Thus, they can be prepared in an ap­
propriate manner for different indications in oral and maxillofacial surgery. 
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In 1965 Marshall Urist first described the osteoin­
ductive potential of demineralized. hone after intra­
muscular implantation in animal experiments. 1 After 
an implantation period between 4 and 16 weeks he 
observed heterotopic ossicle formation, including cen­
trat bone marrow formation in 50% to 98% of the an­
imals. l.2 Several years later the same group showed that 
chcmically altered and decalcified bone matrix yields 
a higher amount of new bone formation than exclu­
sivcly demineralized bonc.3

•
4 The product oftheir ex­

traction and altemtion procedures was calJed bone rna­
trix gelatin. 

Further investigations rcvealed lhat osteoinductivity 
of bone impJants couJd be destroycd cither by extrac-
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tion with 4 mol/L guanidine hydrochloride (GuHCI) 
and 6 to 8 molfL urea, respcctively, or by incubation 
in neutral phosphate buffer.3·7 Explanations for these 
findings were that I) GuHCI or urea extractcd osteoin­
ductive hone matrix-derived proteins (hone morpho­
gcnetic proteins, BMPs), which were responsible for 
induction of new hone formation by diffusion from 
the bone matrix/·8 and 2} neutral-buffered solutions 
activated endogenaus cnzymes in hone matrix, which 
degraded and metabolized BMPs.5·6 Nowadays, seven 
different BMPs and other bone-derived osteoinductive 
proteins have been isolated and even have been ex­
prcssed by recombinant DNA technology.9-13 However, 
these factors only show osteoinductive properties in 
combination with inactivated (GuHCl extracted) hone 
matrix. Thus, they cannot yct be used as hone inducers 
or bone substitutes. Incubation ofpartly or completely 
demineralized hone matrix in neutral phosphate-buff­
ered solutions led to autolytic digestion of cellular 
components in hone. Subsequent extraction of bone 
matrix with Iithium chloride, calcium chloride, and 
chloroform-methanol showed that hone ccll-bound 
antigenicity could be lowered. 14"18 At prescnt it is gen­
erally agreed that the major antigens responsible for 
hone allograft reactivity are cell-surface glycoprotein 
molecules encoded in the major histocompatibility 
complex (dass I antigens: HLA-A, HLA-B, and HLA­
C; dass II antigens: HLA-0). 19·20 Thereby, dasS I an­
tigens function as targets for cytotoxic (CD8+} T lym­
phocytes,21 while dass II antigens are key elements in 
the control ofT-cell response to antigen and function 
as part of the antigen complex recognized by the T­
cell receptor ofregulatory (CD4+) T 1ymphocytes.22·23 

The finding that phosphate buffer-mediated activa­
tion of endogenaus hone enzymes that degrade os­
teoinductive proteins could be inhibited by different 
enzyme inhibitors (NaN3 , iodoacetic acid, iodoacet­
amide, N-ethylmaleimide, phenylmethyl sulfonly flu­
oride, benzamidine-hydrochloric acid, thimersol, p­
chloromercuribenzoate>,l.S·6·24.25 while autolysis ofbone 
cells was not influenced, led to the preparation pro­
cedurc of autolyzed, antigen-extracted, allogeneic hone 
(AAA bone). 14"18·26·27 Thus AAA bone has fu11 osteoin­
ductive properties, while its antigenicity is highly re­
duced.14·16·18 Thereby, the cascade of chemical extrac­
tion and alteration is very similar to the preparation 
of highly osteoinductive hone matrix gelatin.3·14

•
17 

Because alloplastic hone replacement materials (hy­
droxylapatite, tri-calcium-phosphate, etc) and conven­
tionally prepared hone allografts (frozen, freeze-dried, 
ctc) only have an osteoconductive effect, and autoge­
neic hone grafts often cause postoperative complaints 
at the donor sites, we have been looking for an allo­
geneic, low-antigenic hone graft that has osteoinductive 
as weil as osteoconductive characteristics in clinical 
situations where a recipient bed with strong regener-
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ative capacity exists (no acute infection, no prior ir­
radiation, etc). This article describes basic investigations 
on the osteoinductive, morphologic, and biomechan­
ical properties of human AAA hone that have been 
performed before its clinical applications in oral and 
maxillofacial surgery.28.29 In ordernot to confuse the 
nomenclature, the term "AAA hone" was used in this 
article although human AAA hone was used as a xeno­
geneic implant in the animal and tissue culture exper­
iments. The term 'untrcated bone' also was used to 
distinguish it from other preservation and preparation 
methods, although all hone preparations were made 
from frozen hone. 

Materials and Methods 

PREPARATION OF AAA BONE 

Bone donors must meet guidelines of the Deutsche 
Bundesärztekammer (German Fedcral Physicians 
Chamber} when explants are used in humans.30 

Human diaphyseal cortical hone of fern ur, tibia, and 
humerus were procured from donors under nonsterile 
conditions within 6 hours after death and subsequently 
stored at -80°C. Although this low tempcrature min­
imizes enzymatic destruction, and thus preserves os­
teoinductive activity for more than 12 months (un­
published data), it is advisable to process the hone 
within 6 months. After storage, frozen hone was thawcd 
in distilled water containing 2 mmolfL sodium azide 
(NaH3 ) (Aldrich, Steinheim, Germany} at 4°C. The 
NaH3 acts as an enzyme inhibitor to prevent digestion 
of osteoinductive hone matrix proteins. 14 Afterward, 
diaphyseal hone was scraped free of surrounding soft 
tissue and the remaining hone marrow was removed. 
If storage was required during this process, the hone 
was stored in distilled water, containing 2 mmol/L 
NaH3 , 2 mmolfL N~ethylmaleimide and 0.1 mmolfL 
benzamidine-hydrochloric acid at 4°C (all: Aldrich, 
Stein heim, Germany) to inhibit endogenaus enzymatic 
activity. 

At this step of the preparation, bone cylinders used 
in the biomechanical investigations, as weil as in the 
in vivo and in vitro studies, were drilled as described 
later. All hone samples used in this study y;ere treated 
equally until this point. Thereafter, demineralization 
was performed in 0.6 mol/L hydrochloric acid (Merck, 
Darmstadt, Germany) at 4 oc (the amount of demin­
eralization is a function of time and the relation be­
tween mineral weight and volumc of hydrochloric 
acid). Depending on the purpose, hone was either to­
tally decalcified for 30 hours or only surface-demin­
eralized (surface demineralization was checked by 
cutting crevices with a scalpel blade). In addition, hy­
drochloric acid also extracts acid-soluble matrix pro­
tcins (hone sialoprotein, ostcopontin, ostconectin, 
osteocalcin (hone gla·protein), and ihrombospon-
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din).3•14•17 The purpose of decalcification is to enable 
BMPs to diffuse in the recipient bed after implantation 
and to facilitate osteoconduction and resorption by 
macrophages and osteoclasts.8•18·l1 

After demineralization, the bone was again scraped 
to remove remaining soft tissue on the top Iayer ofthe 
bone and subsequently it was washed in distilled water 
at 4 °C for 30 minutes. Autolytic digestion ofbone cells 
was perfonned by incubation in 0.1 mol/L phosphate 
buffer (Aldrich), pH 7 .4, containing 3 mmoljL N­
ethylmaleimide and 10 mmol/L NaH3 (forpreservation 
of osteoinductive matrix proteins) at 37°C in a shaking 
water bath for 3 days. The buffer solution was changed 
on the second day.3•14•27 Thereafter, the bone was 
washed in stirred deionized water for 2 to 4 hours at 
4 °C. The water was changed twice during the proce­
dure. 

The next step comprised shrinking of collagen fibrils 
and extraction of high-molecular-weight protein poly­
saccharides (proteoglycans) by 6 moi/L Iithium chlo­
ride (Aldrich) and extraction of Iow-molecular-weight 
protein polysaccharides (biglycan, decorin, fibromod­
ulin, etc) hy 0.3 mol/L calcium chloride (Merck).3

•
1s 

The solution also contained 3 mmoi/L NaH3 and the 
extraction was performed for 24 hours at 4°C. The 
shrinkage of collagen fihrils also facilitates hone re­
sorption and osteoconduction, both associated in or­
thotopic implantation site (important for clitiical use 
in humans). 

Afterward, the hone was washed in stirred distilled 
water for 12 hours at 4°C, with the water changed sev­
eral times. Lipids, as weil as cell mcmbrane Iipopro­
teins, were extracted by a mixture of chloroform­
methanol 1:1 (Baker, Deventer, the Netherlands; and 
Merck) for 24 hours at room temperaturc. In addition, 
chloroform-methanol inhibits or extracts endogenaus 
BMP degrading enzymes.3•

14
•
17

•18 After the chloroform­
methanol was decanted, the bone was air dried. Finally 
the hone was washed again in deionized water at 4 oc 
for 4 hours, deep frozen, and subsequently lyophilized 
for 7 days. 

PREPARA TION OF UNTREATED 

AND LYOPHILIZED BONE SAMPLES 

Untreated bone samples were drilled from thawed 
human bone that bad been stored at -80°C (see Prep­
aration of AAA Bone section). After drilling, part of 
the hone samples were frozen at -80°C and lyophilized 
for 7 days to prepare lyophilized bone samples. 

STERILIZA TION 

Sterilization of bonc samplcs was performed in a 
chloroform gas chamber at room temperature for 12 
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hours prior to their implantation in vivo or their use 
in vitro. 

BIOMECHANICAL STUDIES 

Cortical bone cylinders with a diameter of 4 mm 
and a length of 6 mm were driJJed longitudinally as 
weil as perpendicular to the axis of an untreated human 
fern ur that bad been stored at -80°C. To examine the 
influence of different steps in the preparation of AAA 
bone on its biomechanical properties, the cylinders 
were either 1) not treated further, 2) lyophilized without 
later resuspension (rehydration), 3) lyophilized and 
thereafter rcsus~nded in Ringer's solution, 4) surface­
demineralized (AAA bone treated and lyophilized 
without later resuspension), 5) surface-demineraiized 
(AAA, bone treated, lyophilized, and thereafter resus­
pended), 6) totally demineralized (AAA bone treated 
and ~yophilized without later resuspension), or 7) totally 
demmeralized (AAA bone treated, lyophilized, and 
thereafter resuspended). None of the samples was ster­
ilized. 

Surface demineralization was only carried out lo~­
gitudinal to the long axis of the cylinder (the top and 
bottom of the cylinders were covered by a thin disc of 
wax to prevent decalcification). The depth of surface­
demineralization was approximately 1 mm and thus 
was equivalent to a demineralization of about 75% of 
the total bone cylinder volume. 

Modulus of elasticity and compressive strength of 
bone cylinders were determined at room temperature 
by using a material testing device (type 1445, Zwick, 
Ulm, Germany). Preload at the begin of testing was 1 
N and compression speedwas 1 mm per minute. Test­
ing was terminated at 60% of maximum force or de­
formation ofmore than 3 mm, respectively. Data were 
calculated as mean ± standard deviation of 10 speci­
mens. 

ANIMAL EXPERIMENTS 

Human cortical hone cylinders with a diameter of 
4 mm and a length of 6 mm were driJJed in the middle 
to form hollow cylinders with a centrat cavity of 1.5 
mm in diameter. Untreated, lyophilized, and AAA 
bone-treated (totally demineralized) sterilized hollow 
hone cylinders were implanted in muscle pouches in 
the abdominal wall of adult Sprague-Dawley rats 
for 6 weeks. For immunosuppression experiments, 
Sprague-Dawley rats wcre fed 20 mg cyclosporin A 
(Sandimmun, Sandoz, Nümbcrg, Germany) per kg 
body weight 1 day prior to implantation and until the 
end of the implantation period. After 6 weeks the an­
imals were killed and the samples werc examined ra­
diologically as weil as histologicallY.. 
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IN VITRO EXPERIMENTS 

The middle part ofthe m. triccps humcri from neo­
natat Sprague-Dawley rats was excised and minced in 
a drop of culture medium to a particle size smaller 
than .5 mm3

• Thereafter the minced tissue was placed 
on sterilized hollow hemicylinders (see Animal Exper­
iments section) of either untreated or lyophilized hu­
man cortical hone or totally demineralized AAA 
bone-treated human cortical hone that werc rehydrated 
in culture medium and cut almost halfway across 
perpendicular to their longitudinal axis to make crev­
ices. Twenty microliters of fibronection (Gibco, Berlin, 
Germany) connected the tissuc to the hone samples, 
which were placed on a wire grid in organ culture dishes 
(Becton Dickson, Heidelberg, Germany). CMRL 1066 
(Gibco) was used as the culture medium and supple­
mentcd with 15% fetal calfserum, 100 U/mL penicillin, 
100 pg/mL streptomycin and sodiumbicarbonate (all: 
Gibco) to an adjusted pH of 7 .2. The medium was 
changed every second day and incubation was done in 
an atmosphere of 5% carbon dioxidc in air. After an 
incubation period of 14 days, incubated tissue was ex­
amincd histologically. 32-36 

RADJOLOGY 

Excised abdominal muscle walls ofSprague-Dawley 
rats with implanted samples were examined radiolog­
ically using the Mammomat x-ray unit (Siemens, 
München, Gcrmany) with an exposure of 28 keV, 16 
mA. Cronex 10 S (Du Pont, Bad Homburg, Germany) 
was the x-ray film and Fast Detail (Du Pont) was used 
as an intensifying screen. 

HISTOLOGY 

In vivo andin vitro bone samples were fixed in 10% 
neutral formalin, decatcified in fonnie acid ifnecessary, 

FIGURE I. Scanning electron micrograph of untreated human 
bone. Note the inorganic surface structure consisting of calcium 
phosphates (original magnification X5,000). 
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FIGURE 2. Scanning electron micrograph of human AAA bone. 
Note the matrix structure consisting of shrunken collagen fibers 
(original magnification X5,000). 

embedded in paraffin, sectioned, and stained with he­
matoxylin-eosin or alcian blue. 

STATJSTICS 

Student's t test was applied for statistical calculations 
of independent random samples. 

SCANNING ELECTRON MJCROSCOPY 

Specimens ofuntreated hone and resuspended AAA 
bone were fixcd in 6.25% glutaraldehyde buffered with 
.1 mol/L sodium phosphate, pH 7 .2, for 18 hours. 
Sampies were stepwise dchydrated in acetone followed 
by critical point drying in carbon dioxide.37 Mounted 
specimens were spultered with 30 nm gold and ex­
amined in the Zeiss scanning electron microscope 
(DSM 962). 

Results 

SCANNING ELECTRON MICROSCOPY 

Specimens of untreated human hone, as weil as hu­
man AAA bone, were examined in the scanning elec­
tron microscope at various magnifications. Thc surfacc 
of untreated bone showed a structure mainly consisting 
of calcium phosphates, especially hydroxylapatite (Fig 
1). In contrast, the demineralized AAA hone·surface 
lacked inorganic structures and instead exposed a net­
work of shrunkcn coJlagen fihrils (Fig 2). 

BIOMECHANICAL STUDIES 

The biomechanical properties of diffcrcntly treated 
human bone cylinders drilled longitudin'!-llY to the di-
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Table 1. Biomechanical Properlies of Differently Treated Human Bone Cylinders (Length: 6 mm, 
Diameter: 4 mm) Drilled Longitudinally to the Diaphyseal Axis of the Femur 

Sampie 

Untreated bone 
Lyophilized bone 
Lyophilized, rehydrated bone 
Surface-demineralized,* lyophilized AAA bone 
Surface-demineralized,* lyophilized, rehydrated AAA bone 
Completely demineralized, lyophilized AAA bone 
Completely demineralized, lyophilized, rehydrated AAA bone 

• Approximately I mm depth of demineralization. 
t Not determinable. 

aphyseal bone axis are shown in Table 1 and those of 
cylinders drillcd perpendicularly to the bone axis are 
shown in Table 2. Measured values ofthe modulus of 
elastici ty (P < .003 to P < .0000 1) as weil as of com­
pressive strength (P < .005 toP < .00002) were higher 
in bone samples longitudinally drilled than in samples 
drillcd perpendicular to the diaphyseal bone axis, ir­
respective of the method of preparation (with one ex­
ception: the modulus of elasticity of completely de­
mineralized, · rehydrated AAA bone samples was high er 
in samples perpendicularly drilled [P < .03]). No sta­
tistically significant differences in compressive. strength 
were seen betwccn differently drilled samples of un­
treated bone or of completely demineralized, rehy­
drated AAA bone). 

Lyophilization increased the modulus of elasticity 
(33% to 65%, P < .0000 I) as weil as the comprcssive 
strength (81% to 131%, P < .0000 I) of bone. After 
rehydration the mean value ofboth measures decreased 
below the respective values of untreated (frozen) bone 
samples (P < .03 to P < .0004) (with one exception: 
the compressive strcngth of longitudinally drilled cyl­
inders ofrehydrated, lyophilized bone was higher than 
that of untreated bonc [P < .02]). 

n 

10 
10 
10 
10 
10 
10 
10 

Modulus of Elasticity ± SO 
(MPa) 

2,103.2 ± 314.1 
2,805.5 ± 135.9 
1,735.3 ± 377.1 
1,841.3 ± 50.2 
1,009.6 ± 87.6 

896.2 ± 108.8 
36.3 ± 4.8 

Compressive Strength ± SO 
(MPa) 

105.5 ± 7.4 
243.5 ± 34.4 
117.8 ± 12.6 
111.5 ± 10.3 
57.7 ± 7.3 

t 
7.2 ± 0.9 

Dcmincralization decreased both the modulus of 
elastic,ity and thc compressive strength. Measured val­
ues depended on the degrcc of decalcification. In the 
lyophilized state, surface-demineralized AAA bone 
samples showe4 a decrease of 12% to 13% for the elastic 
modulus (P < .02 toP< .04) and approximately equal 
values (no statistically significant differences) for CO!ß­

pressivc strength compared with untreated hone sam­
ples. Comparison of measured values of rehydrated 
surfacc-demineralized AAA bone samples with those 
ofuntreated hone samples revealed a decrease of 52% 
to 70% for the elastic modulus (P < .00001) and of 
45% to 60% for the compressive strength (P < .00001). 
Completely demineralized and resuspended AAA hone 
showed the lowcst modulus of elasticity as weil as the 
lowcst compressive strength. The values of elastic 
modulus decreased hetween 97% and 98% (P < .0000 I) 
and those of compressive strcngth decreased between 
93% and 94% (P < .00001) compared with untreated 
bone samples. Comprcssive strength of completely de­
mineralized, lyophilized AAA bone was not detennin­
able because the samples did not show a real fracture 
behavior, but instead showed continuous microfrac­
tures. 

Table 2. Biomechanical Properlies of Differently Treated Human Bone Cylinders (Length: 6 mm, 
Diameter: 4 mm) Drilled Perpendicularly to the Diaphyseal Axis of the Femur 

Sampie 

Untreated bone 
Lyophilizcd bone 
Lyophilized, rehydrated bone 
Surface-demineralized,* lyophilized AAA bone 
Surface-demineralized,• lyophilized, rehydrated AAA bone 
Complctely demineralized, lyophilized AAA bone 
Completely dcmineralized, lyophilized, rehydratcd AAA bone 

• Approximately I mm depth of demineralization. 
t Not determinable. 

n 

10 
10 
10 
10 
10 
10 
10 

Modulus of Elasticity ± SO 
(MPa) 

1,533.6 ± 237.4 
2,529.7 ± 200.5 
1,146.4 ± 147.8 
1,327.6 ± 178.8 
456.8 ± 75.0 
452.4 ± 51.9 
42.9 ± 6.8 

Compressive Strength ± SD 
(MPa) 

101.1 ± 9.2 
183.3 ± 27.6 
93.6 ± 4.4 
98.4 ± 5.4 
40.6 ± 6.6 

t 
6.4 ± 1.1 
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Table 3. lnduced Chondroneogenesis and Osteogenesis After Implantation of Differently Treated 
Human Bone Hollow Cylinders in Museie Pouches of Sprague·Dawley Rats' Abdominal Walls 
for6Weeks 

Sampie Immunosuppression n 
Chondroneogenesis 
and Osteoneogenesis 

Untreated bone 
Lyophilized bone 
Completely demineralized, AAA bone 
Completely demineralized, AAA bone + 

ANIMAL EXPERIMENTS 

Sampies of untreated human bone, lyophilizcd hu­
man bone, and totally demineralizcd human AAA 
hone were intramuscularly implanted in rats for 6 
weeks (Tahle 3 ). Radiologie and histologic examina­
tions revealed no new bone formation after implan­
tation of untreated human bone hollow cylinders (Fig 
3). The hone implants were surrounded hy inflam­
matory infiltrates composed of lymphocytes and 
plasma cells. Fihrous tissue was found in direct contact 
with the hone surface, where single macrophages and 
isolated osteoclasts had started hone resorption. No 
chondrocytes could he detected. 

Implantation of lyophilized human bone samples 
also showed no heterotopic hone induction after an 
implantation period of 6 weeks (Fig 4). The cellular 
inflammatory reaction was comparahle with that with 
untreated hone. However, when human AAA hone 
hollow cylinders were implanted, half of the samples 
showed either chondroneogenesis or osteoneogenesis 
(Fig 5). The lacunae ofthe implants were enlarged and 

\ 
Fl' 

FIGURE 3. Photomieregraph of untrcatcd human bone (UB) im­
planted in a muscle (M) pouch of a Sprague-Dawley rat for 6 weeks. 
The implant is surrounded by fibrous tissue (FT) and inflammatory 
cclls (arrou-s). No bone or cartilage induction is visible (hematoxylin­
eosin stain, original magnification X27). 

15 
14 
18 
18 

0 
0 
9 

17 

partly or completely evacuated by incubation of the 
samples in the neutral buffcr solution used in the prep­
aration of AAA bone. Some Haversian systems were 
repopulated either by fihrous tissue, partly in combi­
nation with macrophages and osteoclasts, or by induced 
chondrocytes~ Moreover, areas of cartilage that were 
characterized · by large, hypertrophied chondrocytes 
were ohserved in crevices and cavities ofthe AAA hone 
matrix (Fig 6). Newly formed woven hone was depos­
ited on the wall ofresorption tunnels on the surface of 
the human AAA hone implants (Fig 7). In most ofthe 
cases newly formed bone was obscrved in close prox­
imity to cartilage. Thus, thc mechanism for osteogen­
esis prohably was endochondral hone formation. Ce­
ment Jines separated acellular human AAA bone from 
appositional deposits of new, immature cellular rat 
hone of the recipient. As with the other xcnogeneic 
human implants, the AAA hone samples also were 
surrounded hy small round cells. However, this in­
flammatory reaction was more distinct than around 
untreated or lyophilized human bone implants. 

\Vhen human AAA bone hollow cylinders were im-

LB 

FIGURE 4. Photomicrograph oflyophilized human bone (LB) im­
planted in a muscle pouch of a Sprague-Dawley rat for 6 weeks. No 
chondroncogenesis or osteoneogenesis has occurred. A cellular in· 
flammatory reaction is obser\"ed next to the bone implanl (arrows) 
(hematoxylin-eosin stain, original magnification X54). 
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FIGURE 5. Radiograph ofhuman AAA bone implanted in a muscle 
pouch of a Sprague-Dawley rat for 6 weeks. Note recalcification of 
the implant that was previously completely demineralized. 

plantcd in immunosuppressed rats, 17 of 18 implants 
showed chondroneogenesis as weil as osteon_~pgenesis. 
Not only the induction rate, but also the amount of 
induced cartilage and hone per implant was much 
higher than in nonimmunosuppressed rats. Histologie 
observations were similar to those with human AAA 
bone implants in nonimmunosuppressed rats; however, 
no inflammatory reaction was observed around the 
human AAA bone implants. 

FIGURE 6. Photomieregraph of human AAA bone (AAA) im­
plantcd in a muscle pouch of a Spraguc-Dawley rat for 6 wccks. New 
cartilage formation (c) is induced \\ithin crcvices in the implant, 
which is surrounded with small round inßammatory cells and fibrous 
tissue (hematox)·Jin-eosin stain, original magnification X38). 
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FIGURE 7. Photomicrograph of human AAA hone (AAA) im­
planted in a muscle pouch of a Sprague-Dawley rat for 6-weeks. 
Induced new hone formation (B) is separated from the acellular AAA 
hone. matrix by a cement line (arrows) (hematoxylin-eosin stain, 
original magnification X76). 

IN VITRO EXPERIMENTS 

Museie tissue of neonatal Sprague-Dawley rats, was 
incubated on hollow hemicylinders of either untreated 
human bone, lyophilized human bone, or completely 
demineralized human AAA hone for 2 weeks (Table 
4). Neither untreated nor lyophilized human hone in­
duced chondrogenesis. Incubation of minced muscle 
tissue resulted in the outgrowth of fihroblasts that cov­
ered an exposed hone surfaces, including the crevices 
(Fig 8). In contrast, muscle tissue incubated on human 
AAA bone showed cartilage formation in more than 
two-thirds of the explants (Fig 9). Chondrocytes were 
found in apposition to exposed human AAA hone ma­
trix and had a strong tendency to penetrate the crevices 
of the samples. None of the samples showed signs of 
cell darnage or necrosis. 

Discussion 

Fresh cortical hone consists mainly of hydroxylap­
atite amorphaus calcium phosphates, collagen, water, 
and ~ small amount of noncollagenaus organic com­
ponents.38 While lyophilizcd bone Iacks only the water 
content, and hydroxylapatite or tricalcium phosphates 

Table 4. lnduced Chondrogenesis in Tissue 
Culture of Neonatal Rat Museie Explants on 
Differently Treated Human Bone Hollow 
Hemicylinders After 2 Weeks 

Sampie n Chondroneogenesis 

Untreated hone 20 0 
Lyophilized hone 26 0 
Completely demineralizcd AAA bone 38 26 
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as bone substitutes consist only of mineral, AAA bone 
is partly or completely demineralized to expose the 
organic bone matrix to the rccipient bed. The different 
top layer structure, with shrunken collagen fibrils on 
the surface of decalcified AAA-bone matrix, was seen 
in the scanning electron micrographs. 

The superficial removal of the mineral content of 
bone is necessary to make possible the diffusion ofthe 
osteoinductive proteins (BMPs) and their possible co­
factors bound tightly to the collagen polypeptide struc­
ture ofthe bone matrix.8·18·31 Sequential extraction of 
human bone matrix prepared as AAA bone with var­
ious chemieals and solvents Ieads to the isolation of 
hBMPs in association with a mixture ofnoncollagenous 
proteins (hBMP/NCP).18·3943 The implantation ofthis 
semipurified human protein complex induces ossicle 
formation in 98% of mice and Iess than 10% new het­
erotopic bone formation in rats (unpublished data). 
While highly purified bone matrix-derived and recom­
binant human osteoinductive proteins fail to induce 
bone or cartilage formation without organic bone ma­
trix as a carrier in any animal model,9•4447 heterotopic 
implantation of human AAA bone showed in 50% of 
the cases chondroneogenesis as weil as osteoneogenesis 
in nonimmunosuppressed rats. Thus, human AAA 
bone contains all inductive factors necessary for the 
transformation of migratory mesenchymal cells into 
chondroblasts and osteoblasts. In contrast, none ·ofthe 
samples consisting of untreated or lyophilized human 
bone showed heterotopic intramuscular cartilage or 
bone formation in rats. These results are in accordance 
with increased bone formation after orthotopic im­
plantation of allogencic AAA bone in rodents and 
pigs.48-SO 

To study osteoinductivity of bone implants, how­
ever, it is important to use heterotopic (intramuscular 

UB 

AGURE 8. Photomieregraph of untreated human hone (UB) in­
cubated with neonatal rat muscle tissue in vitro for 2 wecks. The 
explant is covered Yoilh fibrous tissue (arron:f). No canilagc formation 
is visible (hematoxylin-eosin stain, original magnification X58). 

' 
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' 
FIGURE 9. Photomieregraph of human AAA-bone (AAA) incu­
bated with neonatal rat muscle tissue in vitro for 2 weeks. Chondro­
neogenesis (arrOIL'S) has been induced in creviccs of the explant (alcian 
blue stain, original magnification X28). 

or subcutaneous) implantation sites because other ef­
fects (ie, osteoconduction, creeping Substitution, etc) 
besides inductive properlies of the implants are in­
volved in orthotopic bone formation. There are also 
numerous observations that indicate chondroneogen­
esis and osteoneogenesis after heterotopic implantation 
of allogeneic AAA bonein rodents.48·51"54 In addition, 
there are reports that indicate that allogeneic demin­
eralized bone matrix or allogeneic AAA bone matrix 
induce heterotopic osteoneogenesis in nonhuman pri­
mates.55·56 Contrary to these observations, other in­
vestigators deny de novo bone fonnation in heterotopic 
sites after implantation of allogeneic demineralized 
bone in monkeys,57 or after implantation of demin­
eralized human and monkey bone matrix in rats.58 

Never before has human AAA bone been shown to 
induce heterotopic bone formation. Although a xe­
nogeneic animal modelwas used in this investigation, 
it clearly demonstrated thc osteoinductive capacity of 
human AAA bone. Besides this study, there exists only 
one additional report about implantation of human 
AAA bone in an animal model. It indicatcs increased 
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hone formation after orthotopic implantation of hu­
man AAA hone in nonhuman primates.59 

The majority of cell-bound antigens are extracted 
hy autolytic digestion in the protocol for the prepara­
tion of AAA hone. 14-

18 Histologie examinations of AAA 
hone implants revealed empty lacunae. Thus, the en­
zyme inhihitors preserve the osteoinductive matrix­
derived proteins, which otherwise would have beende­
graded.14"18·26·27 The results showing more than 68% 
induced chondrogenesis in neonatal muscle tissue cul­
tures also clearly demonstrate the preservation of in­
ductive proteins in human AAA hone. While these 
morphogens could diffuse from the AAA bone matrix 
to transform mesenchymal cells that are present in a 
high percentage in neonatal rat muscle tissue into 
chondroblasts, this did not occur when untreated or 
lyophilized bone was used. Museie tissue in vitro Iacks 
an immune response; however, human AAA hone was 
also used as a xenogeneic implant in rats. While cell 
surface glycoprotein molecules are the major antigens 
for an immunogenic allogenic response, 14·19·20 matrix 
components (collagen, proteoglycans, -y-carboxylated 
proteins, sialoproteins, glycoproteins, growth factors, 
BMPs, and immunoglohulins) may be most significant 
for a xenogencic immune response.58 Organic bone 
matrix components, however, arc still present in AAA 
bone. By deminernlizing the hone surface, they ~.ccome 
even more exposed as antigens to the re·cipient's im­
mune cells. This might be the reason for the distinct 
inflammatory reaction around human AAA hone im­
plants in cantrast to the minimal inflammation around 
untreated or lyophilized human hone implants in non­
immunosuppressed rats. This explanation is further 
supported by the finding that implantation of demin­
eralized allogeneic rat bone matrix gelatin in rats shows 
almost no inflammatory reaction.60·61 The distinct in­
flammation around xenogeneic human AAA bone im­
plants in nonimmunosuppressed rats may have low­
ered their osteoinductive properties hy preventing 
direct contact hetween the mesenchymal cells and the 
inductive substrate. 2 The latter explanation is sup­
ported by the observation that xenogeneic human AAA 
bone samples implanted in immunosuppressed rats 
induced endochondral bone formation in 94% of the 
animals. Thus, the immune response was almost com­
pletely suppressed. Moreover, semipurified rat BMP/ 
NCP induces heterotopic bone formation in I 00% of 
allogeneic rats,61 while semipurified hBMP/NCP fails 
in more than 90% of the animals (unpublished data). 
In addition, others report that demineralized human 
or monkcy hone matrix implanted in rats induces no 
new bone formation, whcrcas demineralized allogeneic 
rat hone matrix has a strong capacity to induce hone. 58 

However, high purification of matrix-derived human 
or monkey osteoinductive proteins, followed by recon­
stitution of formerly extracted allogeneic hone matrix, 
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results in osteoinduction in rats.58 These Observations 
demonstrate that species specifity of xenogeneic cxtra­
cellular bone matrix is due to the immunogenic organic 
components in hone matrix.58 Afterimplantation of 
allogeneic hone matrix, cytokines secreted by host cells 
Iead to osteoclastic bone resorption and increase the 
activity of osteoblasts formerly induced by osteoin­
ductive matrix-derived proteins.62 The excessive in­
flammatory reaction after implantation ofxenogeneic 
human AAA bonein nonimmunosuppressed rats may 
have impaired these cytokine-mediated cellular inter­
actions, a situation that is not likcly to occur following 
allogeneic implantation of AAA bone in humans. 

Deminerfllization also bad a major influence on the 
bone's hiomechanical properties. U ntreated bone has 
viscoelastic properties.63·64 The initial elastic response 
is followed by a creeping behavior, and plastic defor­
matiqn is possible. Lyophilized bone is more rigid.64 

Thus,. its plastic behavior is less pronounced and the 
elastic Iimit is near the fracture stress. While lyophili­
zation significantly increased the modulus of elasticity 
as weil as the compressive strength ofhone, both values 
decreased after rehydration. This is in accordance with 
previous reports. 6.3-67 Compared with lyophilized hone, 
demineralized, lyophilized AAA bone showed signifi­
cantly decreased moduli of elasticity as well as signif­
icantly decreased values of compressive strength, de­
pending on the degree of decalcification. When 
demineralized AAA bone was rehydrated, the moduli 
of elasticity and the values of compressive strength de­
creased significantly compared with untreated bone. 
The Iatter finding has also been reported by others.68 

Thus, the decrease of the modulus of elasticity as weil 
as of compressive strength correlated with the depth 
and the degree of decalcification. Completely demin­
eralized, lyophilized, and rehydrated AAA bone 
showed 97% to 98% lower moduli of elasticity and 93% 
to 94% Iess compressive strength than untreated con­
trols. The reason for this observation is that collagen 
is a fiber with a low modulus of elasticity, a strong 
traction power, and a weak resistance against compres­
sion load.64 Therefore, totally demineralized bone is 
soft, rubber-Iike, flexible, and only resists traction. Hy­
droxylapatite represents a rigid material with a high 
resistance against compressive Ioad. The comhination 
of collagen and apatite Ieads to an anisotrophic material 
that can resist traction and compression, as weil as tor­
sion.64 Because bone is an anisotropic material, values 
for the modulus of elasticity as weil as for the com­
pressive strength measured along the osteanal direction 
of the fibers in most cases diffcred from values mea­
sured crosswise, a factalso observed by others.64

•
67 

Because elasticity of AAA bone implants depends 
on thc absolute amount ofmineralized tissue, it is pos­
sible to prepare implants with diff~rent hiomechanical 
propcrties (ie, when bending is necessary dcminernl-
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ization should be as complete as possible, while in cases 
when biomechanical stability is not required, eg, filling 
ofbone cysts with AAA bone powder, demineralization 
should be complete because osteoinduction as weil as 
rcsorption are improved). In contrast, demineralization 
should only be superficial, enough to allow osteoin­
ductive matrix proteins to diffuse, when biomechanical 
stability is desirable. 

Originally AAA bone was not sterilized further be­
cause the chemical treatment was believed to destroy 
all microorganisms and AAA bone was regarded as 
chemosterilized.14

"
17

•
56 Recently, however, there oc­

curred one case of transmission of human immuno­
deficiency virus (HIV) through transplantation of sterile 
collected, untreated bone.69•

70 Although it was also re­
ported that demineralization itself inactivates HIV in 
bone,71.72 it may be advisable to perform a final ster­
ilization after the preparati~n of AAA bone prior to its 
clinical application. Currently we are studying different 
sterilization methods that ensure sterility of AAA bone 
while preserving the largest part of its osteoinductive 
properties. Nevertheless, the different steps in the 
preparation of AAA bone guarantee a higher safety 
Ievel against transmission of infectious diseases than 
the grafting of untreated or lyophilized bone because 
freezing or freeze-drying alone do not destroy 
HIV.69,70.7J 

We conclude that human· AAA bone is osteoinduc­
tive in contrast to lyophilized or untreated human 
bone. Human AAA bone includes all morphogens and 
cofactors necessary for the cascade to induce new bone 
formation. Through its partial {superficial) or complete 
demineralization, human AAA bone has more distinct 
osteoconductive properties than untreated or lyophi­
Iized human bone grafts. Human AAA bone also is 
safer with regard to the transmission of infectious dis­
eases, including HIV, because its preparation destroys 
microorganisms within the bone matrix. 

Lyophilized and sterilized human AAA bone can be 
stored at room temperature in a container for several 
years without losing its osteoinductive properties (un­
published data). Thus, the right shape of a required 
bone graft can be chosen from a collection of partly or 
completely deminera1ized human AAA bone segments 
and completely demineralized human AAA bone 
powders in the operation room. The biomechanical 
stability of human AAA bone depends on the degree 
of decalcification. Surface-deminernlized, full-thickness 
cortical bone has almost the same mechanical strength 
as untreated bone. However, completely demineralized, 
thin cortical AAA bone discs are bendable and can be 
used, for example, as a substitute for the floor of the 
orbit. Finally, resuspension oflyophilized human AAA 
hone segments and powders in an antibiotic solution 
allows prophylactic local antibiosis, especially in case 
of an intraoral operative procedure. 
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