A RADIOGRAPHICAL AND BIOMECHANICAL STUDY
OF DEMINERALIZED BONE MATRIX
IMPLANTED INTO A BONE DEFECT OF RAT FEMURS
WITH AND WITHOUT BONE MARROW

by M. GEBHART* and J. LANE**

Repair of large bone defects represents a challenge
to orthopedic surgery since autogenous graft is not
available in large amounts. Demineralized bone
matrix (DBM) which contains bone morphogenic
protein, a potent osteoinductive glycoprotein, and
collagen, an osteoconductive matrix, may be an
effective substitute for these graft materials. Bone
marrow which contains osteoprogenitor cells could
potentiate the ostecinductive and osteoconductive
properties of demineralized bone matrix.

This study tested the ability of demineralized bone
matrix with and without bone marrow to bridge
large segmental defects, and evaluated the results
both radiographically and biomechanically as com-
pared to autogenous (isogenous) cancellous bone
graft. Demineralized bone-matrix segments im-
planted into a plated femoral segmental defect in
rats resulted in firm union in most animals. Bone
marrow significantly enhanced bone formation of
demineralized bone-matrix implants at an early stage
but with time, differences between bone marrow-
augmented and bone marrow-deprived demineralized
bone implants were no longer demonstrable radio-
graphically and biomechanically. Newly formed bone
had about 50% of the strength of the contralateral
control bones. Femurs implanted with cancellous
bone isografts had similar evidence of absolute union
rate, radiographic and mechanical properties as
DBM-implanted femurs.
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SAMENVATTING

M. GEBHART en J. LANE. Radiologisch en bio-
mechanisch onderzoek van gedemineraliseerd bot-
implantaat met en zonder toevoeging van benmerg.

Het herstellen van grote botdefecten is door het on-
voldoende aanwezig zijn van grote hoeveelheden
autologisch bot een ingewikkeld orthopedisch pro-
bleem.

Het gedemineraliscerde botmatrix bevat enerzijds
een glycoproteine, het BMP (bone morphogenic
protein), dat de botnieuwvorming veroorzaakt en
anderzijds collageen dat osteoconductief is.

Dit gedemineraliseerde botmatrix zou een belangrijke
bron kunnen zijn als bottransplantaat.

Het beenmerg, dat botvormende cellen bevat, zou
de osteo-inductieve en osteo-conductieve eigenschap-
pen van gedemineraliseerde bottransplantaties kun-
nen verbeteren.

Dit onderzoek had als doel te onderzoeken of de
bottransplantatie van gedemineraliseerd bot, met of
zonder beenmerg, een overbrugging van segmentde-
fecten van het femur bij ratten kan doen ontstaan.
De resultaten werden radiologisch en biomechanisch
bekeken en vergeleken met de uitslagen verkregen
indien men autologische spongieuze bottransplanta-
ties had uitgevoerd in plaats van die met gedemi-
neraliseerd bot.
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** Department of Orthopedic Surgery, Memorial Sloan
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Wanneer het gedemineraliseerde bot in de botdefecten
van bijbenen geimplanteerd en gefixeerd werd door
een plaat, dan werd in het algemeen een overbrugging
door nieuw bot en een mechanische stabiliteit ge-
constateerd.

Het toevoegen van beenmerg versnelde op signifi-
cante wijze de nieuwvorming van bot, door de aan-
wezigheid van het drie weken tevoren gedeminera-
liseerde bot.

Maar men heeft dit verschil noch radiologisch noch
biolomechanisch kunnen aantonen 6, 9 of 12 weken
na de transplantatie.

Het nieuwgevormde bot had, vergeleken met het als
controle dienende contralaterale dijbeen, een 50%
mechanische weestand tegen een breuk.

De dijbenen met een spongieus gemineraliseerde
bottransplantatic hadden eenzelfde mechanische en
radiologische genezing in vergelijking met de dijbenen
waarbij een gedemineraliseerde bottransplantatie was
uitgevoerd.

RESUME

M. GEBHART et J. LANE. Etude radiographique
et biomécanique d’implants osseux déminéralisés
avec et sans adjonction de moelle osseuse.

La réparation de larges défects osseux représente un
défi pour la chirurgie orthopédique, vu la quantité
insuffisante de greffes osseuses autogéniques. La
matrice osseuse déminéralisée (DBM) contient une
glycoprotéine, la BMP (bone morphogenic protein),
induisant la néoformation osseuse, et du collagéne
constituant un support ostéoconductif. Cette matrice
osseuse déminéralisée pourrait étre une source de
greffes osseuses importantes. La moelle osseuse, qui
contient des cellules ostéoprogénitrices, pourrait po-
tentialiser les propriétés ostéoinductives et ostéocon-
ductives des greffes d’os déminéralisé.

Le but de cette étude est d’établir si I'implantation
d’os déminéralisé avec ou sans moelle osseuse peut
conduire & des pontages osseux de défects segmen-
taires d’os longs chez les rats. Les résultats ont été
évalués sur le plan radiologique et biomécanique et
comparés aux résultats obtenus en utilisant des
greffes osseuses spongieuses isologues & la place de
I’os déminéralisé. Quand 'os déminéralisé a été im-
planté dans des défects osseux de fémurs et maintenu
par une plaque, un remplissage par un os néoformé
et une stabilit¢t mécanique ont été¢ généralement
observés. L’adjonction de moelle osseuse accélérait
significativement la néoformation osseuse induite par

la présence de 1'os déminéralisé & trois semaines, mais
ces différences n’ont plus été observées, ni radio-
logiquement ni sur le plan biomécanique, a six, neuf
et- douze semaines apres I'implantation. L’os nou-
vellement formé avait environ 50% de résistance
mécanique a la fracture comparativement aux fémurs
contralatéraux de contrdle. Les fémurs ayant subi
I’implantation d’os spongieux minéralisé¢ avaient une
fréquence de guérison mécanique et radiologique
similaire comparativement aux fémurs ayant subi
Iimplantation d’os déminéralisé.

INTRODUCTION

Repair of large bone defects represents a major
challenge to the orthopedic discipline. Autogenous
cancellous bone graft is currently the preferred
bone-graft material (18, 33, 49, 62). This trans-
planted bone is partially revascularized in situ,
while the dead bone is substituted with new
cancellous bone by the process of creeping sub-
stitution (1, 2, 10, 38, 51). Rejection of the
transplanted autogenous bone is unusual. How-
ever, three major problems may arise: 1) the
amount of autogenous bone available may be
insufficient, especially in children and in large bone
defects ; 2) postoperative morbidity at the donor
site such as pain, blood loss, wound problems,
cosmetic disability, infection and nerve damage
are not infrequent ; 3) the shape of the transplanted
bone is not always optimal to fill the defect.
These difficulties have prompted the search for
materials able to substitute for the deficient bone.
The ideal material should have the following
characteristics : good biological acceptance, at
most only minimal antigenic activity, mechanical
strength, adaptability to the bone defect’s config-
uration, relative inexpensiveness, and ease of ster-
ilization (34). In addition, the material should be
progressively replaced by normal bone to produce
firm union to the host bones. Three different
general categories of bone-graft substitutes deserve
consideration.

1. Inorganic materials including porous carbon
(28), hydroxyapatite (20, 24), porous polyethylene
(45), ceramic CaPQ,, and plaster of Paris (36) all
show good biological acceptance. However, they
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have no osteoinductive potential. Bone ingrowth
from the adjacent bone is the dominant mechanism
of bone substitution. Since these substances have
no osteoinductive capacities, the bone ingrowth
is slow and inconstant (19) by the process of osteo-
induction.

2. Allogenous bone transplants have the great
advantage of their initial mechanical strength. The
outcome of these mineralized allotransplants is
moderate bone resorption and minimal bone
apposition during the first 12 to 24 months. This
bone resorption can be increased by immunolog-
ical rejection or low-grade infection. Associated
postoperative morbidity, consisting of fractures,
non-union, low-grade infection and even complete
bony resorption is high (> 30%) (14, 30).

3. Demineralized bone allografts and demineral-
ized allotransplants have only recently been recon-
sidered as bone-graft materials of potential clinical
interest (33, 39, 40, 52, 53, 58). Senn (46) in 1889
made the observation that osteomyelitic cavities
of bone filled with demineralized bone (which was
used as a vehicle for imstillation of antiseptic
solutions) demonstrated neoformation of bone.
The following year Deaver (12), Miller (31) and
MacKie (29) reported similar encouraging obser-
vations, but Bier (4) in 1892 and Schmitt (44) in
1883 reported negative results with this method.
In 1931 Huggins (21, 22) observed bone formation
when bladder epithelium was implanted into
soft tissue containing muscle or fascia. In 1965,
Urist (52) described bone-inductive potency of
0.6 N HCI decalcified and lyophylized bone ma-
trix. Since then attempts have been made to define
the biochemical structure of the bone-inducing
principle (9, 17, 32, 42, 43, 48, 54, 55, 56) which
has not yet been fully characterized. It has been
shown that in soft tissues, implanted demineralized
bone matrix produces appositional bone forma-
tion, rapid creeping substitution and rapid resorp-
tion of the bone matrix (6). This was mainly
observed in rat and rabbit models. In larger
animals like dogs, monkeys or sheep, this osteoin-
ductive phenomenon was less intense. Studies
dealing with implantation of demineralized bone
matrix powder in bone defects of weight-bearing
bones (5, 13, 16, 47, 50, 63) are an important step
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in the understanding of the behavior of graft
materials with potential clinical application. Re-
cently, demineralized bone-matrix allografts were
used in humans (15, 23, 25, 28). Here again, bone
formation is mainly assessed by radiographic and
histological appearance, and not by tests dealing
with the biomechanical quality of the newly
formed bone.

Bone marrow by itself has bone progenitor po-
tential (3, 8, 11, 35, 37,41, 57, 59, 61). The addition
of bone marrow has been reported to enhance
bone formation within the demineralized bone
matrix. The proposed explanation is the contri-
bution of potential osteoprogenitor cells contained
within the bone marrow (26, 27, 41, 47) which
ought to be activated by BMP.

Our group has developed a bone-defect model
which allowed implantation of different bone-graft
materials in various forms and the assessment of
their osteoinductive and osteoconductive proper-
ties. This system is reproducible in most of the
cases and radiographic, histological and biome-
chanical studies of the implanted substances can
be easily performed. The goals of the present study
are :

1. To test the outcome of demineralized bone-
matrix implants inserted into a segmental bone
defect of a functioning, weight-bearing bone.

2. To study comparatively the radiographic and
biomechanical properties of the bone defect with
implanted demineralized bone matrix alone (osteo-
inductive/ osteoconductive preparation) and aug-
mented with bone marrow (osteoinductive/ osteo-
conductive/ osteoprogenitor preparation).

3. To study comparatively the grafting capability
of demineralized bone matrix versus autogenous
cancellous bone graft in healing segmental defects.

MATERIAL AND METHODS

A) Preparation of demineralized bone-matrix seg-
ments

Demineralized bone segments were prepared from
the right and left femurs of Sprague-Dawley rats
(350-400 gr). Each femur was carefully removed
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from the rats and then mechanically cleaned of
periosteum. The bones were cut on each end, and
the bone marrow was removed from these diaph-
yseal segments using physiologic saline solution.
The resulting bone segments were immediately
transferred into 0.6 N HCI solution. Demineral-
ization was then carried out over 72 hours at 4°C,
with three HCI solution changes. At this point the
acid was removed by washing the bones with
distilled water for 8 hours at 4°C with continuous
stirring. The bone-matrix segments were then
defatted with 70% alcohol, and each segment was
separately stored in small plastic tubes at minus
70°C while still immersed in the alcohol (72
hours). The ash weight of these bone segments
was then determined after ashing at 600°C for
24 hours, and the process was shown to have
completely demineralized the matrix.

B) Techniques of demineralized bone-matrix im-
plantation

Sprague-Dawley rats (350-400 g) were premedi-
cated with 30 mg of intramuscular Ketamine (Ket-
alar®). General anesthesia was then induced and
maintained with mask ventilation (2L 0,/min,
0.8 L. N,O/min, fluothane mixture). The right hip
and lower extremity were then washed and shaved
in a sterile fashion with 709% alcohol and betadine
solution. Under sterile conditions a longitudinal
skin incision was made over the lateral thigh, and
carried down through the fascia lata. The vastus
lateralis was then retracted anteriorly, and the
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biceps femoris swept posteriorly. At this point the
circumference of the midshaft of the femur was
exposed. An ultra-high molecular weight poly-
ethylene plate (20 by 4 by 5 mm) was fixed to
the anterior surface of the femur. This was accom-
plished by drilling four holes, two proximally and
two distally through both the plate and the host
bone. The polyethylene plate was fixed to the bone
with four threaded Steinmann pins (1.2 mm di-
ameter, Zimmer No. 540223). A 5-mm osteoperi-
osteal diaphyseal segment (2 X cross sectional
diameter) was then excised from the midshaft of
the femur with a rotating dental saw (fig. 1).

The animals were then divided up into 4 groups
of 15 Sprague-Dawley rats so that the effect of
replacement of the bony defect with demineralized
bone matrix with and without marrow conserva-
tion could be examined, and a separate fifth group
of 15 inbred Lewis rats was also examined as an
autograft (isograft) control group. This latter
group allowed comparison of results to a system
that might most closely resemble that of an
autogenous cancellous bone graft. In these animals
cancellous bone was transferred from the proximal
metaphyseal region of the tibia of a donor Lewis
rat to the isogeneic Lewis recipient femoral defect.
In this isogeneic group of animals, one animal was
sacrificed at 3, 6, and 9 weeks for histolgic
examination. Therefore only 12 animals were
available for biomechanical and radiographic ex-
amination at the 12-week termination. In all other
groups 15 animals were utilized for terminal
analysis. The animals were therefore divided up
as follows :

Table I

Number of Demineralized Marrow

Group Animals Bone Matrix Supplementation
DBM BM

Start | End (DBM) (BM)
I (DBM+)(BM+) 15 15 Yes Yes
II (DBM+)(BM-) 15 15 Yes No
I (DBM -)(BM+) 15 15 No Yes
IV (DBM -) (BM -) 15 15 No No
V  Isografts 15 12 Isografts No
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Fig. I. — An intraoperative view of the bone defect which
is implanted with 4 demineralized bone-matrix segment,

For the animals where conservation of bone
marrow was required, the bone marrow that
remained in the proximal and distal segments of
the femur was supplemented with marrow re-
moved from the resected segment. Animals used
as marrow-free controls had their bone marrow
removed from the proximal and distal segments
of the femur by intramedullary lavage with phy-
siologic saline solution. No supplementation of
bone marrow was provided from the resected
segment.

In those animals in which demineralized bone-
matrix segments were implanted, the segment was
fashioned to fill the bony gap. Maintenance of the
implant within the defect was aided with the usc
of nylon suturcs, helping to fix the graft to the
proximal and distal host femur as well as the plate.
In the Lewis rat group the graft was also molded
to fill the bony defect. In all the groups the graft
materials were enclosed snugly by approximating
the vastus lateralis and biceps [emoris over the
plate-implant complex. Postoperatively the ani-
mals each received 30,000 units of penicillin G
subcutaneously. The animals were held in collective
plastic cages (3 animals/cage) with free access to
water and standard laboratory rat food.

() Radiographic evaluation

Radiographs of the right and left femur were
obtained at 3, 6 and 9 weeks after implantation,
At 12 weeks all anlmals were sacrificed. The right
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operative femur and the intact left femur along
with the surrounding soft tissue attachments were
carefully removed. Microradiographs (Faxitron)
were taken, and the radiographs were cvaluated
for bone formation. Bonc formation was classified
into 3 categories : 1) absence of bone formation ;
2) presence of bone formation without radio-
graphic bridging ol the gap by the new bonc .
3) presence of bone formation with radiographic
bridging of the gap (radiegraphic union},

D) Mechanical testing

At 12 weeks the femurs were freed from their solt
issue attachments and evaluated [or mechanical
union by gentle manipulation. Those specimens
that were felt to be mechanically unstable were
not tested with torsional loading. In stable spec-
imens the polyethylene plate, while still fixed to
the right femur, was incised three times in its mid-
portion to 90% of its depth. This was donc in
order to decrease the torsional resistance offered
by the plate in our systems without compromising
the strength of the underlying bone. Great care
was taken so as to prevent any contact with or
nicking of the cortical bone. Prior experiments in
our laboratory have shown that incision of the
plate in this manner is a satisfactory method of
evaluating the mechanical propertics of interest.
Right and left femurs were then potted in epoxy
resin and tested for [ailure in torsion in a stand-
ardized torsion apparatus (7). Torque and angular
displacement were recorded on an oscilloscope
and then photographed. The stitfness of the bone
was calculated by drawing a tangential line to the
torque displacement curve. Results for maximal
torque (torque recorded at specimen failure), stif-
fness and maximal angular displacement were
expressed as a percentage of the corresponding
values of the contralateral femurs.

Four femurs with radiographic ¢cvidence of pseud-
arthrosis and without mechanical stability, but
with an intact plate were used to evaluate the
torsional resistance of the incised plate. The mean
failure torque (stiffness and displacement) of the
platc in these 4 specimens was subtracted from
the maximal failurc torque (stiffness and maximal
angular displacement) to determine the actual
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properties of the bone. In general, the plate
contributed less than 109, of the total torsion
resistance offered by the bone-plate system. A
modified White’s fracture classification grading
system (fig. 2) was used to evaluate the failure
behavior of the tested bones (60). Type I fractures
in this classification are defined as a non-union

of the implanted bone segment and host bone.
Type 1I fractures are defined as a fracture through
the implanted bone segments of a mechanically
stable bone. Type I1I fractures are those fractures
in which the failure line involves both the im-
planted and host bone. Finally, a type IV fracture
was one in which only host bone was involved.

SOFT OR FIBROUS TISSUE WITHIN THE GAP

FRACTURE THROUGH THE IMPLANTED DBM - SEGMENT
FRACTURE THROUGH THE IMPLANTED DBM - SEGMENT AND THE
ADJACENT HOSTBONE
FRACTURE EXCLUSIVELY THROUGH THE HOSTBONE
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Fig. 2. — Schema illustrating the different types of failure observed during biomechanical testing.

RESULTS

No animal died during the experiment. The orig-
inal procedure did not interfere with normal
weight gain.

A) Radiographic results

Table II and fig. 3 detail the results of radio-
graphic examination of the animals at 12 weeks.
It is clear that the demineralized bone-matrix
implanted animals both with and without bone-
marrow implantation had significantly enhanced

bone formation and radiographic union as com-
pared to control and bone-marrow impregnated
defects (p <.001). At 12 weeks 14/15 animals in
both Groups I (demineralized bone matrix with
bone-marrow supplementation (DBM +) (BM +))
and II (demineralized bone matrix without bone
marrow (DBM +) (BM -)) had evidence of bone
formation. This compared with only 3/15 animals
with evidence of bone formation in Groups III
(DBM-) (BM+) and IV (DBM-) (BM -).
Similar results were observed if radiographic os-
seous bridging (fig. 4) was contrasted between
both Groups! and II (12/15 and 12/15) vs.
Group III and TV (2/15 and 1/15).
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Table II. — Radiographic evidence of bone formation
and radiographic union at twelve weeks

Bone formation
With bridging
Without bridging | (radiographic union)

(DBM +) (BM +) 14/15 (93%) 12/15 (80%)
(DBM +) (BM -) 14/15 (93%) 12/15 (80%)
(DBM -) (BM +) 3/15 (20%) 2/15 (13%)
(DBM -) (BM -) 3/15 (209%) 1/15 (7%)
Isograft 11/12 (92%) 10/12 (83%)

RADIOGRAPHIC RESULTS
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o ]
4 3 SN

%0 N

80

/

d
ANRNEN
il

¢ 8

>
s,
RN

SOOI

A

PERCENT OF FEMURS
8
!
/\\
s //,

AMIIIIIITITITNNNY

SARRRERONRRANARRRRRN
DR

%
20 _/ / :
/ N NN NN
"’ ‘é\i N N N
0 LA N N7 BRI/ Q
{DBM+XBM+ DBM+IBM-} DBM-IBM+} {DBM-IBM-1 ISOGRAFT
/] BONE BRIDGING XX BONE FORMATION
¥ CLINICAL STABLITY
Fig. 3. — Histograms representing the percentage of animals in each group with bone formation and radiographic bridging

of the bone defect, as well as clinical stability at 12 weeks.
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Table {11 details the radiographic cvidence of bone
formation at various time intervals. At 3 weeks
a significantly larger proportion of femurs in
Group I (DBM +) (BM +)} than in Group Il
(DBM +) (BM -)) showed bone formation within
the defect (1215 vs, 3/15) (p <.005) (fig. 5). No
significant difference between those specimens
with and without bone marrow could be found
at 6, 9, or 12 weeks ([fig. 6).

Fig. 4. — Radiographic bridging of the gap by new bone
at 12 wecks in a defect filled with demineralized bone matrix.

Fig. 5a Fig. 5b

Fig. 5. — u) Bone defect in specimen implanted with demineralized bone matrix and augmented with bone marrow at 3 weeks.
Bone formation is observed radiographically.

b) At 3 weeks, no bone formation is scen in a specimen implanied with only demincralized bone matrix, but without bone
marrow augmentation,

Table III. — Radiographic evidence of bone formation
at three-week intervals

Number &

3 wecks

6 weeks

9 weeks

i2 woecks

(DBM +) (BM +)
(DBM +) (BM -)
(DBM -} (BM. +)
(DBM -} (BM -)
[sografts

(1I3BM ) {(BM -} vs
(DDBM +) (BM -}

12/ 15 (309%)
3/15 (209)
0/15 (0%)
0/15 (09%)
5/15 (30%)

p < 002

14715 (93%)
13,15 (87%)
315 (209)
3/15 (2064)
7714 (308)

Not sig,

14/ 15 (93%%)
13/ 15 (87%)
3715 (20%)
3715 (209%)
11/13 (85%%)

Not sig.

1415 {93%)
14/15 (93%)
3715 (2005
3715 (209%)
11712 (929%)

Not sig.
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BONE FORMATION vs TIME

PERCENT OF ANIMALS

A [DBM-IBM-]

> ISOGRAFTS

Fig. 6. — Incidence of radiographic bone formation as a function of time within bone defects filled with or without demineralized

bone matrix, with or without addition of bone marrow.

In addition Tables II and III list the results
obtained for the cancellous bone-graft control
group. Table 11 shows that the number of animals
exhibiting bone formation and radiographic union
at 12 weeks in the isograft cancellous group as
similar to the results obtained for the demineralized
bone-matrix implanted group either with or with-
out bone marrow. However in comparing the
proportion of animals with bone formation over
time, it appears that the isograft cancellous group
took significantly longer before showing evidence
of osseous development than either demineralized
bone-matrix Groups1 and II (3 weeks: I vs.
isograft p < .02, II vs. isograft ns ; 6 weeks : I vs.
isograft p<.02, Il vs. isograft p <<.05). This
difference in rate had disappeared by 9 weeks.
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B) Biomechanical results

Only clinically stable femurs were biomechanically
tested. Only 11/15 femurs in Group I and II, 2/
15 in Group HI, 0/15 in Group IV and 8/12 in
the Lewis isograft animals achieved clinical sta-
bility and were biomechanically tested (table IV).
There was no significant difference in mechanical
union rate for the two demineralized bone-matrix
groups and the isogeneic cancellous group ; these
three groups had a significantly increased rate
compared with Group III (DBM -) (BM +)) and
Group IV (DBM -) (BM -) (p < .002).

Figure 7 details the results for the biomechanical
tests for GroupsI, II and V. Mean values for
angular displacement at maximal torque, maximal
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BIOMECHANICAL TESTING
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Fig. 7. — Biomechanical results for the clinically stable femurs in Groups I, II and V. The biomechanical values for the
operative right femurs are expressed as a percentage of the normal contralateral left side.

Table IV. — Mechanical union

(DBM +) (BM 1) 11/15 73%
(DBM +) (BM -) 11/15 3%
(DBM -) (BM +) 2/15 13%
(DBM -) (BM ) 0/15 0%
Isografts 8/12 67%

torque and stiffness were calculated for both the
operative and nonoperative side. Results are listed
for each variable as a percentage of the nonop-
erative side. The paired T-test was used to compare
both sides.

For the demineralized bone-matrix implanted fe-
murs, the average angular displacement prior tu
failure was 68% (+ 36%) and 46% (+ 27%) in
GroupI (DBM+) (DM +)) and Group Il

((DBM +) (BM -)), respectively. Average maximal
torque at failure was 48% (+ 14%), and 44%
(+ 14%-~), while average stiffness values were com-
puted at 108% (+ 61%) and 108% (+ 64%), re-
spectively. With the Student’s T test for compar-
ison between GroupsI and II, no statistical
difference in terms of biomechanical properties
tested could be found.

The biomechanical values for Group V isograft
cancellous animals were quite similar to those
values detailed above. This group testing at 12
weeks revealed : a) average angular displacement
at maximal torque to be 68% (+ 20%) of the
nonoperative side; b) maximal torque 51%
(+ 33%) ; c) average stiffness 1099% (+ 27%). When
Groups I and II (separately or combined) were
compared with Group V again, no statistical dif-
ference could be found.
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In general, the maximal torque and angular
displacement of the right operative femurs were
both significantly lower than the corresponding
values obtained in the contralateral control bones
in Groups I, II and V. The stiffness of bone, while
comparable in all three groups, did not exhibit
a significant difference from the results obtained
for the nonoperative control side. In the 2 animals
in Group III with clinically stable femurs, resuits
for maximal torque, angular displacement and
stiffness were comparable to those already reported
for the other groups.

Table V shows the distribution of the five different
types of fracture patterns of failures according to
White’s classification during torque testing for
Groups I-V.

Table V. — Types of fractures
occurring during biomechanical testing

White’s classification
1 I I v

(DBM +) (BM +) 29% 29% 36% 7%
(DBM+)(BM-) | 27% | 40% | 33% | 0%
OBM) (VM) | 8% | 7% | 7% | 0%
(DBM -) (BM ) 100% 0% 0% 00%
Isograft 33% 8% 50% 8%

Striking differences can be noted : in Group III
and IV the predominant failure pattern noted was
that of typel with a persistent nonunion. In
contrast, type II and III failures were most fre-
quently encountered in Groups I and II (demin-
eralized bone-matrix implant specimens with and
without bone marrow), and Group V (isogeneic
graft) confirming successful union of the implant
to the adjacent host bone. However the rarity of
type IV failure in both the demineralized bone-
matrix specimens and the isogeneic graft suggested
that the newly formed bone within the segmental
defect still lacked mature mechanical strength 3
months after implantation.

DISCUSSION

The plated bone-defect model appears to be an
excellent model to explore the efficacy of bone-
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graft materials. The natural history of the bone
defect indicates that it will form bridging of the
defect by fibrous tissue. The implantation of the
demineralized bone matrix leads to increased
formation of new bone, and bridging between the
host and newly formed bone. This model allowed
both radiographic and biomechanical testing of
the implants. Few studies have dealt with the
biomechanical quality of the demineralized bone-
matrix induced bone, especially when implanted

into a bone defect created in a functioning weight-

bearing bone. In a previous study conducted in
our laboratory (13), implantation of demineralized
bone matrix into a segmental bone defect in the
diaphysis of rat femurs was found to result in
union. However in this model an external fixator
stabilized the bone defect. In addition the number
of animals studied was small, and a high incidence
of wound infections forced removal of many of
the animals from the study. The biomechanical
testing in that study leads to the conclusion that
energy absorption to failure was equal to that of
the pinned intact cortical bones, and that defor-
mation resulted in greater displacements prior to
failure. Stiffness of the newly formed bone was
markedly decreased. In addition, recent work by
Bolander and Bolian (5) compared the use of
plasma-coated demineralized bone matrix and
autologous cancellous bone used to graft segmental
defects in ulnae of rabbits. Results showed that
ulnar graft of plasma-coated DBM and those
grafted with autologous cancellous bone had
nonsignificant differences when values for torque,
energy and maximum angular deformation were
compared. In addition, DBM grafts that were
augmented with extracted bone proteins were
significantly stronger than those without augmen-
tation. In general, these results were similar to
those found in this study, even though both a
different technique and different animal model
were used. In addition, Bolander and Bolian
augmented their specimens with extracted bone
proteins as opposed to bone marrow.

In this study we found that the newly formed bone
failed at a lower angular displacement (approx-
imately 50% of the values for the intact control
femurs), and produced less torque after 12 weeks
of healing. However, the slope of the torque



DEMINERALIZED BONE MATRIX 141

displacement curve for the nonoperative femurs
was without significant difference as compared
with the slopes for femurs with either deminer-
alized bone matrix or isograft implants. Therefore
the stiffness of the newly formed bone was com-
parable to the stiffness of the nonoperative intact
femurs. However the newly formed bone was
unable to withstand the same magnitude of tor-
sional stress as the controls, and thus failed at a
lesser maximal torque with decreased angular
displacement. With more time, the segmental
healing may have regained more nearly normal
mechanical properties.

No significant biomechanical differences were
noted if the demineralized bone-matrix implants
with and without bone marrow as well as the
isograft controls (representing autografts) were
carefully compared at 12 weeks. Results for bone-
marrow supplemented specimens showed that
more rapid bone formation occurred radiographi-
cally for the first 3 weeks postoperatively. These
differences were no longer statistically significant
at 6, 9 or 12 weeks. The biomechanical properties
and segmental union rates are comparable. De-
mineralized bone matrix appears to elicit earlier
bone formation than cancellous graft, especially
when the DBM is laced with bone marrow.
Human utilization of demineralized bone matrix
as a cancellous graft substitute is now under study.

CONCLUSIONS

The authors present a plated segmental bone-
defect model in a functioning weight-bearing bone
in rats, allowing radiographic and biomechanical
testing. The model is reproducible with good
animal acceptance. The demineralized bone-matrix
segments implanted into this bone defect resulted
in union in most of the animals. Bone marrow
significantly enhanced the bone formation with
demineralized bone-matrix implants at an early
stage, as determined radiographically, but with
time the benefit of bone-marrow augmentation
disappeared. Biomechanically, newly formed bone
had about half of the strength of the contralateral
control bones. The demineralized bone-matrix
implants had similar radiographic evidence of
bone formation, biomechanical properties and

absolute union rate as cancellous bone isografts
(autografts).
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