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Graft perforations favor osteoinduction 
Studies of rabbit cortical grafts sterilized with ethylene oxide 

Goran Sigholm', El Gendle?, Harry McKellop3, G. June Marshall4, Tillman M. Moore2 
and Augusto Sarmiento5 

The healing of freeze-dried, ethylene oxide sterilized, 
segmental, allogenic cortical bone grafts was investi- 
gated in 15 rabbits using a 2-cm ulnar diaphyseal 
defect. Five different groups of bone grafts were 
evaluated: 1) unperforated undemineralized, 2) per- 
forated undernineralized, 3) unperforated dernineral- 
ized, 4) perforated demineralized, and 5) perforated 
demineralized grafts enclosed by silicone rubber 
(Silastic) sheets. There were 3 animals in each group. 
At 18 days, the study was terminated, and the 

implants were examined using radiographs and 
qualitative histologic preparations. 

We observed that healing of perforated demineral- 
ized bone was superior to unperforated demineral- 
ized bone, that undemineralized bone was partially 
sequestered in reactive lacunae, and that per- 
forations in demineralized bone became centers of 
osteoinduction. Demineralized bone sterilized with 
ethylene oxide by this method vigorously formed new 
bone. 
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It has been suggested that demineralized bone as intact 
segments (Tuli and Singh 1978, Einhom 1984, 
Delloye et al. 1985, Munting et al. 1988) or particles 
(Iwata et al. 1981, Bolander and Baslian 1986, 
Gepstein et al. 1987, Kohler and Kreicbergs 1987) 
might improve the healing of diaphyseal segmental 
defects. However, unless a standard bone graft is 
compared with identically processed, but also 
demineralized bone, conclusions are unreliable. 
Gendler (1986) introduced another variable by micro- 
perforating solid demineralized cortical bone. 

Authors disagree on whether or not ethylene oxide 
sterilization impairs osteoinduction (Munting et al. 
1988, Aspenberg et al. 1990, Urist 1968, Kohler and 
Kreicbergs 1987, Zislis et al. 1989, Moore et al. 1990). 
Our study, using a rabbit diaphyseal bone defect 

model, was done to compare the healing of freeze- 
dried, ethylene oxide sterilized, segmental, allogenic 
bone grafts with the five variables perforatiordnonper- 
foration, demineralization/nondemineralization, and 
silicone rubber (Mastic) sheet exclusion from soft tis- 
sue. 

Materials and methods 

Preparation of bone grafts 

18 adult, female, New Zealand white rabbits were 
used. 3 animals were used as donors. Lower extremity 
bones were harvested bilaterally and cut into 20-mm 
diaphyseal segments. Soft tissues were removed by 
sharp dissection and gross marrow elements by water 
jet. 15 bone segments were obtained, and 9 were mul- 
tiply microperforated using 350-p drill bits at slow 
speed (Gendler 1986). All the segments were washed 
in deionized water and defatted with ethyl alcohol and 
diethyl ether. 6 perforated and three nonperforated 
segments were demineralized with 3 decantings of 0.5 
N HCl during continuous magnetic stirring for 24 h at 
4 "C. 

All the bone segments were placed in small combi- 
nation plastic and polytetrafluorethylene (Ty-Vek) 
bags and gas sterilized with 12 percent ethylene oxide 
at room temperature (24 "C) for 14 h. Multiple cycles 
of flooding and purging with filtered room air, modi- 
fying the manufacturer's specification (VerTis Con- 
sole #24, Gardiner, NY), was followed by freeze-dry- 
ing for 5-8 days. This resulted in a final gravimetric 
water content of 1-2 percent, an average parts per mil- 
lion of 5.1 for ethylene oxide, 14.8 for ethylene 2- 
chlorhydrin, and 1,139 for ethylene glycol. 
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Implantation, harvest, and evaluation 

15 quadriceps injections of 50 m@g ketamine HCI 
(100 mg/mL) and 10 m a g  Zylazine (20 mg/mL) 
were given. The right forearm was shaved, prepared 
with Betadine, and draped with sterile towels. A lateral 
incision was made and dissected to the ulna, disregard- 
ing the periosteum. With a power saw (“Minisaw” 
Synthes Inc, Paoli, Penn., U.S.A.), 18-mm midulnar 
segments were excised under cool-water irrigation. 
The saw blade was 1 mm thick, so the 20-mm bone 
grafts fitted snugly in the diaphyseal defects. Bone 
contact without angulation or gapping was thus 
achieved. 

According to the preparation of the bone grafts, five 
groups of 3 animals were studied 

Group 1 : Undemineralized-unperforated grafts 
Group 2: Undemineralized-perforated grafts 
Group 3: Demineralized-unperforated grafts 
Group 4: Demineralized-perforated grafts 
Group 5: Demineralized-perforated grafts, then 

enclosed by silicone rubber sheets (Silastic@, Dow- 
Coming, Midland, Michigan). 

Immediately postoperatively, biplanar, high-resolu- 
tion radiographs (“Faxitron” Hewlett-Packard) were 
taken to check implant position; in addition, these 
were repeated at harvest to evaluate radiographic heal- 
ing (Figure 1). 

The mean weights of the animals were 4.05 kg ini- 
tially and 3.95 kg at death. There were no fractures or 
infections, and all the animals completed the study. 
Weight bearing generally began on the third day, and 
no medication for pain was given. At 18 days, the 
rabbits were weighed, killed, and their forearms were 
disarticulated at the elbow. The soft tissues were 
excised by sharp dissection, and the ulnas were dis- 
sected from the radii. It was noted whether or not the 
ulnas demonstrated resistance to torque upon simple 
manual twisting, after which they were placed in 10 
percent neutral formalin for 1 week. The ulnas were 
then repeatedly washed with tap and deionized water. 
All the specimens were then demineralized in 20 
percent formic acid for 8 days and again multiply 
rinsed. After dehydration in three decantings of ethyl 
alcohol, they were embedded in nitrocellulose for 
serial longitudinal sectioning and staining with hema- 
toxylin and eosin. 

Bone and cartilage formation was assessed by sub- 
jective evaluation by 2 observers (EG and GJM), 
whose conclusions were in agreement. 

Figure 1. Lateral radiographs of the five groups of implants at 18 
days, in descending numerical order with Group 1 at the top. 
Note failure to completely bridge in Groups 1 and 2, and partial 
mineralization of the initially radiolucent Groups 3 and 4 grafts. 
Silastic-excluded implants, Group 5, did not mineralize, but 
bone formed outside the Silastic sheets. 

Results 
The gross findings in the three identical implants in 
each group were remarkably uniform. Resistance to 
simple manual torque was encountered only in the 
unexcluded demineralized Groups 3 and 4. 

Radiographic evaluation 

At 18 days, the grafts of Groups 1 and 2 had no 
changes in bone density or bridging callus (Figure 1). 
Grafts of Group 3 showed bridging callus and slightly 
increased density in the segments. The grafts of Group 
4 had the best bridging callus and more advanced min- 
eralization of the segment than in Group 3. Endosteal 
callus formation was best seen in these perforated 
demineralized grafts. Finally, there was no mineraliza- 
tion or bridging callus in the grafts of Group 5. 



Acta Orthop Scand 1992; 63 (2): 177-1 82 179 

Figure 2. Junction between host bone on the left and undemi- 
neralized unperforated bone graft, Group 1, on the right. The 
graft is surrounded by an inflammatory capsule composed of 
collagen and leucocytes. Periosteal and endosteal callus has 
formed from the host bone but does not contact the implant. 
There is only fibrous tissue between the bone ends. HE x250. 

Histologic evaluation 

The groups of bone grafts were examined in terms of 
their response at the junctions, in their substance, and 
in the surrounding soft tissue. 

Group I. At the junctions between the unper- 
forated undemineralized grafts and the host bone ends, 
there was mostly unoriented fibrous tissue (Figure 2). 
Abortive callus formed in a partial cuff of periosteally 
derived bone in some specimens, arising from the host 
bone ends, but not attached to the segments. These 
appeared to be standard centripetally oriented perios- 
teal calluses, but they were separated from the graft by 
a reactive capsule of richly vascularized tissue. A less 
well-developed endosteally derived callus extended 
into the medullary canal of some of these implants; 
but, like the periosteal callus, was prevented from con- 
tacting the graft because of a reactive inflammatory 
membrane. The haversian canals were devoid of living 
cells, and the osteocytes were well preserved. The 
soft-tissue response to Group 1 was identical to that in 
Group 2, and is described below. 

Group 2 .  At the junctions of the perforated 
undemineralized bone grafts with the host bone, the 
gaps were filled with fibrous tissue. No trabecular 
bone united the bone ends. Abortive periosteal and 
endosteal calluses were apparently prevented from 
contacting the implant by the same type of reactive 
capsule as in Group 1. The graft response was also the 
same as described for Group 1. Osteocytes were 
apparent, but microperforations and haversian canals 
were empty. The most obvious finding regarding the 
soft-tissue response was sequestration of portions of 
the bone-graft segments into “reactive lacunae” 
(Figure 3). These and the implants that lay within them 

Figure 3. Mid-portion of a Group 2 undemineralized bone graft 
showing a longitudinal cut through a perforation. A strand of 
young collagen has invaded the hole, connecting the inflamma- 
tory capsule around the implant, but no cartilage or bone is 
formed. The graft lies in a false space due to a shrinkage artifact 
(SA) on the left, but on the right, fluid filled cavities with menisci 
of ceullar debris are seen, which we have called “reactive lacu- 
nae” (RL). HE x250. 

were surrounded by an inflammatory capsule of 
mononuclear leukocytes, which were most numerous 
at the bone surface. These “lacunae” often showed a 
meniscus of blood cells, proving they contained fluid, 
but there was no staining of proteinaceous content to 
suggest an exudate. On other surfaces of the implants, 
there were definite shrinkage artifacts. In almost all 
the microperforations, strands of fibrous tissue 
traversed the holes, but no cartilage or bone was 
formed. 

Group 3 .  Most of the bone junctions between the 
unperforated demineralized grafts and the host were 
circumferentially bridged by new bone. Endosteal 
callus extended further into the medullary canal than 
in previous groups. The grafts were partially covered 
externally and internally by a layer of new bone and 
occasional areas of fibrocartilage (Figure 4). At the 
implant surfaces, there was patchy invasion of superfi- 
cial haversian canals by cells that resembled viable 
chondroblasts. However, deeper in the matrix the 
haversian canals remained acellular. At the soft-tissue 
interface, the trabecular bone was so closely apposed 
to the implant surface that the bone graft changed 
gradually from bone into soft tissue without demarca- 
tion. In contrast to undemineralized bone, no 
surrounding inflammatory reaction was observed. 

Group 4.  The junctions of the perforated deminer- 
alized grafts with the host bone were essentially as 
described for Group 3. Trabecular bone bridging was 
observed in all the specimens, combining periosteal 
and endosteal callus formation (Figure 5).  The 
implants were as described for the grafts in Group 3 
regarding surface formation of new bone. However, 
there were two further striking findings. Almost all 
the perforations were filled with either chondrocytes 
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Figure 4. Bone formed on the surface of the mid-portion of an 
unperforated demineralized Group 3 graft. The upper two thirds 
is exuberant new bone closely apposed to the graft in the lower 
portion. 

Figure 5. Junction between host bone above and demineralized 
perforated Group 4 bone graft below. Periosteal and endosteal 
callus are well developed and bridge from host to graft, blending 
with new bone formed by the graft. A perforation (P) filled with 
cells is visible in the implant. HE x50. 

Figure 6. In this demineralized Group 4 graft, a transversely cut 
perforation contains bone trabeculae (small arrow); an obliquely 
cut perforation (large arrow) contains chondrocytes, so at 18 
days they have become centers of osteoinduction. HE x500. 

and enchondral bone or with trabecular bone (Figure 
6). A few perforations were seen to be enlarged, indi- 
cating that bone resorption was beginning at 18 days. 
Throughout most of the implanted segments, haversian 
canals were massively populated with cells resembling 
chondroblasts. The soft tissues were closely apposed 
to the surfaces of the grafts so as to almost completely 
incorporate them. 

Group 5. These were perforated demineralized 
segments that were separated from the surrounding 
soft tissues by silicone rubber (Silastic) sheets. At the 
bone junctions the gaps were filed with primitive 
connective tissue, which invaded the medullary canals 
for several hundred microns and then became necrotic. 
The graft was necrotic except for a small part immedi- 
ately adjacent to the host bone. A few haversian canals 
and perforations were invaded by chondroblasts in 

Figure 7. Mid-portion of a perforated demineralized graft 
excluded from soft tissue by a silastic sheet, Group 5. The 
medullary canal (MC), perforations, and space between the 
sheet and the graft (lower edge), are filled with necrotic cells. 
Silastic prevented periosteal bridging. HE XI 00. 

these regions, but no bone was formed. The medullary 
canals and the perforations contained cell detritis 
(Figure 7). Between the Silastic sheets and the grafts, 
there was a mass of homogeneous eosinophilic mate- 
rial containing occasional pycnotic nuclei suggesting a 
necrotic inflammatory infiltrate. 

Discussion 

The ability of demineralized bone to induce new bone 
has been studied for over 25 years (Urist 1965). Sev- 
eral investigators have confirmed the concept of bone 
induction due to a protein with morphogenic ability- 
called bone morphogenetic protein, or BMP wrist et 
al. 1987)-and its origin from properly demineralized 
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bone (Nade and Bunvell 1977, Tuli and Singh 1978, 
Oikarinin and Kahomen 1979, Iwata et al. 1981, 
Delloye et al. 1985, Saveliev and Sivkov 1986, Kohler 
and Kreicbergs 1987, Gepstein et al. 1987). There are 
three basic biochemical techniques that are used in the 
processing of demineralized bone for osteoinductive 
purposes. They are the methods of Urist (1987), Reddi 
and Huggins (19851, and Gendler (1986). Because 
different techniques and agents are used, it is reason- 
able that each matrix differs from the others, and thus 
exhibits different characteristics, including osteoinduc- 
tivity (Delloye et al. 1985, Hollinger et al. 1991). 

Undemineralized grafts, Groups 1 and 2, showed 
shrinkage artifacts, suggesting that the soft tissues 
were only loosely adherent to the implants. The “reac- 
tive lacunae” spaces often contained a cellular menis- 
cus, proving they were fluid-filled. Both changes 
reflect an inflammatory response. Urist (1975) 
reported this phenomenon with undemineralized parti- 
cles of bone 4 weeks after implantation. He called the 
cavities “sterile abscesses,” but did not mention them 
in connection with solid undemineralized implants. 
These shrinkage artifacts and reactive lacunae sharply 
contrasted with the intimate incorporation of deminer- 
alized Group 3 and 4 grafts into their soft-tissue 
envelopes. Antigenic reaction to the undemineralized 
bone is a possible reason for the different modes of 
graft incorporation. 

Although microperforations in undemineralized 
bone were penetrated by fibrous tissue, neither 
cartilage nor bone was formed. In contrast, micro- 
perforations in the demineralized bone became centers 
of osteoinductivity (Gendler 1986). This supports the 
concept of a cascade of osteoinduction, first described 
by Urist (1968) and later simplified by Reddi (1985). 
Once demineralized bone is populated by osteoprogen- 
itor cells, matrix replacement proceeds rapidly 
(Gendler 1986, Bemick 1989), and centrifugally, in 
contrast to osteoconductive replacement. 

Microperforations became centers of osteoinduc- 
tion, and they provided access for permeation by 
haversian canals, setting the stage for more rapid 
replacement of the graft. Necrosis of the excluded 
segments was due to denial of access of blood vessels 
to the bone graft. 

The silicone rubber (Mastic) sheet limited the 
active chemotaxis of mesenchymal cells, which was 
observed when soft tissues were allowed to contact the 
demineralized bone matrix. Ethylene oxide gas sterili- 
zation did not impair osteoinduction, confirming our 
previous experience (Moore et al. 1990). This state- 
ment is supported by two observations. First, compari- 
son of the rate of bone formation with that of others 
who did not use ethylene oxide sterilization in their 
solid (Tuli and Singh 1978, Vandersteenhoven and 

Spector 1983, Bemick et al. 1989) or powdered (Reddi 
1985) implants, shows ethylene oxide sterilized Gen- 
dler matrix to form new bone at least as rapidly, if not 
more rapidly, than the others. Secondly, a major factor 
in reported suppression of osteoinduction is the pres- 
ence of highly inflammatory ethylene oxide residues 
in the matrix. Zislis (1989) found that BMP activity is 
not impaired if the matrix is adequately aerated. Until 
the degree of residue removal and other relevant vari- 
ables are studied and quantitated, unsupported general 
statements (Munting et al. 1988, Aspenberg et al. 
1990) about the effect of ethylene oxide on osteoin- 
duction cannot be considered reliable. 

Most histologic studies have documented diaphy- 
seal healing with demineralized bone matrix at 6 to 16 
weeks (Tuli and Singh 1978, Kohler and Kreicbergs 
1987). One of the most important factors in healing of 
long-bone defects is whether or not mechanically 
stabilizing callus unites the bone ends in the early 
stages of healing. Our observations lead us to conclude 
that there are differences in the quality of early bridg- 
ing using different graft preparations; and demineral- 
ized bone grafts, particularly when microperforated, 
are superior to undemineralized grafts for this purpose. 
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