
Distraction osteogenesis (DO) is a surgical technique in 
which new bone formation is induced by gradual distrac-
tion of a fracture callus after low-energy corticotomy, with 
careful preservation of the soft tissue surrounding the 
bone.1) DO is primarily used in various difficult or intrac-
table clinical conditions such as chronic osteomyelitis,2) 
critical bone defect,3) severe bone deformity, and leg length 
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discrepancy,4,5) because of its powerful potential to regen-
erate bone. 

In spite of its benefits and potential as a limb recon-
struction tool, prolonged healing time remains a major 
problem. The new bone formed at the distraction site 
generally requires a much longer consolidation period 
than distraction period, resulting in a bone healing index 
(time in external fixation/length gained) of more than 30 
days per centimeter of adult limb lengthening.6-8) A long 
duration of external fixation for distracting and stabilizing 
the osteotomy site increases the complications and causes 
inconvenience to the patients.9)

Recent clinical and experimental research has been 
focused on developing methods to shorten the duration of 
DO in order to reduce several problems.10) Since the bio-
logical mechanism of DO has been studied deeply, several 
materials have been investigated to reduce the duration of 
DO. Enhancement of bone formation has been attempted 
using various materials including mesenchymal stem 
cells,11,12) bone morphogenetic protein (BMP),13-15) fibro-
blast growth factor,16) prostaglandin E receptor agonist,17) 
and bone conduction agents such as calcium sulfate.18) 
However, these materials have limitations in terms of ac-
cessibility, high cost, short duration of effect and/or low 
effectiveness.

Demineralized bone matrix (DBM), which was 
first introduced by Van de Putte and Urist,19) contains 
glycoproteins and collagen which are expected to possess 
both osteoinductive and osteoconductive properties.20-22) 
The efficacy of DBM has been proved clinically and vari-
ous types of DBM are commercially available.23) Hagino 
and Hamada24) reported that applying DBM in the rabbit 
shortened the duration of DO, indicating the possibility 

that DBM enhances bone healing during DO. 
In this study, we attempted to assess the effect of 

percutaneous injection of DBM during the consolidation 
phase on bone regeneration after distraction. We chose to 
inject DBM at the end of distraction at a normal speed (1 
mm per day) for clinical relevance. The purposes of this 
study were (1) to assess the effect of percutaneous injec-
tion of DBM on bone regeneration after distraction, (2) to 
prove that the end of the distraction period may be the ap-
propriate timing for DBM injection, and (3) to reveal the 
mechanism of enhanced bone regeneration after the injec-
tion of DBM. 

METHODS

Experimental Design 
All animal studies were performed with approval from 
the Animal Care Committee at Seoul National University 
Hospital. Fifty 10-week-old male New Zealand white rab-
bits (2.0–2.5 kg) underwent right-sided tibial lengthening. 
After premedication with intramuscular ketamine (50 mg/
kg) and xylazine (10 mg/kg), anesthesia was administered 
with intravenous Zoletil (Virbac, Carros, France). After 
preparation of the right lower extremity, an open mid-
tibial osteotomy was performed using oscillating saw and 
osteotome, and two monofixators (Solco, Seoul, Korea) 
were applied bilaterally, using four 0.029 inch Kirschner 
wires (Solco). The periosteum was carefully closed with a 
4-0 vicryl suture. The left lower extremity was left intact. 
Subcutaneous injection of buprenorphine (0.1 mg/kg) was 
administered at the end of surgery and again at 12 hours 
postoperatively to all animals. The animals were supplied 
with rabbit pellet chow and water ad libitum. After a la-

Fig. 1. Demineralized bone matrix was 
injected under the guidance of C-arm 
fluoroscopy.
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tency of 4 days, the tibia was lengthened 1 mm every 12 
hours for 10 days, producing a total of 20 mm of distrac-
tion. The fixator was left in situ to allow the regenerate to 
consolidate. 

Animals were randomized into 2 groups. At the end 
of the distraction period, the DBM group (28 animals) was 
injected with 100 mg of DBM at the distraction gap per-
cutaneously (Fig. 1). DBM used in this study was in an in-
jectable putty form (DBX DBM, Musculoskeletal Transplant 
Foundation, DePuy Synthes, West Chester, PA, USA). The 
control group (22 animals) was left without manipulation. 

At the time of harvest, rabbits were killed with in-
travenous injection of sodium pentobarbital (150 mg/kg). 
Specimens were harvested from 6 animals in the DBM 
group and 4 animals in the control group at the third and 
sixth weeks of consolidation. Specimens from 2 or 3 ani-
mals were harvested at 7 additional time points (days 0, 2, 4, 
7, weeks 2, 4, and 8 of consolidation) for histologic analy-
sis. Seven rabbits were excluded during the experiment be-
cause of unintended death or technical failures before the 
end of lengthening, and replaced by additional animals. 

Radiographic Analysis
During the consolidation period, plain radiography was 
performed every week. Under anesthesia with intramus-
cular ketamine (50 mg/kg) for sedation, the operated 
limbs were oriented in the standard anteroposterior (AP) 
projection and plain radiography was performed with 
a Siemens Multix H/UPH configuration (Siemens AG, 
Munich, Germany; 50 kVp, 4 mAs). We used digital lu-
minescent cassettes and a tube to film distance of 1.1 m. 
A calibrated marker on the film allowed the image to be 
rescaled for measurements of length in millimeters. The 
sequential plain radiographs were compared between the 
DBM group and the control group. In addition to simple 
comparison with the naked eyes, we quantified bone den-
sity by analyzing pixels. The Image J program (National 
Institutes of Health, Bethesda, MD, USA) can calculate 
pixel values from the plain radiograph. The pixel values 
of the distraction gap were normalized by those of the ip-
silateral tibial shaft. After normalizing the pixel values of 
the distraction gap, we could quantitatively compare bone 
density of the distraction gap between the DBM group and 
the control group.

Bone Mineral Density Analysis
In order to measure bone mineral density (BMD), we used 
specimens harvested at the first, third, and sixth weeks of 
the consolidation period. A total body dual-energy X-ray 
(DXA) scanner (DPX, Lunar, Madison, WI, USA) and soft-

ware which was tailored for small animals (LUNAR DPX, 
Small Animal Software, 1.0c, Lunar) were used. The oper-
ated tibiae oriented in the AP projection were examined 
by the DXA scanner. Regional BMD measurements were 
obtained by placing rectangular (18 mm × 10 mm) regions 
of interest (ROI) on the scan images. For each lengthened 
tibia, one ROI was positioned in the distraction gap and 
the other ROI was positioned on the normal metaphysis 
proximal to the distraction gap.25) BMD data from ROI in 
the distraction gap was normalized by data from ROI in 
the normal metaphysis. Results of BMD were expressed as 
grams per square centimeter.

Bone Morphometric Analysis
For analyzing bone morphometry, micro-computed to-
mography (micro-CT) was used. The distraction gap in 
the operated tibiae was cut and the margin of these sam-
ples was 5 mm. These samples were scanned parallel to the 
long axis by a micro-CT scanner (Skyscan 1076; Bruker, 
Kontich, Belgium). The region included nearly 1,000 im-
ages with a resolution of 2,048 × 2,048 pixels and with an 
isotropic voxel size of 10 µm. The system was set to 70 
kV, 114 mA, and 500 ms integration time, which permit-
ted accurate bone morphometric analysis of the distrac-
tion gap. For analyzing the structure of trabecular bone, 
specimens harvested at the third week of the consolidation 
period were examined. For analyzing the thickness of cor-
tical bone, specimens harvested at the sixth week of the 
consolidation period were examined. We reconstructed 
3-dimensional images from the micro-CT data to analyze 
the structure of trabecular bone. In order to minimize 
the effect of bone marrow cavities, total nine volume of 
interests (VOIs) adjacent to the bone marrow cavity were 
selected in three levels of the distraction gap. The VOI 
was set to have 35 × 35 × 35 voxels, and we reconstructed 
3-dimensional images of these VOIs. The following micro-
architecture parameters, bone volume to total volume ratio 
(BV/TV), trabecular thickness (Tb.Th), trabecular separa-
tion (Tb.Sp), and trabecular number (Tb.N), were assessed 
from the reconstructed 3-dimensional images. BV/TV 
indicates the portion of mineralized tissue, and Tb.Th, 
Tb.Sp, and Tb.N provide information on the thickness and 
amount of the trabeculae. We reconstructed binary images 
from the micro-CT data to analyze cortical thickness of 
the regenerated bone.

Histologic Analysis 
All harvested specimens were used for examining the his-
tology. The specimens were bisected longitudinally. They 
were fixed in paraformaldehyde (4%, pH 7.4) at 24°C for 
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48 hours. For decalcification, they were buffered with eth-
ylenediaminetetraacetic acid (14.5%)/paraformaldehyde 
(0.5%, pH 8.0) at room temperature for 5 weeks. Simple 
radiography was performed for identifying decalcification. 
The distraction gap was resected from the operated tibia 
and embedded in paraffin wax. This paraffin block was 
cut sagittally (5 μm). We used H&E staining and safranin 
O and fast green staining for examining the histology. 

Statistical Method
We statistically compared the parameters of trabecular 
bone between the DBM group and the control group. Be-
cause the sample size was small, we used Mann-Whitney 
U-test. We set the level of statistical significance at p < 0.05. 

RESULTS

Radiographic Analysis
Sequential images of plain radiography revealed that the 
DBM group showed more callus formation and faster re-
generation than the control group (Fig. 2). At the third 
week of the consolidation period, callus was more abun-
dant in the DBM group. At the sixth week of the consoli-
dation period, the DBM group showed fusiform-like callus 

formation with corticalization. At the eighth week of the 
consolidation period, corticalization was more apparent 
in the DBM group and insufficiency in bone remodeling 
was observed in the control group (Fig. 2). Pixel values 
for the distraction gap area indicated that the DBM group 
showed higher pixel values than the control group at the 
early consolidation period (at 2 and 3 weeks, p < 0.05) and 
pixel values became similar between the two groups after 
the fourth week of the consolidation period (Fig. 3). In 
the DBM group, pixel values at the third week of the con-
solidation period were highest and showed a 49% increase 
over pixel values at the beginning of the consolidation pe-
riod. In the control group, pixel values at the sixth week of 
the consolidation period were highest and showed a 43% 
increase over pixel values at the beginning of the consoli-
dation period. The DBM group showed 46% higher pixel 
values than the control group at the second week of the 
consolidation period, and this was the largest difference. 
After the second week of the consolidation period, the dif-
ference in pixel values between the DBM group and the 
control group was diminished.

BMD Analysis
Result of BMD analysis coincided with the result of radi-

Fig. 2. At week 0, distraction gap in demi-
neralized bone matrix (DBM) group looked 
more radiopaque due to injected DBM. At 
week 3, more exuberant bone formation 
was observed in DBM group. At week 6, 
cortical remodeling was observed in DBM 
group while it was scarce even at week 8 
in control group.
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Fig. 3. The three-dimensional (3D) recon-
struction image of one voxel of interest 
showed that demineralized bone matrix 
(DBM) group (A) had denser trabecular 
bones than control group (B) at third 
week of consolidation period. The 3D 
reconstruction image of whole regenerate 
in distraction gap showed that DBM 
group (C) had well remodeled cortices 
when compared with control group (D) at 
the sixth week of consolidation period.
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Fig. 4. (A) Demineralized bone matrix (DBM) group showed higher pixel values than control group during early 3 weeks of consolidation period (*p < 
0.05). However, during late 4 weeks of consolidation period, pixel value of DBM group was similar to that of control group. (B) There was significant 
difference of bone mineral density (BMD) between DBM group and control group at the 3rd week of consolidation period (*p < 0.05). BMD of DBM 
group was similar to that of control group at the 6th week of consolidation period.
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ography analysis. The DBM group showed highest BMD 
score at the third week of the consolidation period and the 
BMD score in the DBM group decreased at the sixth week 
of the consolidation period. The control group showed a 
consistent increase in the BMD score from the first week 
to the sixth week of the consolidation period. At the third 
week of the consolidation period, the DBM group showed 
a 64% higher BMD score than the control group. At the 
sixth week of the consolidation period, the DBM group 
showed a 14% lower BMD score than the control group 
(Fig. 4). 

CT Bone Morphometric Analysis
We reconstructed 3-dimensional images from micro-CT 
data of the third week of the consolidation period for ana-
lyzing the trabecular bone structure. The reconstructed 
3-dimensional images showed that the DBM group had 
more abundant trabecular bone formation than the control 
group at the third week of the consolidation period. At the 
same time, the micro-architecture parameters of the DBM 
group were compared with those of the control group. The 
DBM group showed statistically higher values of BV/TV, 
Tb.Sp, and Tb.N than the control group. However, Tb.Th 
was not statistically different between the DBM group and 
the control group (Table 1). The DBM group showed 14% 
higher BV/TV, 50% lesser Tb.Sp, and 34% more Tb.N than 
the control group at the third week of the consolidation 
period. These differences were statistically significant. The 
binary images, which were transformed from 2-dimen-
sional images for analyzing the thickness of the cortex at 
the sixth week of the consolidation period, showed an ap-
parent difference in cortical thickness between the DBM 
group and the control group (Fig. 3).

Histologic Analysis
We performed histologic examination to investigate the 
difference in bone regeneration process between the DBM 
group and the control group. At the beginning of the con-
solidation period, we injected DBM into the distraction 

DBM

E F G H

A B C D

DBM

Fig. 5. (A, B) Fig. 5B is a 4 times magnified picture of the black square in Fig. 5A. On the second day of consolidation period, injected demineralized 
bone matrix (DBM) distorted bone regenerate in distraction gap and inflammatory cells accumulated around the injected DBM (H&E). (C, D) At the 
second week of consolidation period, endochondral ossification around injected DBM (safranin O and fast green staining) and resorption of DBM by 
multi-nucleated giant cell (arrows, H&E) were observed. (E, F) At the third week of consolidation period, DBM group (E) had denser bone trabeculae than 
control group (F) (H&E). (G, H) At the sixth week of consolidation period, DBM group (G) showed thicker cortical bone and wider total bone diameter than 
control group (H) (H&E). The remnants of injected DBM were still observed at the sixth week of consolidation period (G).

Table 1. Results of Micro-Architecture Parameters (Comparison 
between the DBM Group and the Control Group)

Parameter DBM  
group

Control  
group p-value

Relative bone volume to total volume (%) 50.4 37.6 0.006*

Trabecular thickness (1/pixel)† 6.31 6.65 0.416

Trabecular separation (pixel) 7.06 12.42 0.002*

Trabecular number (1/pixel) 0.078 0.058 0.002*

DBM: demineralized bone matrix.
*Statistically significant p-value. †1 pixel = 35 μm.
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gap percutaneously. On the second day of the consolida-
tion period, we observed that the woven bone architec-
ture was distorted and inflammatory cells had infiltrated 
around the injected DBM. At the third week of the con-
solidation period, the DBM group showed more appar-
ent remodeling and bone regeneration than the control 
group. We performed safranin O and fast green staining 
for visualizing the cartilaginous component. We observed 
the cartilaginous component in the DBM group, and this 
com ponent was not observed in the control group. The pre-
sence of the cartilaginous component indicated that endo-
chondral bone formation had occurred around the DBM. 
At the sixth week of the consolidation period, the DBM 
group showed a larger diameter of regenerated bone and 
thicker cortical bone than the control group. The injected 
DBM was absorbed slowly; hence, it could be observed at 
the sixth week of the consolidation period (Fig. 5). 

DISCUSSION

We demonstrated in this study that percutaneous injection 
of DBM into the distraction gap during the consolidation 
period of DO can enhance bone regeneration via inducing 
endochondral bone formation. 

Since Ilizarov reported the concept of DO, it has 
been accepted as a powerful technique for achieving bone 
regeneration. The principle of DO is that gradual distrac-
tion after low-energy corticotomy with stable fixation can 
regenerate bone. Advantages of DO include possibility of 
regenerating large volume of autologous bone, increased 
vasculogenesis, and potential for deformity correction. 
However, DO technique has disadvantages such as long 
duration of bone healing and need for large external devic-
es leading to patient discomfort. To the best of our know-
ledge, there is no biomechanical study investigating when 
large external devices can be removed safely. But there is a 
consensus that the removal of large external devices can-
not be permitted until at least 3 of 4 cortices are observed 
in two orthogonal simple radiographic views (e.g., antero-
posterior and lateral).10) If we can accelerate the process of 
bone regeneration and bone maturation, we can reduce 
the duration of the use of large external devices, and it 
could eventually reduce patient inconvenience and com-
plications during DO. 

The ideal material for accelerating bone regenera-
tion and bone maturation during DO should be easily ac-
cessible and efficacious, and should have low comorbidity. 
We focused on DBM because it has already been proved 
to be efficient in bone regeneration and is clinically avail-
able without any comorbidity. Hence, we attempted to test 

whether DBM can enhance bone formation during DO in 
more clinically relevant settings (normal speed of distrac-
tion and injection of DBM after the end of distraction). 

In our study, the pixel value analysis and the BMD 
analysis showed higher bone density in the DBM group 
than in the control group at the third week of consolida-
tion. The micro-architecture parameter analysis showed 
that the DBM group showed increased trabecular bone 
formation than the control group at the third week of 
the consolidation period. The DBM group also showed 
increased trabecular bone regeneration than the control 
group in the histological examination. These results of 
our study proved that the DBM group showed increased 
amount of regenerated bone than the control group. In ad-
dition to this result, our study also showed that the DBM 
group showed faster remodeling of the regenerated bone 
than the control group. The 2-dimentional binary image 
analysis showed that cortical bone in the DBM group was 
thicker than that in the control group at the sixth week of 
the consolidation period, and histologic findings showed 
that cortical thickness and bone diameter in the DBM 
group were greater than those in the control group at the 
eighth week of the consolidation period. The thickness of 
cortical bone was a type of parameter which represented 
bone remodeling and bone stiffness. Therefore, our study 
showed that DBM had effects of enhancing bone regenera-
tion and quickening bone remodeling. 

In normal DO without the use of DBM, intramem-
branous ossification was a predominant mode of bone 
regeneration after the early distraction period of DO when 
the endochondral ossification was a predominant mode 
of bone regeneration.26) During the distraction period, 
microcolumns were formed in front of both corticotomy 
sites, and a fibrous intermediate zone existed in the center 
of the distraction gap. After the distraction period, both 
sides of micro-columns were interconnected.27) In the 
late distraction period, preosteoblasts which were present 
around the micro-column differentiated into osteoblasts 
and mineralization of micro-columns occurred. At the end 
of mineralization, osteoblasts differentiated into osteocytes 
and these osteocytes were encased by mineralized bone.28) 
In this study, we found that regenerated bone in the DBM 
group contained cartilage tissues surrounding the injected 
DBM during the consolidation period, which could be 
interpreted as endochondral ossification in the DBM 
group. This difference might be due to BMP present in the 
injected DBM. In normal DO without the use of DBM, 
the BMP level was increased during the latency period, 
achieved its peak in the distraction period, and was de-
creased after the distraction period.26) But in our study, the 
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effect of BMP may have persisted during the consolidation 
period, because DBM was injected at the beginning of the 
consolidation period. 

There might be controversies on the timing of injec-
tion of DBM during DO. We thought that in case of suc-
cessful bone regeneration, adjuvant treatment might not 
be necessary. Furthermore, we were concerned about the 
possibility of premature consolidation during the distrac-
tion stage if we had injected DBM at the start or middle 
of the distraction period. Hence, we selected the end of 
distraction as the timing for DBM injection. Based on 
our result that percutaneous DBM injection during the 
consolidation period could enhance bone regeneration, 
we thought that selective DBM injection in patients with 
delayed bone regeneration at the distraction site could be 
possible. After percutaneous injection, the regenerated 
bone was distorted by injection of DBM but enhancement 
of bone regeneration could cause early remodeling to form 
a more stable cortical bone at 6 weeks 

Our study had some limitations. The sample size was 
not large enough (6 animals in the experimental group and 
4 animals in the control group) to show statistically signifi-
cant differences in some parameters. We think that a further 
study with a more controlled and focused experiment will 
be able to show statistically significant results. Also, we did 
not perform a mechanical study to compare bone stiffness 
between the DBM group and the control group. Although 
cortical bone thickness might be a good parameter which 
could represent bone stiffness, a mechanical study is needed 

for safe application of the results of our study to a clinical 
situation. Furthermore, to evaluate the effect of injection 
procedure itself, a sham-operated group (injection proce-
dure without DBM injection) should be included. How-
ever, by showing histologic changes around DBM after 
percutaneous DBM injection, we thought that we could 
observe the effect of DBM on enhancement of bone regen-
eration in the distraction gap.

DBM administration into the distraction gap at the 
end of the distraction period resulted in a significantly 
greater regenerate bone area, Tb.N, and cortical thickness 
in the rabbit tibial DO model. These data suggest that 
percutaneous DBM administration at the end of the dis-
traction period or in the early consolidation period may 
stimulate regenerate bone formation and consolidation in 
a clinical situation with delayed bone healing during DO.
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