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Abstract 
Lengthening the mandible by distraction osteogenesis (DO) is nowadays a well-recognized technique in maxillofacial surgery. This study 
compared two different distraction rates and evaluated histological and histomorphometrical properties of the distracted bone in an 
experimental ovine mandible model with the goal of elaborating a universally accepted distraction protocol. Study Design: Tissue blocks of 
regenerated bone were harvested from twelve young adult sheep. DO was performed on the mandibular midline after five days of latency 
period. The sheep were divided into two groups. The first group underwent activation of 0.8 mm/day during 12 days resulting in 9.6 mm of 
new bone while the second group followed a geometric rate pattern of 0.2 mm – three days, 0.4 mm – three days, 0.8 mm – three days 
and 1.6 mm – three days resulting in 9 mm of new bone. The regenerated bone was histologically and histomorphometrically analyzed 
after 30, 45 and 60 days of consolidation. The relative osteoid volume (OV/TTV) was significantly increased in the geometric rate 
distraction group (p=0.015) comparing with linear distraction group while the relative bone volume (BV/TTV) was significantly increased in 
the linear distraction group (p=0.019) compared to the geometric distraction group. 
Keywords: distraction osteogenesis, craniofacial, rate of distraction, animal, histomorphometry. 

 Introduction 

Craniofacial distraction osteogenesis (DO) is the 
gradual lengthening of bone by applying controlled 
mechanical force in order to separate osteotomised bone 
segments. Originally developed in the field of orthopedic 
surgery, nowadays it is widely used to treat congenital 
as well as acquired craniofacial bone defects. In 1904, 
Codivilla A [1] first described the concept of bone 
lengthening to lengthen a femur. Two decades later, 
Abbott LC [2] reported lengthening tibial bone. 
However, the technique of bone lengthening by gradual 
distraction was ignored for three decades until it was 
further developed and popularized by Ilizarov GA in the 
1950s [3–5]. Distraction of the mandible has been 
described in several animal studies. Snyder CC et al. [6] 
were the first to investigate gradual distraction in dog 
mandibles. Later, Michieli S and Miotti B [7] applied  
an intraoral device to investigate osteodistraction in dog 

mandibles. Distraction of the facial bones did not 
progress for an additional two decades. In the early 
1990s, Karp NS et al. [8] demonstrated that bone 
formed during DO is predominantly or totally formed 
by intra-membranous ossification. McCarthy JG et al. 
[9] were the first team to report gradual distraction of 
human mandibles.  

Today, distraction osteogenesis is routinely applied 
to patients with deformed or deficient mandibular, mid-
facial and cranial bones. The recommended rate of 
gradual bone lengthening as described by Ilizarov GA 
[4] is 1 mm per day. However, there is no universal 
agreement among clinicians on the rate of distraction. 
Different clinicians apply distraction at different 
intervals and rates per day. Craniofacial distraction has 
been performed in a number of animal studies using 
various rates of elongation and different rhythm of 
activation [10–13]. 

This study evaluated the distracted bone histolo-
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gically and histomorphometrically in sheep mandibles at 
different rates per day, in order to improve the accepted 
distraction protocol. 

 Materials and Methods 

For this study, a total of twelve healthy adult sheep 
were used. The sheep had been randomly assigned to 
one of two groups (Table 1). 

Table 1 – Distraction protocol 

Group n 
Latency 

time 
[days] 

Distraction 
rate 

[mm/day] 

Distraction 
time 

[days] 
Consolidation 

[days] 

Linear 2 5 0.8 12 30 
Linear 2 5 0.8 12 45 
Linear 2 5 0.8 12 60 

0.2 3 
0.4 3 
0.8 3 Geometric 2 5 

1.6 3 

30 

0.2 3 
0.4 3 
0.8 3 Geometric 2 5 

1.6 3 

45 

0.2 3 
0.4 3 
0.8 3 Geometric 2 5 

1.6 3 

60 

The first group underwent linear activation of 
0.8 mm/day during 12 days resulting in 9.6 mm of new 
bone and the second group underwent geometric 
activation with 0.2 mm – three days, 0.4 mm – three 
days, 0.8 mm – three days and 1.6 mm – three days 
resulting in 9 mm of new bone. The surgical procedures 
were performed in the operating theatre of the 
University of Agricultural Sciences and Veterinary 
Medicine of Cluj-Napoca. 

All animals initially received 0.2 mg atropine i.m. 
Anesthesia was introduced giving Xylazin Bio 2% 
0.2 mg/kg and Ketamin 10 mg/kg as an i.v. bolus 
through a catheter in the cephalic vein. According to the 
depth of anesthesia, the i.v. boluses were repeated. 
Local anesthesia with Articain 4% was administered in 
the symphyseal region of the mandible. Crystalloid 
solutions were used for fluid maintenance. 

Incision was made in the mobile mucosa of the 
anterior part of the mandible. The mandibular symphysis 
was exposed and a median osteotomy was performed as 
described by Guerrero CA in 1997 in humans [14]. After 
the complete mobilization of the two hemimandibles  
a human mandibular median distractor (Medicon AG, 
Tuttlingen, Germany) was adapted and fixated with 
osteosynthesis screws (Figure 1). 

The activation of the device was verified and the 
wound was closed with sutures. All the animals 
received three days antibiotic prophylaxis with a 
combination of penicillin and streptomycin (Penstrepject, 
Dopharma, Holland). 

The distraction protocol is presented in Table 1. 
After a latency period of five days, distraction was 
performed one time per day in two different rates: linear 
and geometric. After the consolidation period, the 
regenerated bone from the median part of the mandible 

was harvested for histology. Osteosynthesis with wires 
was performed after bone block prelevation. X-ray 
examinations were taken before surgery, after osteo-
tomy and distraction device placement, at the end of the 
distraction and after the consolidation period. The 
distracted bones were cut out en bloc with the peri-
osteum. The block extended at least 0.5 cm into the 
adjacent original bone on each side of the distraction 
zone, to compare bone quality between the newly 
formed and original bone. Samples were prepared, 
labeled and placed in 10% formalin solution for 
histological examination. The sections were dehydrated 
in an ethanol series (70–90%) in an automated processor. 
The specimens were cleared with xylenol, impregnated 
with melted paraffin wax, embedded in paraffin wax 
and sectioned in a rotary microtome at 5 µm. Sections of 
the distraction gap and part of the adjacent original bone 
were taken from the middle of the bone blocks, mounted 
on Plexiglas slides using Mayer albumin and stained 
with Tricrom Masson (TM) and Hematoxylin–Eosin 
(HE). 
 

Figure 1 – Intraoperative image 
of the osteotomy and distraction 
device. 

 

The stained sections with HE and TM were 
photographed on a professional microscope (Olympus 
BX 40, Olympus, Japan) with a 4 megapixel camera 
Olympus Camedia C4040 (Olympus, Japan). 5×, 10× 
and 15× objectives were used. The images obtained 
were assembled in a unique image using the function of 
panorama special for microscopic images provided by a 
dedicated software Helicon Focus 5.0. This unique image 
was opened in AdobePhotoshop. The total number of 
pixels of the image was obtained using “Histogram” 
function. 

The number of pixels of each color that corresponds 
to a certain type of tissue (red-osteoid, dark blue-fibrous 
tissue) was obtained using “Color Range” function. The 
following histomorphometric parameters were quantified 
using image processing software: osteoid volume (OV), 
mineralized bone volume (BV), fibrous tissue volume 
(FV), cartilaginous tissue volume (CV), total tissue 
volume (TTV), and total volume (TV). The following 
parameters were calculated based on the values of the 
above-described parameters: relative osteoid volume 
(OV/TTV), relative bone volume (BV/TTV), relative 
fibrous tissue volume (FV/TTV), relative cartilaginous 
tissue (CV/TTV) and relative total callus tissue 
((FV+CV)/TTV). 

Data were stored in MS Excel and statistically 
analyzed. Mann-Whitney U-test was used to identify 
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significant differences. Spearman’s rank correlation 
coefficient was used to identify relationships between 
bone parameters. A significance level of 5% was used. 

 Results 

All animals in which the distraction procedure was 
completed the median mandibular gap had healed 
resulting in solid bone. In the living animals when the 
device was removed, all the mandibles were clinically 
stable. 

After 30 days of contention, fibrous callus could be 
observed with collagen bundles oriented according to 
the direction of distraction in the central part of the gap 
(Figure 2). 

 
Figure 2 – Detail image of the osteoid deposition on 
distracted fibrous tissue (TM stain, ×200). 

The callus was more abundant in the geometric 
distraction group. The mineralization process of the 
osteoid is initiated. This process is more advanced near 
the periosteum, especially on the lingual side. Large 
numbers of osteoblasts were found lining the newly 
formed bone tissue and depositing osteoid, while in  
the new bone numerous osteocytes were observed 
(Figure 3). 

 
Figure 3 – Detail image of a span of osteoid (TM 
stain, ×400). 

The central part of the callus was fibrous and the 
mineralization was delayed especially in the geometric 
distraction group (Figure 4). Separate cartilage cells and 
islands were also seen (Figure 5). 

 
Figure 4 – Mineralization of the distracted fibrous 
callus (TM stain, ×100). 

 
Figure 5 – Osteoid deposition on cartilage tissue (TM 
stain, ×200). 

After 45 days of contention, the osteoid deposition 
on the fibrous central part of the callus was initiated 
(Figure 6). Mineralization process was slightly less 
advanced in the group with geometric distraction 
(Figure 7). Osteoclastic activity was not seen yet. 

 
Figure 6 – Osteoid on the fibrous center of the 
distracted callus (TM stain, ×100). 
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Figure 7 – The distraction regenerate in the geometric 

distraction rate group (HE stain, ×40). 

After 60 days of consolidation, ossification was 
advanced. This process was similar in both groups, 
slightly more advanced in the linear distraction group. 
The central part of the callus was reduced, especially in 
the linear distraction group (Figure 8). 

 
Figure 8 – The central part of the callus is reduced, 
(HE stain, ×100). 

The central area of the regenerate showed the least 
amount of bone formation, indicating that bone 
formation had started from the host bone edges and 
progressed towards the centre of the distraction area. 

Descriptive statistics parameters of the histomorpho-
metric analysis are presented in Table 2. 

Table 2 – Histomorphometric parameters: results of descriptive statistics 
Histomorphometric  

parameters 
Statistical  

parameters 
Linear 

(30) 
Linear 

(45) 
Linear 

(60) 
Geometric 

(30) 
Geometric 

(45) 
Geometric 

(60) 
m 2248559 1801503 604720 2275980 3149745 989787 
sd 160187 251270 76835 414292 131850 140609 

min 2135289 1623828 550389 1983031 3056513 890361 
OV 

max 2361828 1979177 659050 2568929 3242977 1089212 
m 218151 883694 2913758 176834 1181027 2205571 
sd 38766 124810 228837 43852 95959 237746 

min 190739 795440 2751945 145826 1113174 2037459 
BV 

max 245562 971948 3075570 207842 1248880 2373682 
m 2438315 2681907 1192530 2425072 4320670 1744971 
sd 326949 176174 109425 575761 300240 213761 

min 2207127 2557333 1115154 2017947 4108368 1593819 
FV 

max 2669503 2806480 1269905 2832196 4532972 1896122 
m 1143850 1365302 594485 2535054 1897999 443124 
sd 149808 144707 23151 2289638 55952 25411 

min 1037919 1262978 578114 916035 1858435 425155 
CV 

max 1249780 1467625 610855 4154072 1937563 461092 
m 3582165 4047208 1787014 4960125 6218669 2188094 
sd 476758 320881 132577 2865399 356192 239172 

min 3245046 3820311 1693268 2933982 5966803 2018974 
TotalCalus 

max 3919283 4274105 1880760 6986268 6470535 2357214 
m 41333516 37955664 26477446 29658927 51813542 39494011 
sd 839834 2402351 1434462 12728674 7157548 1180235 

min 40739664 36256945 25463128 20658395 46752391 38659458 
TV 

max 41927368 39654383 27491763 38659458 56874693 40328563 
m 13418055 16664445 10738400 12062800 24640664 11016000 
sd 1460010 1379253 664601 2536175 1494061 1055776 

min 12385672 15689165 10268456 10269453 23584203 10269453 
TTV 

max 14450438 17639724 11208344 13856146 25697125 11762546 
m [%] 16.79 10.78 5.62 18.92 12.79 8.96 
sd [%] 0.63 0.62 0.37 0.54 0.24 0.42 

min [%] 16.34 10.35 5.36 18.54 12.62 8.67 
OV/TTV 

max [%] 17.24 11.22 5.88 19.31 12.96 9.26 
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Histomorphometric  
parameters 

Statistical  
parameters 

Linear 
(30) 

Linear 
(45) 

Linear 
(60) 

Geometric 
(30) 

Geometric 
(45) 

Geometric 
(60) 

m [%] 1.62 5.29 27.12 1.46 4.79 20.01 
sd [%] 0.11 0.31 0.45 0.06 0.10 0.24 

min [%] 1.54 5.07 26.80 1.42 4.72 19.84 
BV/TTV 

max [%] 1.70 5.51 27.44 1.50 4.86 20.18 
m [%] 18.15 16.10 11.09 20.04 17.53 15.82 
sd [%] 0.46 0.28 0.33 0.56 0.16 0.42 

min [%] 17.82 15.91 10.86 19.65 17.42 15.52 
FV/TTV 

max [%] 18.47 16.30 11.33 20.44 17.64 16.12 
m [%] 8.51 8.19 5.54 19.45 7.71 4.03 
sd [%] 0.19 0.19 0.13 14.89 0.24 0.16 

min [%] 8.38 8.05 5.45 8.92 7.54 3.92 
CV/TTV 

max [%] 8.65 8.32 5.63 29.98 7.88 4.14 
m [%] 26.66 24.29 16.63 39.49 25.24 19.85 
sd [%] 0.65 0.08 0.21 15.45 0.08 0.27 

min [%] 26.20 24.23 16.49 28.57 25.18 19.66 
(FV+CV)/TTV 

max [%] 27.12 24.35 16.78 50.42 25.30 20.04 

m – arithmetic mean; sd – standard deviation; min – minimum; max – maximum. 
 

Correlation matrix for study group no. 1 – linear 
distraction – is presented in Table 3 with Spearman’s 
rho correlation coefficient (p-value). 

Table 3 – Correlation matrix for study group no. 1: 
linear distraction protocol (Spearman’s rho correla-
tion coefficient (p-value), n = 6) 
Histo-

morphometric 
parameters 

BV FV CV TV TTV 

OV -0.829 
(0.042) 

0.714 
(0.111) 

0.543 
(0.266) 

0.943 
(0.005)

0.543 
(0.266) 

BV  -0.429 
(0.397) 

-0.371 
(0.468) 

-0.371 
(0.468)

0.886 
(0.019) 

FV   0.943 
(0.005) 

0.600 
(0.208)

0.943 
(0.005) 

CV    0.486 
(0.329)

1.000 
(0.000) 

TotalCalus    0.600 
(0.208)

0.943 
(0.005) 

TV     0.486 
(0.329) 

Correlation matrix for study group no. 2 – geometric 
distraction – is presented in Table 4 with Spearman’s 
rho correlation coefficient (p-value). 

Table 4 – Correlation matrix for study group no. 2: 
geometric distraction protocol (Spearman’s rho 
correlation coefficient (p-value), n = 6) 
Histo-

morphometric 
parameters 

BV FV CV TV TTV 

OV -0.371 
(0.468) 

1.000 
(0.000) 

0.829 
(0.042) 

0.551 
(0.257)

0.899 
(0.015)

BV  -0.371 
(0.468) 

-0.543 
(0.266) 

0.377 
(0.461)

0.029 
(0.957)

FV   0.829 
(0.042) 

0.551 
(0.257)

0.899 
(0.015)

CV    0.029 
(0.957)

0.725 
(0.103)

TotalCalus    0.029 
(0.957)

0.725 
(0.103)

TV     0.647 
(0.165)

The amount of osteoid volume (OV) is similar 
between the two groups at 30 days and is decreasing at 
45 and 60 days, mostly in the linear distraction group. 
The bone volume (BV) is higher in linear distraction 
group at all three consolidation periods (p=0.042). The 

fibrous tissue volume (FV) is higher in geometric 
distraction group at 30, 45 and 60 days consolidation 
and is correlated with higher osteoid volume (OV) 
(p=0.000). The cartilaginous tissue volume (CV) is 
increased in geometric distraction group at 30 days 
consolidation and is decreasing at 45 and 60 days. It is 
related with increased fibrous tissue volume (FV) in the 
linear distraction group (p=0.005) and with the osteoid 
volume (OV) (p=0.042) and fibrous tissue volume (FV) 
(p=0.042) in the geometric distraction group.  

The relative osteoid volume (OV/TTV) is signifi-
cantly increased in the geometric distraction group 
(p=0.015) comparing with the linear distraction group 
while the relative bone volume (BV/TTV) is signifi-
cantly increased in the linear distraction group (p=0.019) 
comparing with the geometric distraction group. 

After 60 days of contention, no complete mineraliza-
tion of the regenerate was observed in both study groups. 

 Discussion 

Craniofacial DO is an effective and powerful tool  
of endogenous tissue engineering. Essential biological 
parameters in craniofacial DO such as latency period, 
distraction rate and rhythm and contention period are 
essentially based on empiric data from the orthopedic 
literature [3–5]. The membranous bones of the cranio-
facial skeleton are different from enchondral bone of the 
long bones, and therefore DO parameters suitable for 
orthopedic DO might be suboptimal for cranio-facial DO. 
The experimental studies are of paramount importance 
for the understanding of the biological and biomechanical 
principles of craniofacial DO. Various animal models 
have been described in the literature to investigate the 
process of craniofacial DO. Larger animals have the 
advantage of larger craniofacial structures, which allow 
the use of the same distraction devices used for human 
patients or large experimental distraction devices. In 
addition, anatomy and physiology are similar to the 
human situation and some of these animal models can 
be relatively easy to work with [15]. It is difficult to 
adapt a distraction device in small animals like mice and 
rats because of the dimensions of the craniofacial bones 
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but they prove to be very useful for studies of molecular 
biology [16] and can be included as large groups of 
animals, which are statistically powerful. Sheep are 
mainly selected as an animal model for their size, the 
possibility to use human distraction devices and the 
anatomic and physiological similarity with the human 
bone [17–20]. 

Swennen G et al. [12] in a PubMed search review  
of experimental craniofacial DO from 1966 through 
December 2000 revealed 85 studies on mandibular DO 
performed in six different animal models including 
sheep. From a total of 13 ovine studies performed  
[10, 17–19, 21–29], only one study investigated the 
distraction rate [17]. The only study on sheep about the 
effect of distraction rate on biomechanical, minerali-
zation and histology of the bone was published by 
Farhadieh RD et al. [17]. The distraction rates were all 
linear (1, 2, 3 and 4 mm per day) and he concluded that 
the best bone was obtained with a rate of 1 mm/day.  
No histomorphometric evaluation was made. 

Djasim UM et al. [13] published a PubMed database 
search review about recommendations for optimal 
distraction protocol for various animal models. The data 
were collected from January 1973 to January 2007. 
From a total of 54 studies, the sheep model was used in 
four studies [17–20]. Two of them evaluated the 
distraction rate [17, 20]. Van der Meulen JH et al. [20] 
studied the influence of distraction rate on structure and 
function of anterior digastric muscle fibers. Similarly, 
the only study about the influence of the distraction rate 
on the properties of the bone was the study published in 
2000 by Farhadieh RD et al. [17]. 

It is well known and generally accepted that a slow 
rate of distraction leads to premature consolidation and 
a faster rate leads to fibrous union and retarded osteo-
genesis [4, 30]. There is no consensus in the orthopedic 
literature about the ideal distraction rate in long bones. 
The results for optimal rate are between 0.5 mm per day 
[31], 1 mm per day [4] and 1.2 mm per day [32]. Even 
though the amount of daily distraction in this study, in 
the beginning of the geometric distraction was less than 
in most of studies, no premature closures had occurred. 
It is possible that the age of the animals may play an 
important role in premature healing and fibrous union. 
Swennen G et al. [12] suggested differences in healing 
between skeletally mature and skeletally immature 
animals. Growing animals may have higher bone 
regeneration and remodeling potential than do non-
growing animals. In our study, we used adult sheep so 
no premature union during slow rate of distraction and 
no complete bone healing after 60 days occurred. 
A higher rate of distraction could possibly be applied in 
growing sheep because of the higher bone regeneration 
potential. This may result in shorter treatment times. 

Several studies have described the histological 
aspects of the distracted regenerate with single [33] or 
multiple distraction rates [17, 34, 35]. The histologic 
examination showed predominantly membranous bone 
formation with remodeling bridging the distraction gap 
mainly in the periosteal region of the lingual side. Bone 
was deposited from the margins of the osteotomy toward 
the center of the wound. In addition, cartilaginous areas 

and chondral bone formation were observed. Our 
histologic results confirm the aspects found in this most 
recent histologic and histomorphometric studies. The 
majority of research groups agree that the process of 
craniofacial distracted bone regeneration is primarily 
intramembranous ossification as resulted in our study. 
However, as in the orthopedic DO literature [3, 4, 31] 
signs of endochondral ossification through small areas 
of cartilage tissue have also been found in different 
craniofacial animal models [6, 10, 11, 17, 24, 28, 33–35]. 
It seems that these small areas of cartilage are caused by 
micro-movements especially in big animal models or 
result from diminished oxygen tension because of a 
reduced vascular supply. Another theory published in 
the orthopedic literature [36] suggests that the presence 
of cartilage or chondroid tissue may be indicative  
of a third type of “transchondroid” bone formation. 
Cartilaginous tissue is directly transformed into bone 
rather than by the traditional accepted endochondral 
ossification [37]. In our study, we observed islands of 
cartilage tissue and signs of endochondral ossification. 

Ploder O et al. [33] histomorphometrically evaluated 
the DO regenerate in sheep but only with one distraction 
rate of 1 mm per day. He found the same properties and 
characteristics of the new bone as we found in our 
study. A histomorphometric evaluation of the DO new 
formed bone in porcine mandible was published by 
Glowacky J et al. [34]. He studied the properties of the 
regenerate with three distraction rates of 1, 2 and 4 mm 
per day. The best results were obtained with 1 mm/day. 
In our study, we evaluated the obtained bone by 
mandibular median distraction morphologically and 
histomorphometrically in sheep with a constant linear 
distraction rate of 0.8 mm per day and a geometric 
distraction protocol (0.2 mm/day – three days; 
0.4 mm/day – three days; 0.8 mm/day – three days; 
1.6 mm/day – three days). We obtained more bone in 
the linear distraction study group and more osteoid 
tissue in the geometric distraction study group. 

 Conclusions 

The healing process after median mandibular 
distraction in sheep was similar between the two study 
groups. The linear distraction group had more bone 
volume and the geometric distraction group had more 
osteoid volume. The linear distraction leads to a quicker 
ossification of the regenerate than the geometric distrac-
tion. In both study groups, the healing process was not 
finished after 60 days of consolidation. Using these 
findings in clinical distraction protocols according to the 
predominant need of bone volume/quick ossification 
could improve the results of cranio-facial distraction. 
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