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ABSTRACT

Reconstruction of vascularity is an early event in fracture healing and upregulation of angiogenesis
may therefore promote the formation of bone. We have investigated the potentiality of autogenous
free nonvascularized greater omentum to stimulate the formation of bone in an experimental hy-
pertrophic nonunion model. Twelve dogs assigned into two identical groups underwent a standard
nonunion operation. In the experimental group, this was followed by application of autogenous
greater omentum as a free nonvascularized graft around the osteotomy gap. Radiographic as-
sessments were conducted time-sequentially until euthanasia 16 weeks after surgery. Histological
analysis was performed on the mid-radial diaphysis containing the 4-month-old osteotomy site.
Radiological and histological properties of the group treated with free transplant of the greater
omentum revealed complete union. In contrast, there was no evidence indicating union in the con-
trol group. Analyses of the radiological and histological scores confirmed that osteotomies treated
with free transplant of the autogenous greater omentum had united, whereas the osteotomies of
the control group failed to unite. Significant differences between the mean values for radiological
and histological-grading score in the control and experimental groups were detected (p < 0.05). We
showed that free graft of autogenous greater omentum could stimulate the formation of competent
bone in an environment deprived of its normal vascularization. Hence, it could be recommended to
enhance healing when the fractures are at risk of nonunion.

Keywords: Omentum, Free graft, Bone healing, Osteotomy, Hypertrophic nonunion, Angiogenesis

INTRODUCTION

Normal and pathological bone physiology is inex-
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Urmia, Iran. E-mail: s.saifzadeh@mail.urmia.ac.ir the process of bone development and repair depends
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on the adequate formation of new capillaries from
existing blood vessels [1]. Several studies showed
that experimental challenges that disrupt angiogen-
esis can slow bone healing [2—4] and inhibition of
this process can even completely prevent fracture
healing [5].

It has long been recognized that the greater omentum
has a remarkable capability in revascularization of
tissues and encouraging angiogenesis in adjacent
structures to which it is applied. The biologic mech-
anism responsible for these effects has not yet been
completely defined. A number of polypeptide growth
factors that possess potent angiogenic properties
have been identified in greater omentum, amongst
them vascular endothelial growth factor (VEGF)
has been recognized as the major angiogenic fac-
tor produced by omentum. VEGF might underlie
the mainstream mechanism of omentum-induced
angiogenesis [6].

Because of this unique ability of omentum, it has
been used frequently in patient surgeries. It has been
used as a pedicle graft for support tracheal autograft
[7], ischemic bronchial autografts [8], ischemic limbs
[9], salvage in Buerger’s disease [10], myocardial
angiogenesis [11], and chest wall reconstruction [12].
Furthermore, transposition of free omental graft has
been used in revascularization procedures involving
the chronically injured spinal cord [13], head and
neck deformities [14], mandibular osteoradionecro-
sis [15], and total ear reconstruction [16]. Both the
above-mentioned techniques described for omen-
tal transfer have their own specific shortcomings.
Lengthening procedures are developed to create an
omental pedicle to reach more distant sites on the
body [17, 18] and requires a subcutaneous tunnel over
areas of motion, which raises concerns of vascular
compromise. Additionally, the amount of available
omental tissue at the distal end decreases with
increasing pedicle length. Microvascular autotrans-
plantation of a free omental graft is also technically
difficult to develop and its failure rate is unacceptably
high [19].

Considering the angiogenic factors presented in the
greater omentum, we hypothesized that many of
these relative disadvantages would be overcome
using a free nonvascularized omental graft alter-
natively. If successful, this tissue would supply
necessary reparative elements to the tissues in need
of revascularization. In view of these considerations,
we have undertaken to set up an animal model
to evaluate autogenous greater omentum as a free
nonvascularized graft for enhancement of bone heal-
ing in a clinically relevant model of compromised
healing.

MATERIALS AND METHODS

Twelve adult male mongrel dogs weighing 255-315 N
(281 % 20.7) were entered to this study. They were de-
termined to be healthy based on physical, orthopedic,
and radiographic examination findings, normal com-
plete blood count (CBC), and serum biochemistry re-
sults. Cranio-caudal and lateral limb radiography were
performed before surgery to exclude abnormal radio-
graphic findings and to check for skeletal maturity. The
dogs randomly allocated to two groups of six, and as-
signed as experimental and control groups, underwent
a unilateral standard operation for nonunion. In both
the groups, a small piece of the greater omentum was
harvested from the abdominal cavity. In the experimen-
tal group it was placed over the osteotomy gap as an
autogenous free graft. The radiological and histopatho-
logical properties at the osteotomy site were assessed
during the postoperative period. The study and all ex-
perimental procedures involved with the animals were
approved by the ethical committee of the university. All
animals received complete humane care in accordance
with the requirements established by the university.

The dogs were premedicated with acepromazine (Kela
Laboratoria NV., Hoogstraten, Belgium) (0.02 mg/kg
intramuscularly [IM]) and butorphanol (Richter
Pharma AG, Wels, Austria) (0.2 mg/kg IM), and
induced with thiopental (Sandoz GmbH, Kundl,
Austria) (10 mg/kg intravenously [IV]). Anesthesia
was maintained with halothane (Hikma Pharmaceuti-
cals Co.,, Amman, Jordan) in oxygen in a semi-closed
circle system.

A validated nonunion model was used by performing
a standardized transverse mid-diaphyseal radial os-
teotomy, leaving the ulna intact and operated limb un-
splinted [20]. Using a medial approach in anaesthetized
dogs, a 2-mm transverse bone defect was created at
right medial radial diaphysis with a Gigli wire under
saline irrigation.

In dogs of both groups, the abdominal cavity was ap-
proached through a 3-cm ventral midline incision mid-
way between the umbilicus and pelvic inlet; then a free
end of the greater omentum was located and exterior-
ized from the abdominal cavity. A 30 x 30 mm? piece
of the greater omentum was isolated by two catgut
ligatures and cut free from the remaining omental
pedicle. The omental patch was carefully wrapped in
saline-moistened laparotomy pads. In the experimental
group, the resected piece of the omentum was placed
as a free graft, over the osteotomy gap and secured in
place with tack sutures with 3/0 polyglycolate. The sur-
gical sites were rinsed using normal saline and closed
routinely. No internal or external fixation devices
were applied postsurgery. The animals were allowed
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unrestricted weight bearing and limb ambulation. Post-
operative analgesia was provided as needed with in-
tramuscular injections of morphine sulphate (Temad
pharmaceutical Co., Tehran, Iran) (1.0 mg/kg). The
animals wore Elizabethan collars and wire muzzles
to prevent self-trauma to the surgical sites. Ban-
dage changes and physical examinations were done
daily under heavy sedation with acepromazine (0.05
mg/kg 1IV) and butorphanol (0.1 mg/kg IV), or
tiletamine/zolazepam (Virbac International, Carros
Cedex, France) (6.6 mg/kg IM).

In vivo X-rays were taken time-sequentially from each
operated forearm immediately after surgery at 2, 4,
6, 8, 10, 12, 14, and 16 weeks postoperatively. Spe-
cial attention was paid to the changes occurring at the
bone-defect site; qualitative features of fracture healing
including periosteal reaction, bony callus and overall
callus quality, bone formation in defect, and degree of
bridging callus at the osteotomy sites were evaluated.
Results, scored on a 0- to 5-point scale using Itoh et al.
scoring system [21], are as follows:

Grade 0: No bone formation in defect or minimal re-
sponse of cut-ends.

Grade 1: Density appeared in defect but < 50% of total
defect area and no defect bridging.

Grade 2: Density occupied > 50% of total defect area or
defect bridging at least one point.

Grade 3: Density occupied almost the entire area of
defect but both cut-ends are clear.

Grade 4: Dense bone occupied the entire area of defect
and one of cut-ends is unclear.

Grade 5: Normal bone appearance in defect and both
cut-ends not seen.

Grades 4 and 5 were regarded as union.

At 16 weeks postsurgery, the animals were eutha-
nized and their operated limbs were harvested for
histological evaluation. The operated radii were re-
moved, cleaned of soft tissue, and samples of repaired
tissue from grafted bone defects were fixed in 10%
neutral buffered formalin. Specimens were decalcified
in 10% formic acid for 2 weeks and embedded in
paraffin. Paraffin sections of 5 um were stained with
hematoxylin-eosin. Histological findings of the frac-
ture healing were evaluated and scored according to
the criteria defined by Allen et al. [22]. A 5-point scale
(grades 0—4) was used to determine the stage of fracture
healing:

Grade 0: Described the presence of large cavity contain-
ing blood or other fluid in the cartilaginous plate.
Grade 1: Described retention of fibrous elements in the

cartilaginous plate.

Grade 2: Described complete cartilaginous union.

Grade 3: Indicated incomplete bony union because a
small amount of cartilage was present in the callus.

Grade 4: Indicated that bony union was complete.

Nonparametric analyses were used for comparison of
groups because the dependent variables were classi-
fied as ordinal data. Dependent variables included the
radiographic and histological scores of bone healing
in treatment and control groups. Mann-Whitney rank
sum test was used for radiographic comparison of bone
healing between two groups in each occasion. To eval-
uate the radiographic changes during experiment, the
Friedman repeated measures analysis of variance on
ranks was used followed by Tukey test for multiple
comparisons among periods. Histological scores as-
signed for two groups were compared using the Mann-—
Whitney rank sum test. For all analyses, p < 0.05 was
considered significant. Results were expressed as me-
dian and interquartile range (25 to 75%). The analyses
were done by statistical software (SigmaStat, Version 3
for Windows, SPSS INC, California).

RESULTS

Of the 12 operated dogs, 10 went through the period of
investigation. In two dogs, fracture of the ulna occurred
1 and 2 weeks, respectively, after the omental transfer.
The 10 remaining dogs all had uneventful healing of
their surgical incisions. All of the dogs were moderately
lame on the operated limb after surgery. No significant
morbidity was associated with the celiotomy.

Radiographic examination identified disturbed heal-
ing with abundant callus formation in dogs of con-
trol group (Figure 1). At the first 4 weeks, resorption
cavities at the osteotomy line and the widening of os-
teotomy gap were evident (Figure 1a). During the sec-
ond month, the gap became wider and concurrently
a scanty young callus appeared on the external sur-
face of the fragments (Figure 1b). At the third month,
sclerosis of the osteotomy ends and appearance of the
great amount of external callus were noticed (Figure
1c). During the last 4 weeks, bone extremities became
broader and denser. Furthermore, the osteotomy gap
became narrower and the medullary canal sealed. Dur-
ing this period, a well-developed external callus was
also formed and completely incorporated to the adja-
cent bone. Notwithstanding the formation of consid-
erable amount of callus, it was unable to bridge the
osteotomy and radiolucent gaps without restoration
of continuity that was demarcated between the bone
fragments (Figure 1d). These features indicated to the
so-called hypertrophic nonunion.
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Figure 1. Radiological sequences showing the development of hypertrophic nonunion in the control group. (

A) Week 4: A

scattered bone rarefaction around the osteotomy fragments and widening of the gap occurred. (B) Week 8: A scanty young
callus is seen on the external surface of the fragments. (C) Week 12: Bone sclerosis and the external callus are evident. (D) Week
16: The osteotomy ends are denser, broader, and enlarged by abundant external callus that do not bridge the gap. The
osteotomy gap is narrower with a clear-cut radiolucent line of demarcation between the bone fragments.

In the experimental group, complete bony union was
diagnosed by serial radiographs during 4 months of
postoperative period (Figure 2). In the first month, there
was some initial resorption at the fracture line with ap-
parent widening of the fracture gap. During this time,
mild periosteal reaction was also noticed (Figure 2a). At
the second month, bone formation in defect resulted in
narrowing of the osteotomy gap, and concurrently ex-
ternal callus appeared and bridged the osteotomy gap
(Figure 2b). While these radiographic alterations had
tendency to increase in dogs of the experiment group,
at the third month, the size of the external callus and its
opacity increased, defect bridging occurred at several
points, and osteotomy gap got sealed (Figure 2c). Large

amount of external callus with bone opacity was seen
on radiographs in the fourth month. Density occupied
the entire area of defect, both cut-ends were not found,
and osteotomy gap was completely sealed (Figure 2d).
These features indicated to complete bony union.

Changes in mean radiographic grade in each group
are shown in Figure 3. All defects in the experi-
mental group were scored as grades 4 and 5 (radio-
graphic union) by 16 postoperative weeks, whereas
no remarkable changes in scores were observed in
the control group throughout postoperative period.
In the experimental group, defect bridging, at least
one point, was observed in one out of five defects

AL

Figure 2. Radiological sequences showing the development of complete bony union in the experimental group. (A) Week 4: The
osteotomy gap widened as a result of resorption of the bone extremities. Shadows of subperiosteal callus can be seen on the
cortical surfaces. (B) Week 8: Bone formations in defect, appearance of the external callus, defect bridging and narrowing of the
osteotomy gap are seen. (C) Week 12: Abundant external callus with bone opacity bridges both cut-ends at several points. Bone
defect and cut-ends are not clearly seen. (D) Week 16: Density occupies the entire area of defect and makes defect and the line of
the cut-ends unclear.
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Figure 3. Changes in mean radiographic grade in control and experimental groups during 16 weeks of postoperative period.
After week 14, the mean values for radiological-grading score in the experimental group pass the point 4, indicating the
occurrence of union at this time, whereas no remarkable changes in the mean values were seen in the control group throughout
postoperative period, and the scores at last weeks couldn’t even reach the point 1, which indicated the occurrence nonunion in
this group. Significant differences (p < 0.05) were observed for control vs experimental groups (6-16 weeks).

by 6 weeks and thereafter until week 16 all defects
in this group were completely bridged by callus,
whereas no bony bridging was seen at the fracture site
in control group and the fracture gap remained for
16 weeks, indicating nonunion. Dramatic differences
between the two groups in mean value of radiographic-

grading scores were obvious from sixth postoperative
week.

Histological study of 4-month-old osteotomies of the
control group revealed development of the nonunion
(Figure 4). The histological sections showed that the

Figure 4. Representative histological image of osteotomy site in the control group at 16 weeks postoperatively. Tissue formation
consisted of fibrotic tissue (FT) between the borders of the native compact bone (CB) (hematoxylin-eosin stain, original

magnification x100).
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Figure 5. Free-omentum autografted bone defects in the experimental group at 16 weeks postoperatively. The new bony
spicules (BS) are seen to completely bridge the defect and to some extent indistinguishable at the margins from native compact
bone (CB). Bone marrow in the lumen of the medullary canal was formed by the mesenchymal tissue (hematoxylin-eosin stain,

original magnification x32).

osteotomy was encompassed by a fibrous tissue en-
velope that isolated the inner environment from the
neighboring tissue. Periosteum was present and very
active in forming the external callus. Most of the os-
teotomy gap was filled with young connective tissue.
The osteotomy line was irregular and the transitional
area between connective tissue and bone ends was un-
dergoing active ossification. In the experimental group,
all dogs presented a bridged bone gap (Figure 5). At
the fracture site, periosteal and endosteal reactions
gave rise to callus with some cartilaginous and no fi-
brous connective tissue. The periosteal reaction often
produced a cuff of bone which surrounded the frac-
ture. The endosteal reaction produced internal callus
composed of bone lamellae, which are randomly dis-
tributed. The lamellae that appeared to be produced by
endochondral ossification traversed the fracture gap.
They were well attached to the bone ends and bridged
the osteotomy. Some remarkable foci of endochondral
ossification were seen within the periosteal and en-
dosteal callus (Figure 6).

Histological assessments are summarized in Figure 7.
There were findings of union in the sections prepared
from the dogs of experimental group sacrificed on week
16. In this group complete bony union and incomplete

bony union occurred in two and three dogs respec-
tively. There was no finding of nonunion (grade 0 and
1) in any of the sections taken from the dogs of ex-
perimental group whereas two to three sections taken
from the dogs of control group were scored as grade
0 and 1, respectively. Average grades in experimental
group were significantly higher (p < 0.05) than those
in control group.

DISCUSSION

In this study, we have shown that autogenous free
omental graft inserted in the vicinity of transverse
mid-diaphyseal osteotomy with a 2-mm gap, with-
out microvascular anastomosis to the recipient bed,
could have survived and potentially enhanced bone
healing.

The radial osteotomy gap model we used in this study
is a hypertrophic nonunion model [23, 24]. The present
model yields a consistent pattern of a disturbed repar-
ative process that mimics human cases of atrophic or
hypertrophic nonunion [25].This model has been well
studied, and our results in the control group confirmed
previously reported findings concerning the radiolog-
ical aspect and histological picture of hypertrophic
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Figure 6. Cross-section of photomicrograph of the osteoctomy site in experiment group, 16 weeks after surgery. Note the foci of
cartilage islands (C) and endochondral ossification adjacent to the newly formed bony spiculs (BS) (hematoxylin-eosin stain,

original magnification x100).

nonunions [26]. While stability and rigidity of the bone
defect fixation has been found to be a critical factor
in achieving consistent osteotomy gap healing [24], in
this model the ulna acts as an internal support, but
micro movement at the osteotomy gap prevented any
bone union. In reality, while interfragmentary move-
ment does favor the formation of callus, it has dele-
terious effects on angiogenesis that resulted in hyper-
trophic nonunion [27]. Clinically, this type of nonunion
is usually secondary to premature weight bearing or in-
adequate fixation [28, 29].

Bone fracture results in the disruption of the mar-
row architecture and blood vessels within and around
the fracture site [30-32]. Since increased metabolic de-
mands during bone repair require an increased blood
flow rate (BFR) and functional vascular density (VD)
[33], reconstruction of the circulation is one of the ear-
liest and most important events during bone repair
[30, 34]. Recruitment process, and also the activation
of osteoclasts, osteoblasts, and their precursor cells, de-
pends on new vessel formation and properties of the
microcirculation, which are also involved in the regu-
lation of the metabolic microenvironment [35]. Thus,
microcirculatory properties may play an essential role
during osteogenesis [36] and in this regard vascular re-

organization and blood supply at the fracture site can
have an important role in the healing of fracture. Estab-
lishment of a functionally intact vascular network ap-
pears not only to precede the event of bone formation,

4

3.5

3

25

2 Control group

M Experimental group
1.5

Histological-grading scale

1

0.5

0

Figure 7. Mean histological grades of the sections prepared
from the dogs in control and experimental groups sacrificed
on week 16. Significant difference between the control and
experimental groups in the mean values for histological-
grading score was detected.
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but also to have a substantial influence on the result
[37, 38].

It should be noted that during the healing of fractures
signal peptides are released from the initial hematoma;
the temporal and spatial expression patterns of these
factors suggest that they have a pivotal role in bone re-
pair. High levels of angiogenic growth factors have
been recorded in the fracture hematoma early in the
healing sequence which, probably, stimulate interfrag-
mentary vascular invasion [39]. Vascular invasion of
the fracture hematoma is a crucial step in the progress
to union, as Chidgey et al. (1986) [40] demonstrated
that the return of mechanical integrity of the fractured
bone is in direct relation to the vascular reorganization
at the fracture site.

The great ability of omentum in revascularization of
tissues has been well documented in the medical liter-
ature. In this regard, several studies have shown the
angiogenic activity of omental fat [41, 42]. The process
of neovascularization allows the omentum to provide
vascular support, and promote function and healing
in ischemic or inflamed tissue [43, 44]. A number of
polypeptide growth factors that possess potent angio-
genic properties have recently been identified in greater
omentum [45]. In this regard, Zhang and cowork-
ers demonstrated that VEGF is the major angiogenic
factor produced by omentum and possibly underlies
the mechanism of omentum-induced angiogenesis [6].
They also demonstrated that omental adipocytes are
the primary source of VEGF protein [6]. Street and
coworkers showed that VEGF can stimulate bone re-
pair not only by promoting angiogenesis but also by
accelerating and enhancing bone turnover [46]. They
demonstrated that VEGF directly promotes the differ-
entiation of primary osteoblasts and play an important
role in callus formation, conversion of the soft, carti-
laginous callus to a hard, bony callus and mineraliza-

tion in response to bone injury during fracture repair
[46].

We found that all the radii treated with free transplant
of the greater omentum got united, whereas those of
the dogs in the control group went on to nonunion.
Time-sequential radiological study identified a good
potential for bone formation in experimental group,
as indicated by the well-developed external callus that
invaded the osteotomy gap and resulted in complete
bony bridging, but although the same amount of callus
was formed in control group, it was unable to bridge
the defect. This finding was in accordance with the
observation of the histological sections of radii in this
group, which showed interfragmentary gap filled with
connective tissue notwithstanding the presence of ac-
tive periosteum and ossification at bone ends. In the
experimental group, periosteal reaction resulted in for-

mation of the exuberant callus that sealed the gap and
prevented the local infiltration of fibrous tissue. In this
group, endochondral ossification produced the bone
lamellae that attached to the bone ends and resulted in
bridging the osteotomy gap. In this study, the radiolog-
ical grading provided quantitative measure for follow-
up of fracture healing during a 16-week postoperative
period. Dramatic increase in the radiological grade (4
and 5, which were regarded as union) was seen in the
dogs that received the omentum graft. On the contrary,
no remarkable changes in radiological grading were
seen in the control group throughout the experimental
period, which could indicate nonunion. Although we
couldn’t sort out any histological grading during the
follow-up period but analysis of data obtained from
the sections of radii of dogs sacrificed on week 16 con-
firmed previous radiological grading findings and pro-
vided insight into the degree of agreement between the
two observers. Moreover, statistical analysis of the ra-
diological as well as histological-grading scores estab-
lished significant difference between the mean values
in the control and experimental groups.

CONCLUSION

In summary, our findings showed an unequivocal dif-
ference between the experimental and control groups
in this study. Since the only variable between the two
groups was the presence of greater omentum used as
a free autograft in the treatment group, it is plausible
that it acted through its major angiogenic factors to
induce angiogenesis, reconstruct circulation, enhance
blood supply to the osteotomy site, and accordingly
hasten the process of bone healing. One should re-
member that use of autogenous greater omentum as a
free graft instead of pedicled omentum may be associ-
ated with decline in the rate of complications like mor-
bidity caused by major laparotomy, hemorrhage, in-
farction causing peritonitis, intestinal obstruction, and
perineal hernias. Based on the results of this study,
autogenous greater omentum as a free graft might
have clinical application in the treatment of fractures
in patients at risk of developing delayed or nonunion
fractures.
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