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Abstract: Clinically, fractures in metaphysis cancellous bones heal in a much more rapid fashion and have several
unique features when compared with diaphyseal cortical bone fractures. According to their specific anatomical
features, we hypothesized that traditional staging of cortical bone healing may not apply to the diaphyseal cancel-
lous bone fracture healing process. The aim of the current study was to investigate the unique healing processes
of trabecular fracture and summarize a new staging system specialized for metaphysis cancellous bone fracture,
which will lead to new comprehension and treatment for metaphysis cancellous bone fracture. In this study, a
new metaphysis cancellous bone fracture model of the proximal tibia in rabbits was established according to the
principle of complete anatomical reduction, rigid internal fixation, and sufficient blood supply. The model was quan-
tified to identify the pathophysiology and morphology of the healing process after fracture in the hope of finding
experimental support for understanding the healing pattern of metaphysis cancellous bone fracture. The whole
fracture healing process of trabecular bone can be divided into four stages by histology: the first was characterized
by cellular activation and differentiation from immediately after surgery to 3 weeks; the second was characterized
by the formation of woven bone or new trabeculae from 5 days to 4 weeks; the third was the transformation of newly
formed woven bone into a lamellar structure from 9 days to 6 weeks; the fourth was the period of remodeling after
2 weeks and reached a peak at 6 weeks. There was no obvious fibrous tissue or chondrification formed during the
entire healing process. The data of bone histomorphometry and biomechanical analysis showed structural param-
eters and parameters of healing strength changed as a unimodal curve. Our data demonstrate that the metaphysis
cancellous fracture heals in a unique fashion, which can be divided into four histological stages. It differs from corti-
cal fracture healing. Histological analysis showed that the fracture healed directly through intramembranous repair
and included two different patterns: one occurred in the marrow of the fracture site, and the other occurred on the
surface of pre-existing trabeculae.
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Introduction long bones [5]. The healing processes of periar-

ticular cancellous bone fractures have not been

Fractures of extremities are mainly fractures of
trabecular bones [1-4]. Clinically, fractures in
the extremities or cancellous bone heal in a
much more rapid fashion and have several
unique features when compared with diaphy-
seal fractures. For example, distal radial frac-
ture and lateral malleolus fracture will heal
directly without callus formation under condi-
tions of anatomical reduction and rigid internal
fixation. This pattern of fracture healing has
been called “primary healing”. Although numer-
ous studies using various animal models have
been performed on fracture healing and treat-
ment, most address the diaphyseal fracture of

well investigated.

The mechanism of diaphyseal fracture healing
is a complex, multi-step process, in which the
periosteum plays a pivotal role. Intramembra-
nous and endochondral ossifications combine
to complete this healing process [6, 7]. Com-
pared with the majority of diaphyseal fractures,
trabecular bone fractures recover through a
unique healing process [4]. Charnley and Baker
observed that the woven bone trabeculae soon
increased in thickness by surface deposition of
new bone matrix [8]. Uhthoff and Rahn showed
similar findings in various models (rats, rabbits
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Figure 1. A. Diagram of the rabbit proximal tibia and osteotomy. The rectangular region is the measurement area for
bone histomorphometry. B. Diagram of biomechanical analysis.

and dogs). As long as the fractures were not dis-
placed and trabeculae were properly lined with
osteoblasts, no internal cartilage formation or
periosteal callus was observed [9, 10]. Although
much effort has been made by these previous
studies, there are still many obstacles to reveal
these issues. For examples, in these previous
studies an oscillating saw was used to make
the osteotomies where a gap was formed at
the fracture site and local high temperature
from the oscillating saw cutting may cause
osteonecrosis, both of which interfered with
the reduction and brought difficulties in he-
aling.

In this study, a new metaphysis cancellous
bone fracture model at the proximal tibia of
the rabbit was established according to the
principle of complete anatomical reduction,
rigid internal fixation, and protection of the
blood supply. The model was quantified to iden-
tify the pathophysiology and morphology of the
healing process after fracture in the hope of
finding experimental support for understanding
the healing pattern of metaphysis cancellous
bone fracture. The aim of our study is to reveal
the healing processes of trabecular fracture
and summarize a new staging system special-
ized for metaphysis cancellous bone fracture.
Our data demonstrate the unique healing pro-
cess of trabecular bone fracture, which is dis-
tinct from that of cortical bone fractures. Cli-
nically, this finding will lead to a more special-
ized comprehension of the healing process of
metaphysis cancellous bone fracture and will
promote the development of new therapies.
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Material and methods
Animal model

This study was carried out according to the
guidelines of the Animal Ethics Committee of
the Peking University Health Science Center.
Sixty 6-month-old New Zealand white rabbits
provided by Peking University People’s Hospi-
tal were used in the study. The animals were
divided into 11 groups with 5 animals in each
group. The animals were anesthetized with
sodium pentobarbital through the auricular
vein.

A 2-cm longitudinal skin incision was made
medial to the knee joint. The joint capsule was
cut open, disclosing the medial tibial plateau.
An osteotomy with a sagittal blade was per-
formed on the medial tibial plateau at the at-
tachment point of the medial meniscus ante-
rior horn directly, resulting in the cleavage frac-
ture of the medial tibial plateau (AO classifica-
tion, B1), and then the fracture fragment was
reduced in situ. The size of the fragment was
about 0.5cm x 1 cm x 1.5 cm. The fracture line
was in a parasagittal plane. The osteotomy site
was then fixed with single cancellous bone
screw at the anterior border of attachment
point of the medial collateral ligament (Figure
1A).

After surgery, the animals were returned to
their individual cages for recovery and allowed
to move freely. At 1, 3, 5, 7,9, 11, and 14 days
and 3, 4, 6, and 8 weeks postoperatively, the
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Figure 2. A. Normal structure of proximal end tibia of rabbits (Giemsa, Gold-
mer and von Kossa stain, undecalcified section). B. Histological features of
the fracture site at 1 day after surgery. The normal structure was disrupted
and gained reduction in situ. C. A limited hemorrhage could be seen in the
fracture gap near the subchondral bone (undecalcified, Giemsa stain, 100
times amplification).

formalin for histologic studies
or stored under the condition
of -200°C for biomechanical
testing.

Section preparation

The proximal parts of the tibi-
ae were fixed with 70% etha-
nol, then dehydrated in asce-
nding grades of ethanol, de-
fatted in dimethyl benzene,
and embedded in methyl me-
thacrylate without decalcifica-
tion. Undecalcified 5 ym sec-
tions were prepared using a
Jung-K microtome (Reichert-
Jung, Heidelberg, Germany).
The sections were stained
in Giemsa, von Kossa and
Masson-Goldner techniques

Bone histomorphometry

Nomenclature, symbols, and
units used in bone histomor-
phometry were well described
in the previous study [11, 12].
In our study, the following pa-
rameters were examined us-
ing a semi-automatic digitiz-
ing system for bone histomor-
phometry (Leica QWin, Leica,
Germany), with final magnifi-
cation of 50 x: trabecular bo-
ne volume (bone volume/tis-
sue volume, BV/TV), trabecu-
lar thickness (Th.Th), trabecu-
lar number (Tb.N) and trabe-
cular separation (Tb.Sp). The
areas measured were defined
by a rectangular region in the
cancellous bone between the
subchondral bone and epip-
hyseal line for 2 mm on either
side of the fracture midline
(Figure 1A).

Biomechanical testing

The samples for biomechani-
cal testing were divided into

animals were sacrificed with an overdose of three groups: with fixation, without fixation, and
sodium pentobarbital. Conventional X-ray radio- the control group. The time points were 1, 2, 3,
grams of the bilateral tibiae were taken after 4, 6, and 8 weeks postoperatively. The verti-
the animals had been sacrificed. The bilateral cal compression test detected biomechanical
tibiae were then harvested and fixed with 10% changes during the fracture healing including
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Figure 3. A. Histological features of the fracture site at 3 days after surgery. B. Cellular proliferation was activated
at the fracture site. The places where the cellular proliferation occurred included the marrow intertrabecular region
and the surface of pre-existing trabeculae. The cells were spindle or polygonal, and retained mesenchymal cell ap-

pearance.

the maximum load and maximum energy ab-
sorption (Figure 1B).

Statistical analysis

Descriptive statistics of all variables are pre-
sented as means + SD. Comparisons between
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different time points were evaluated by per-
forming analysis of variance (ANOVA). ANOVA
was employed for statistical comparison of the
mean value of the structural and biomechani-
cal parameters of trabecular bone samples
from various time points. There are five animals
in each group.

Int J Clin Exp Med 2018;11(8):7651-7665



Unique four stage healing pattern in cancellous fracture healing

Goldener

von kossa

Figure 4. Histological features of the fracture site at 7 days after surgery. There were a large number of woven bones
formed at the fracture site. The osteoid continued to form. Von Kossa stain showed mineralization of the osteoid

and woven bone in good condition.

ANOVA analysis was used to determine factors
predicting trabecular bone healing measured
by histomorphometry and maximum load and
energy absorption by biomechanical testing.
The ANOVA model analyzed the following vari-
ables: bone volume/tissue volume, trabecu-
lar number, trabecular thickness, trabecular
separation, maximum load, and energy ab-
sorption. The limit of significance was set at
p<0.05 for all analyses. Post-hoc test with
Fisher's protected least significant difference
(PLSD) was employed to compare the differ-
ences between two groups. All statistical analy-
ses were carried out using SPSS for Windows
version 14.
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Results
Results of histological observation

At 1 day after surgery, the structure of the
epiphysis was broken and a limited hemor-
rhage could be found at the area near to the
subchondral bone. No obvious hematoma had
formed at the whole fracture site (Figure 2A-C).
At 3 days after surgery, there were numerous
cells within the fracture site. The cells were
mesenchymal stem cells, which could be distin-
guished from the cell’'s morphology and would
differentiate into osteoblasts with time. The
matrix intercellular structure is similar as in

Int J Clin Exp Med 2018;11(8):7651-7665
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Figure 5. Histological features of the fracture site at 9 days after surgery. The degree of cell proliferation and the
woven bone formation began to decrease compare with the previous time point. Cubic osteoblasts with neater ar-
rangement appeared on the surface of newly formed woven bone and began to secrete osteoid.

fibrous cords. The activated mesenchymal
osteoblasts proliferated and secreted high
amounts of collagen to form the osteoid. The
osteoblasts, which differentiated from osteo-
progenitor cells, on the original trabecular bone
surface activated significantly and secreted
osteoid. It is the most active at the fracture
gap center, waning to both sides (Figure 3A,
3B). At 5 days after surgery, the cellular prolif-
eration continued to intensify and formed the
primary woven bone. This newly formed woven
bone was like a short branch and mainly exist-
ed around the pre-existing trabeculae even at
the surface of fragments. There were large
amounts of osteoid around this newly formed
woven bone, indicating that the formation of
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woven bone continued. At 7 days after surgery,
the amount of the woven bone increased at
the fracture site with the orientation of the
matrix still random (Figure 4). There were two
different patterns of bone formation that could
be observed at this time point. One was bas-
ed on the pre-existing trabeculae to form the
lamellar bone, directly resulting in the increase
of size of the pre-existing trabeculae, while the
other was the woven bone formed at the medul-
la of the fracture site like an island to connect
both sides of the fracture. At 9 days after sur-
gery, the cell proliferation and the formation of
the woven bone decreased. The woven struc-
ture in the fracture site began to be replaced
by a more orderly arranged lamellar structure,

Int J Clin Exp Med 2018;11(8):7651-7665
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Figure 6. Histological features of the fracture site at 11 days after surgery. It could be observed that there were nu-
merous newly formed trabecular bones within the fracture site with high density and which connected the fragments
together like a net. The osteoblasts on these newly formed trabecular bones began to form the lamellar structure

to thicken the size.

with higher density and consistent distribution
compared with previous time points. The new
trabecular bone mineralized well and formed
the initial grid structure, but had not trans-
formed into the typical lamellar structure yet
(Figure 5).

At 11 days after surgery, these newly formed
trabecular bones became more mineralized
and connected. The size of the newly formed
trabecular bone and pre-existing trabeculae
was significantly larger than that of previous
time points after surgery (Figure 6). At 2 weeks
after surgery, the fracture site was fully filled
with newly formed trabeculae. The relatively
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typical lamellar structure could be seen on the
surface of the newly formed trabecular bone.
Another feature of this time point was the
osteoclast, which appeared and formed lacu-
nae on the surface of newly formed trabecular
bone. It symbolized the beginning of the bone
remodeling (Figure 7). At 3 weeks after sur-
gery, cell proliferation was finished. Barely any
new woven bone could be seen in the wound.
Most newly formed trabecular bone mineral-
ized well and had formed the typical lamellar
structure. At 4 weeks after surgery, the basic
multi-cellular unit (BMU) appeared on the sur-
face of almost all the newly formed trabecular
bone at the fracture site (Figure 8A, 8B), which

Int J Clin Exp Med 2018;11(8):7651-7665
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Figure 7. Histological features of the fracture site at 2 weeks after surgery. The newly formed trabecular bone was
bigger and the connection better than the previous time point because of the lamellar bone formation. Arrows show
the osteoclasts and absorption lacunae on the surface of newly formed trabecular bone (Giemsa stain, 200 times

amplification).

indicated that the bone remodeling was acti-
vated. Remodeling activity peaked at 6 weeks
after surgery (Figure 9A, 9B). By 8 weeks, the
normal trabecular structure has been restored
in the wound (Figure 10).

Measurement of proportion of cancellous
bone and statistical analysis

The total volume of the new-formed trabeculae
(woven bone) and pre-existing trabecular bone
was measured. The trabecular bone volume
(bone volume/tissue volume, BV/TV) and tra-
becular number (Tb.N) reached a peak at 2
weeks then decreased. The trabecular se-
paration was smallest at 2 weeks, while the
trabecular thickness continued to increase
(Table 1).

Biomechanics determination

The results of biomechanical testing showed
that the maximum load and the absorbing en-
ergy were lowest at 1 week after surgery and
reached or exceeded the normal level at 2
weeks after surgery. Both the maximum load
and the absorbing energy kept increasing
before 4 weeks and reached a peak at 4 we-
eks after surgery, then decreased after that
but were still higher than the normal level
(Table 2).
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Discussion

For modern orthopedic surgery, the main prin-
ciples for treating fractures of extremities are
anatomical reduction, rigid internal fixation,
and protection of the blood supply in the clinic
[13-15]. In this study a new extremity fracture
model was performed under the conditions of
anatomical reduction and rigid internal fixation
at the proximal bilateral tibia of the rabbit. This
model provides a new means of studying the
fracture healing process in cancellous bone of
the proximal tibia with, for the first time, quan-
titative analysis for histology.

Recently, several novel improvements have
been made in fracture healing research. Duan
reported that VEGF gene transfer into MSCs
enhances bone repair in vivo by promoting
vascularization [16]. In support of this finding,
Senel reported that circulating VEGF concen-
trations were decreased in post-menopause
osteoporosis patients and VEGF may play an
important role in bone health [17]. Moreover,
Ishikawa’ team discovered that MCP-1/CCR2
signaling in the periosteum and endosteum is
essential for the recruitment of mesenchymal
progenitor cells in the early phase of fracture
healing [18]. In addition, Kawakami and col-
leagues demonstrated that the EPC SDF-1/

Int J Clin Exp Med 2018;11(8):7651-7665
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Figure 8. Histological features of the fracture site at 4 weeks after surgery. A. No obvious cell proliferation or woven
bone formation could be observed at this time. B. Arrows show the basic multicellular unit (BMU) on the surface of

newly formed trabecular bones.

CXCR4 axis plays an important role in bone
fracture healing [19]. However, most of the pre-
vious studies employed focused on cortical
fractures and little was specified within the
scope of cancellous bone fracture.

7659

Although numerous previous studies have in-
vestigated diaphyseal fracture healing, the
healing process of cancellous bone after peri-
articular fracture has not received enough
attention [5, 20]. Jarry and Uhthoff compared

Int J Clin Exp Med 2018;11(8):7651-7665
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Figure 9. Histological features of the fracture site at 6 weeks after surgery. A. The density of trabecular bone
seemed lower than 4 weeks. B. Arrows show the basic multicellular unit (BMU) on the surface of almost all newly
formed trabecular bones. The number of BMU was higher than 4 weeks after surgery. It meant that the activity of
bone remodeling reached the peak at this time point.

stable and unstable situations in a metaphy- existing trabecular bone, and under unstable
seal fracture-healing model in rats, rabbits, conditions fibrous tissue was formed initially
and dogs. Under stable conditions, direct tra- then the woven bone formed. In both situations
becular healing occurred based on the pre- no significant callus formation was observed

7660 Int J Clin Exp Med 2018;11(8):7651-7665
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Figure 10. Histological features of the fracture site at 8 weeks after surgery. The activity of bone remodeling had sig-
nificantly decreased and the structure of the fracture site showed no obvious difference from the normal structure.

[9,10]. Fractures were created using an oscil-
lating saw or by manual means which resulted
in extensive damage to the bone structure. In
the aspect of internal fixation they used
Kirschner wire for stable fracture and no fixa-
tion for unstable fracture. According to the
modern clinical principle their animal fracture
model had no stability. Claes developed a new
animal model in 2009 that made the metaphy-
seal fracture of the distal femur in the goat in
order to study the effect of the biomechanical
environment on the histology during the pro-
cess of fracture healing. For their animal model,
they made a gap at the fracture site for a spe-
cial purpose, which disagreed with modern
clinical practice. Unlike in Uhthoff study, we
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used a blade to split the fragment off. The
direction of osteotomy was parallel with the
line of force. After fracture the reduction was
performed in situ at once and fixed with a
cancellous screw. These methods protected
the bone tissue from severe damage and
ensured the stability of the fracture. We chose
a rabbit model to conduct the current study
because we found it difficult to secure a stable
cancellous fracture a fixation on a smaller
animal model such as mouse or rat. Moreover,
we used the osteotomy to mimic the typical
clinical cancellous fracture. Additionally, the
osteotomy we designed enabled sufficient
fixation and made it easy to conduct a biome-
chanical test.

Int J Clin Exp Med 2018;11(8):7651-7665
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Table 1. Structural parameters of trabecular bones in healing process
measured by histomorphometry including newly formed and pre-existing
trabecular bone (mean + SD)

Time BV/TV (%) Th.N (#/m?) Tb.Th [um] Tb.Sp [um]

1w 32.34+6.04 2.33£0.58 144.32+38.64 310.24+93.39
2w 44.48+9.27 2.93+0.65 154.42+29.46 200.26+65.86
3w 33.99+12.07 2.16+0.65 162.77+48.66 347.46+£189.88
4w 31.82+ 3.51 1.71+0.42 191.17+31.59 420.04+£125.27
6w 25.34 £2.82 1.40+0.16 182.68+31.17 536.98+59.15
8w 29.27+2.96 1.47+0.02 198.34+23.60 478.44+11.05

formed an “island” like
structure independent-
ly and then transform-
ed into a lamellar str-
ucture through remod-
eling. These two differ-
ent ways of bone for-
mation occurred toge-
ther to reunite the fra-
gments and ensured
that the trabeculae re-

BV/TV: 2 wvs. 3w, p<0.05; 2w vs. 1w, 6w, 8w, p<0.01; TB.N: 2w vs. 1 w, 3w, p<0.05; 2
wvs. 4w, 6w. 8w p<0.01; Th.Sp: 2 wvs. 3w, p<0.05; 2wvs. 4w, 6w, 8w, p<0.01; Th.Th:

1wvs. 4w, 8w, p<0.05.

Table 2. Maximum load and maximum energy absorption of fracture site

at different times postoperatively (mean + SD)

gained loading streng-
th. No callus formation
was found during the
whole process of frac-
ture healing.

Maximum load (N)

Maximum energy absorption (J)

Bone development oc-
curs by two mecha-

Without screw With screw Without screw  With screw nisms, namely intra-
Control 633.98+62.20 0.65+0.17 membranous bone for-
Immediately 455.00+137.01 0.53+0.27 mation and endocho-
1w 222.96+10.78* 559.21+157.63 0.34+0.28° 0.84+0. 25° ndral bone formation.
2w 546.12+125.85 669.37+137.51  0.61+0.18 1.38+0.55 These mechanisms al-
3w 491.12+106.63 703.97+71.92 0.80+0.41 1.34+0.39 so occur in fracture and
4w 684.89+86.34% T744.68+78.02 0.99+0.32*  2.05+0.43% osteotomy repair, with
6w 545.15+194.11 653.67+148.40 0.79+0.19 0.69+0.27 the specific mechani-
8w 568.97+101.28 675.31275.66  0.85+0.47 1.10+0.68 sm dependent on the

21 w vs. other groups, p<0.05; #4 w vs. other groups, p<0.05.

The anatomy of cortical and cancellous bone
differs dramatically. The cancellous bone pres-
ents a large surface area upon which new
repair bone can be deposited and highly vascu-
larized marrow offers sufficient blood supply
during fracture healing [20-22]. In our experi-
ments we found two different patterns of
bone formation, which differ from Uhthoff find-
ing. We observed that the cellular proliferation
initially began at the fracture site between
these vertical trabeculae, and the osteoblastic
activity was promoted and formed the new
woven bone on the surface of these vertical
trabeculae. In time, this newly formed woven
bone connected the pre-existing trabeculae
on the two sides of the fracture gap. Moreover,
we demonstrated that this type of bone forma-
tion could produce the lamella bone directly on
the surface of pre-existing trabeculae. Further-
more, we observed that the activated mesen-
chymal-like cells differentiated into osteobl-
asts and formed the woven bone in the mar-
row tissue at the fracture site. This woven bone
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mechanical environme-
nt provided during re-
pair [6, 20, 23]. With
intramembranous bone repair, mesenchymal
cells differentiate along a pre-osteoblast to
osteoblast line, whereas endochondral bone
repair is characterized by the initial synthesis
of cartilage followed by the endochondral
sequence of bone formation. The terms intra-
membranous and endochondral refer to the
tissue being replaced, not to the eventual bone
synthesized, which is the same in both mecha-
nisms [24, 25]. In our experiments, we observ-
ed that only the intramembranous repair had
taken part in the process of fracture healing.
The two different patterns of bone formation
described above both belong to the intramem-
branous repair. The first pattern of bone forma-
tion, which was induced by the mesenchymal
osteoblasts in the bone marrow of the fracture
site, was the typical intramembranous repair.
The second pattern occurred at the surface of
pre-existing trabeculae to thicken the size of
trabecular bone forming the lamellar bone and
branch-like woven bone directly. This process
shows a small difference from the classical

Int J Clin Exp Med 2018;11(8):7651-7665
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Figure 11. Stages of the extremity fracture healing process.

intramembranous bone formation in that osteo-
progenitor cells of the endosteum partially
induced the newly formed woven bone.

How can the process of direct fracture healing
and indirect fracture healing be identified? To
our knowledge, direct healing means the frac-
ture is repaired by bone tissue directly including
woven bone and lamella bone. Indirect healing
means the fracture is repaired through fibrous
tissue or cartilaginous tissue initially which
were replaced by bone tissue subsequently.
The classical “primary fracture healing” con-
cept is that if the fracture is anatomically
reduced and rigidly fixed, at the micrometric
level, “osteonal” healing occurs. Osteoclasts
create “cutting cones” and primarily cross the
fracture site. This requires very high stability.
More commonly, “secondary” fracture healing
occurs and a larger mass of callus is created
[6, 20, 21]. The secondary healing process of
cortical bone can be divided into four stages:
inflammation, soft callus formation, hard callus
formation, and bone remodeling. However, in
our study, we found that a three-stage model
could explain the healing process of cancellous
fracture healing: cell proliferation, woven bone
formation, and remodeling. Compared with the
“secondary healing” process, in our study, only
a slight interruption to normal vascular function
and a little distortion of the trabecular archi-
tecture were found during the first stage, but
no hematoma development, osteo-necrosis or
inflammation was detected. The reactions to
fracture were limited to the area of cancellous
bone and no callus formed by periosteum reac-
tion was found. Compared with the process of
“primary healing”, although we used strict ana-
tomical reduction, the space between the tra-
becular bones still existed, and the fracture
healed directly through intramembranous bone
formation. The bone mass of the fracture site
increased at first, then decreased. It seemed

7663
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that the “internal callus” was formed during
the healing process, which remodeled into a
normal structure. These findings indicate that
the healing process of cancellous fracture is
unique compared with the primary and second-
ary fracture healing of cortical bone.

The measurement of parameters of cancellous
bone is one of the most important methods of
evaluating cancellous fracture healing [11, 12].
To confirm our histology finding, we examined
the parameters of proportions of cancellous
bone by histomorphometry. In this study, we
found that the BV/TV and Th.N increased to
reach a peak and Th.Sp was minimal at 2
weeks postoperatively, while Tb.Th continued
to increase. The increase of BV/TV in early
phase was mainly induced by the newly form-
ed immature trabeculae, which showed higher
numbers, smaller size, and lower separation.
We detected biomechanical changes during
the fracture healing to observe the state of
weight function of the fracture site. We found
that the maximum load and maximum energy
absorption were higher than the normal value
at 2 weeks after surgery and reached a peak
at 4 weeks. These data indicated that the
cancellous fracture healed and gained func-
tional healing at 4 weeks postoperatively, and
the trabecular architecture was mature enough
at this time point. At 6 weeks after surgery,
the parameters of histomorphometry and bio-
mechanics showed a slight decrease and then
returned to a normal level. This might be in-
duced by the high activity of bone remodeling
at 6 weeks after surgery.

In our study, we did not observe obvious osteo-
necrosis and bone resorption before 2 weeks.
We observed that the osteoclasts and related
absorption lacunae presented on the surface
of newly formed woven bone at 2 weeks after
surgery, while the BMU appeared on the sur-

Int J Clin Exp Med 2018;11(8):7651-7665
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face of almost all the newly formed trabecular
bone at the fracture site at 4 weeks and
reached a peak at 6 weeks. These findings dif-
fer from the previous study, which indicated
that the fracture healed directly at first and
transformed to the mature structure through
bone remodeling.

Clinically, the uniqueness of metaphysis can-
cellous bone healing has been confused with
the diaphyseal cortical bone healing for de-
cades. No specific theory has been hypothe-
sized to explain the unique features of cancel-
lous bone healing such as rapid healing and
almost no hematoma formation in the fracture
gap. In the current study, our data show that
cancellous bone fracture healing reactions are
limited within the range of cancellous bone
and no callus formed by periosteum reaction
can be found. Moreover, the bone mass of the
fracture site experienced an increase at first
and then decreased subsequently. Our finding
indicates that the cancellous fracture healing
applies to an over-production and carve-out
fashion. In previous studies, osteoblast and
osteoclast coordination played a pivotal role
in this process. Thus, local application of a
pharmaceutical agent targeting osteoblast or
osteoclast cross-talk may elucidate a promis-
ing clinical effect. Wang and colleagues re-
ported that NFKB signal suppresses the osteo-
blast function in osteoporosis pathology [26].
Together with our findings in the current study,
local administration of an NK-kB specific in-
hibitor in the fracture gap during surgery holds
great promise to enhance the cancellous frac-
ture healing, especially in osteoporosis pa-
tients.

However, there are several limitations to this
study. First, due to the lack of a transgenic large
animal model, we were not able to develop
our study to investigate the cell signaling and
gene expression changes in cancellous frac-
ture healing. Thus, we designed a similar can-
cellous fracture model animal based on mice,
which enabled a stable gene knockout strain.
Second, extensive further studies are required
to identify the specific cell types observed in
the current work that participate in cancellous
fracture repair. Of what nature are these repair
cells? What is the origin of these repair cells?
How do they coordinate with one another?
These questions require urgent answers to
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elucidate the general mechanisms of the can-
cellous bone fracture.

In conclusion, we designed a new extremity
fracture model according to modern orthope-
dic clinical principles to investigate the histo-
logical process of fracture healing in the rabbit.
Our data demonstrate that the metaphysis
cancellous fracture heals in a unique fashion,
which can be divided into four histological
stages. It differs from common primary or sec-
ondary cortical fracture healing. Histological
analysis showed that the fracture healed direct-
ly through intramembranous repair and includ-
ed two different patterns: one occurred in the
marrow of the fracture site, while the other
occurred on the surface of pre-existing tra-
beculae.

In addition to a small area of bleeding at the
fracture site before three days, the entire frac-
ture healing process can be divided into four
stages in histology: the first was characterized
by cellular activation and differentiation from
immediately after surgery to 3 weeks; the sec-
ond was characterized by the formation of
woven bone or new trabeculae from 5 days to
4 weeks; the third was the transformation of
newly formed woven bone into a lamellar struc-
ture from 9 days to 6 weeks; the fourth was
the period of remodeling after 2 weeks and
reached a peak at 6 weeks. All stages over-
lapped with one another (Figure 11). There was
no obvious fibrous tissue or chondrification
formed during the whole healing process. The
data of bone histomorphometry and biome-
chanical analysis showed that the structural
parameters and parameters of healing streng-
th changed as a unimodal curve.

Our current study revealed the unique healing
process of trabecular bone fracture, which sig-
nificantly differs from that of cortical bone
fractures. Clinically, this finding will lead to a
more specialized comprehension of metaphy-
sis cancellous bone fracture and will shed
new light on the development of therapies
accordingly.
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