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Background and purpose — Metaphyseal fractures heal in a
rapid fashion that is different from the bone shaft healing process.
Animal studies have focused on diaphyseal fractures. We investi-
gated the metaphyseal fracture-healing process in rabbits.

Animals and methods — 60 rabbits (divided into 12 groups)
underwent proximal tibial osteotomy, anatomical reduction, and
fixation with screws. After surgery, the proximal tibiae were har-
vested at different time points for histology.

Results — No obvious osteonecrosis or bone resorption were
found 2 weeks after surgery. From day 5 to week 5, woven bone
or new trabeculae formed. From week 2, remodeling into lamellar
bone started and reached a peak at week 6. These 3 stages over-
lapped. Histomorphometry showed that the structure changed as
a unimodal curve.

Interpretation — The healing process of metaphyseal fractures
appears to differ from the commonly studied healing process in
diaphyseal fractures. It is rapid, and can be divided into 4 histo-
logical stages: cellular activation and differentiation, formation
of woven bone, transformation of woven bone into lamellar bone,
and further remodeling.

Most fractures of the extremities occur in metaphyseal bones,
mainly trabecular. Healing of shaft fracture is a complex
multi-step process in which intramembranous and endochon-
dral ossification combine to complete the process (Rabie et
al. 1996, Shapiro 2008). By contrast, metaphyseal fractures
appear to heal in a more rapid fashion—differently from
diaphyseal fractures. Numerous animal model studies have
concentrated on diaphyseal fractures, whereas there have been
few experimental studies on metaphyseal fractures (Jarry and
Uhthoff 1971, Uhthoff and Rahn 1981, Nunamaker 1998,
Stuermer et al. 2009).

We hypothesized that metaphyseal fractures heal through
a different, special process. We designed a new rabbit-based
metaphyseal fracture model for this study.

Animals and methods

Animals

60 New Zealand white rabbits, 6 months old, each weigh-
ing about 3.5 kg, were obtained from the Laboratory Animal
Center of Peking University (Beijing, China). The animals
were divided into 12 groups with 5 per group. All were anes-
thetized by injection of sodium pentobarbital (30 mg/kg) into
the auricular vein. After surgery, they were returned to indi-
vidual cages for recovery with free movement.

Surgical procedures

A 2-cm longitudinal skin incision was made medial to the
knee joint. The joint was exposed while inspecting the medial
plateau. An osteotomy was performed with the blade on the
medial tibial plateau at the attachment of the medial menis-
cus anterior horn, resulting in a cleavage fracture (AO/OTA
classification 41B1, Schatzker classification type IV). The size
of the fragment was 0.5 cm x 1 cm x 1.5 cm. The reduction
was performed in situ, then fixed with a single screw (stainless
steel, diameter 1.5 mm and length 18 mm) (Figure 1).

On postoperative days 1, 3,5, 7,9, and 11 and at weeks 2,
3,4, 6, and 8, animals were killed with an overdose of sodium
pentobarbital. The bilateral tibiae were harvested and fixed
with 10% formalin for histological examination.

Histological examination

The proximal tibiae were fixed with 70% ethanol, dehydrated
in ascending concentrations of ethanol, defatted in dimethyl
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Figure 1. Screw fixation for medial tibial plateau fracture after anatomi-
cal reduction (right knee joint). The yellow arrow indicates the oste-
otomy line. The knee joint is shown in anterior view.

benzene, and embedded in methyl methacrylate without
decalcification. Undecalcified 5-um coronal plane sections
were stained with Giemsa, von Kossa, and Masson-Goldner
techniques.

Bone histomorphometry

Nomenclature, symbols, and units used in bone histomor-
phometry have been well described in previous studies (Parfitt
et al. 1987, Dempster et al. 2013). Using a semi-automatic
digitizing system for bone histomorphometry (Leica QWin;
Leica, Germany) with a final magnification of 50x, we exam-
ined the following parameters: trabecular bone volume (bone
volume (BV)/tissue volume (TV)), trabecular thickness (Tb.
Th), trabecular number (Tb.N) and trabecular separation (Tb.
Sp). The areas measured were defined by a rectangular region
between subchondral bone and epiphyseal line.

Statistics

Values for the quantitative data obtained are expressed as
mean (SD). Differences between experimental groups were
evaluated through analysis of variance (ANOVA), and post-
hoc test with the Student-Newman-Keuls (SNK) method.

Ethics

This study was performed in accordance with the recommen-
dations of the Institutional Animal Care Guidelines and it was
given ethical approval by the Administration Committee for
Experimental Animals, Peking University People’s Hospital
(entry number 2011-24).

Results
Histological examination
On postoperative day 1, the epiphyseal structure was disrupted

Figure 2. The cellular proliferation occurred in the marrow inter-trabec-
ular space and on the surface of pre-existing trabeculae. The shape of
the cells was spindle-like or polygon-like, and they retained the appear-
ance of mesenchymal cells (Giemsa stain, 200x magnification).

without obvious hematoma. On day 3, a large number of pre-
sumed mesenchymal stem cells appeared within the fracture
site. These cells proliferated and secreted collagen to form
osteoid. The phenomenon was most active at the fracture gap,
waning on both sides (Figure 2). Already on day 5, primary
woven bone formed with intensified cell proliferation. Much
osteoid around the formed woven bone indicated that the for-
mation of woven bone was still continuing (Figure 3). On day
7, the amount of woven bone increased, with random matrix
orientation. Bone formation could be divided into 2 patterns:
one was lamellar bone formation based on the pre-existing
trabeculae, and the other was woven bone formation—Ilike
islands in appearance—to connect the 2 sides of the fracture
(Figure 4). On day 9, cell proliferation and woven bone for-
mation decreased. The woven structure began to transform
into a more orderly lamellar structure with higher density and
consistent distribution. The new trabeculae mineralized well
and the grid structure formed. However, there was no typical
lamellar structure yet. On day 11, the trabeculae were sub-
stantially larger than before. At week 2, the fracture site was
filled with newly formed trabeculae. Typical lamella could be
found on the surface of new-formed trabeculae. Osteoclasts in
the lacuna on the surface of new trabeculae appeared (Figure
5). At week 3, most new trabeculae were well mineralized and
formed the typical lamellar structure (Figure 6). At week 4,
the basic multicellular unit (BMU) appeared. At week 8, there
was normal bone structure.

Bone histomorphometry

BV/TV and Tb.N reached a peak at postoperative week 2 and
then decreased. Tb.Sp was lowest at week 2, while the Tb.Th
continued to increase (Table 1). The parameter data of histo-
morphometry changed as a unimodal curve.
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Figure 3. Histological features of the fracture site on postoperative
day 5. The cellular proliferation kept increasing and formed the pri-
mary woven bone. Goldner staining (B) showed that there was a large
amount of osteoid around the primary woven bone. Von Kossa stain-
ing (C) showed that deposition of calcium began on the osteoid and
primary woven bone. (A Giemsa stain. Upper row 16x, middle row 50x,
and lower row 200x magpnification).

Figure 4. 2 different patterns of new bone formation. A. One occurred
on the surface of pre-existing trabeculae to form the lamellar bone
directly (Giemsa stain, 200x magnification). B. The other occurred at
the inter-trabecular marrow, like a “map” with a high number of cells
inside the new-formed woven bone (Goldner stain, 200x magnifica-
tion).

Figure 5. Histological features of the fracture site at postoperative week
2. The new-formed trabeculae were larger than at the previous time
point because of the lamellar bone formation. (Upper row 16x and low
row 50x magnification. A Giemsa, B Goldner, and C von Kossa stain).

Figure 6. Histological features of the fracture site at postoperative week
3 (Giemsa stain, 50x magnification). The cell proliferation had finished.
Most of the new-formed trabeculae had transformed into lamellar
structures. The newly formed bone tissue could be distinguished from
the original bone tissue due to the cell density, the cell size, and the
orientation of the matrix.

Discussion

Cortical and cancellous bone have different structures. The
cancellous bone affords a large surface area and vascularized
marrow, which is helpful for deposition of new bone and offers
a good blood supply (Fan et al. 2008). Numerous studies have
investigated the fracture-healing process of diaphyseal frac-
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Table 1. The structural parameters of trabecular bones measured by
histomorphometry

Postoperative BV/TV Th.N Th.Th Th.Sp
date (%) (#/m?2) (pm) (pum)
Day -1 31 (5) 2.92 (0.23) 108 (19) 236 (25)
1 week 32 (6) 2.33 (0.58) 144 (39) 310 (93)
2 weeks 44 (9)2 2.93(0.65)2 154 (30) 200 (66)
3 weeks 34 (12) 2.16 (0.65) 163 (49) 347 (190)
4 weeks 32 (4) 1.71 (0.42) 191 (32) 420 (125)
6 weeks 25 (3) 1.40 (0.16) 183 (31) 537 (59)
8 weeks 29 (3) 1.47 (0.02) 198 (24) 478 (11)

2The mean value at postoperative week 2 was significantly different
from that in the other groups (except day —1) (p < 0.05).
Day —1 means uninjured specimens.

tures, whereas metaphyseal fractures have received much less
attention (Jarry and Uhthoff 1971, Uhthoff and Rahn 1981,
Nunamaker 1998, Stuermer et al. 2009, Aspenberg and Sand-
berg 2013). Jarry and Uhthoff (1971) compared stable and
unstable metaphyseal fracture-healing models in rats, rabbits,
and dogs. In stable fractures direct healing occurred based on
the pre-existing trabeculae. Unstable fractures led to woven
bone formation secondary to fibrous tissue. However, sparse
callus formation was found in both conditions. Uhthoff and
Rahn (1981) proposed that when fractures were not displaced,
cancellous bone in metaphyseal areas could heal with limited
callus formation.

Aspenberg and Sandberg (2013) studied histological biop-
sies from human distal radial fractures at different time points
after injury, and found that the membranous ossification was
the most predominant form of bone formation within marrow
space. The woven bone could be directly formed in bone
marrow with limited endochondral ossification. Cartilage was
seldom seen. Cartilage was also seldom present in histologi-
cal observations of specimens from knee-joint arthrodeses that
were taken 4 weeks after surgery (Charnley and Baker 1952).
New woven bone formed on the surface of old trabeculae had
united at the 2 sides.

The oscillating saw used by Jarry and Uhthoff (1971) may
have caused extensive thermal bone damage. A novel animal
model was developed to mimic metaphyseal fractures, using
the distal femur in goats (Claes et al.1997, 2009). However,
the gap left between the fracture surface in Claes’ studies
does not correspond to the clinical situation. In contrast to the
study by Jarry and those by Claes, we used a blade to split the
fracture in our study to avoid thermal injury. The fracture was
fixed with screws after anatomical reduction in situ, to obtain
better fixation than with Kirschner wires, which have often
been used previously.

We found 2 patterns of bone formation different from the
findings of Uhthoff and Rahn (1981). Cell proliferation ini-
tially began at the fracture site around vertical trabeculae. On
the surface of these vertical trabeculae, osteoblast activity

accelerated and formed the new woven bone that would con-
nect the pre-existing trabeculae on both sides of the fracture;
this was also described by Charnley and Baker (1952). The
activity of bone formation could lead to formation of lamellar
bone directly on the surface of pre-existing trabeculae. These
findings agree with the results of Jarry and Uhthoff (1971).
Also, mesenchymal cells differentiated into osteoblasts and
formed the woven bone directly in marrow tissue; this agrees
with the findings of Aspenberg and Sandberg (2013). The
woven bone formed island-like structures independently,
which transformed into lamellar structures through remodel-
ing. There was no callus formation during the whole process
of fracture healing.

According to our findings, only intramembranous repair
occurred in the fracture-healing process. We detected no
hematoma, osteonecrosis, or inflammation in the cell prolif-
eration stage. There was little loss of vascular function and
little distortion of trabecular structure. The findings of Sand-
berg and Aspenberg (2014) concur with our results: stem cells
played an important role in metaphyseal healing, and inflam-
mation was not obvious at the early stages.

Our results revealed that BV/TV and Tb.N increased and
reached a peak at 2 weeks after surgery. At the same time,
Tb.Sp was minimal and Tb.Th increased continuously. Com-
bined with the histology results, this indicated that the fracture
had healed to the organization level at postoperative week 2.
The increase in BV/TV in the early phase was mainly caused
by the new-formed immature trabeculae (with higher num-
bers, smaller size, and lower separation).

At week 6, histomorphometry showed a slight decrease in
BV/TV and then it returned to normal levels. This may be rel-
evant to the high bone-remodeling activity in the same period.
Compared to day —1, week 8 showed similar BV/TV, but
higher Tb.Sp and Tb.Th and lower Tb.N, which might indicate
that the bone remodeling would last for some time.

The study had certain limitations. Sodium pentobarbital was
used as anesthetic agent. Although the animals anesthetized
with sodium pentobarbital lay still in our study, they may have
experienced stress reactions. Another weakness of the pres-
ent study was the choice of 6-month-old rabbits. These rabbits
were not skeletally mature, and animals that were more than
6 months may be more suitable for a fracture-healing model.

The metaphyseal fracture heals directly through intramem-
branous ossification involving 2 different locations, one in
the marrow of the fracture site, the other on the surface of
pre-existing trabeculae. The whole fracture-healing process
consists of 4 histological stages: cellular activation and dif-
ferentiation, formation of woven bone and new trabeculae,
transformation of woven bone into lamellar bone, and further
remodeling.

WC, DH, PZ, and BJ conceived and designed the experiments. WC, DH, NH,
and YK performed them. WC, DH, PZ, and XY analyzed the data. WC, PZ,
and BJ wrote the manuscript.
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