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Background The different parts of long bone are known
to participate in the spontaneous correction of fracture
deformity. However, the relative contribution of growth
plate, epiphysis and diaphysis of bone during the correc-
tion process is not clear.

Animals and methods We used a rat model of tibial
fracture fixed with a semi-rigid intramedullary pin in
anterior angulation, and evaluated the magnitude, tem-
poral course and pertinent sites of spontaneous defor-
mity correction by means of radiography and bone min-
eral uptake.

Results Over a 12-week period, the mean angular
deformity was corrected from 27° to 11°. The major
portion of the correction (14° of 16°) occurred within 3
weeks, concomitantly with fracture healing. The angle
of the proximal growth plate changed 8° over the study
period. The first 3 weeks were characterized by intense
bone formation on the concave side of the fracture. From
weeks 3-8, signs of resorption predominated on the cor-
responding convex side. On the concave side, the front of
new bone formation in the proximal diaphysis moved in
the opposite direction to that at the fracture level, so that
both sites contributed to deformity correction.

Interpretation ~We found that different sites of a
diaphyseal bone fractured in angulation respond quite
differently, but still in an orchestrated way to promote
correction by modeling. Notably, most of the spontane-
ous correction occurred during the reparative phase, the
major contributor being the diaphysis, not the growth
plate. Compared to other reports on angulated fracture
using rigid fixation and limb immobilization, our data
suggest that semi-rigid fixation and early weight bearing
is more efficient in enhancing not only healing, but also
deformity correction. [

The mechanisms regulating local bone turnover,
often occurring as an uncoupled process between
bone formation and resorption, are poorly under-
stood. These mechanisms presumably play an
important role not only in pathological conditions
characterized by osteolysis or sclerosis, but also in
continuous bone remodeling and spontaneous cor-
rection of fracture deformity as often seen in pedi-
atric orthopedics. A variety of factors have been
suggested to regulate local bone turnover, such as
cytokines (Siggelkow et al. 2003), growth factors
(Silha et al. 2003), neuronal mediators (Li et al.
2001, Irie et al. 2002) and systemic hormones (Abe
et al. 2003). Much emphasis has been placed on
the role of mechanical forces in regulating bone
architecture in accordance with Wolff’s law, later
modified by Jee (1989) and Frost (1990, 2001).
An illustrative clinical example of the adaptive
capacity of bone is seen in pediatric patients with
angulated fracture. It is not known how mechani-
cal forces are monitored and conveyed to elicit
adaptive responses. Also, the magnitude, temporal
course and pertinent sites of spontaneous correc-
tion of fracture deformity by modeling have not
been clarified satisfactorily. It may be that semi-
rigid fixation combined with early axial weight
bearing not only enhances healing, but also correc-
tion of long bone deformity.

Recently, we reported a fracture deformity model
in the rat which elicits site-specific differences in
bone formation and resorption (Li et al. 2004). By
angulating a mid-shaft tibial fracture fixed with an
intramedullary pin permitting early weight bearing,
intense bone formation on the concave side and a
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predominance of bone resorption on the convex
side occurred. These site-specific differences in
response can be exploited to assess—both mor-
phologically and quantitatively—the difference
in expression of relevant markers of local bone
turnover in one and the same bone. In the present
study, our aim was to analyze the temporal course
and magnitude of spontaneous correction of frac-
ture deformity, and the relative contribution of the
growth plate and the diaphysis in this process.

Animals and methods

Animals, housing and grouping

30 male Sprague-Dawley rats, mean weight 200
(180-220) g, were housed 3 per cage with free
access to standard rat chow and tap water in the
animal room of Karolinska Hospital. The tempera-
ture was controlled (21°C), with a 12 h light/dark
cycle. 15 rats were assigned to each of two frac-
ture groups, i.e., one with anterior angulation and
another with straight alignment. In each group, 12
rats were used for radiographic assessment and 3
were used for bone mineralization analysis. All
animal experiments were performed with approval
from the Animal Research Ethics Committee,
Stockholm North, Sweden.

Surgery

Under anesthesia with fentanyl-fluanisone (Hyp-
norm 0.5 mL/kg body weight, Janssen Pharmaceu-
tica, Beerse, Belgium), the mid-diaphysis of the
right tibia in both groups was fractured manually
by three-point bending, and fixed internally with
a semi-rigid pin (17-gauge cannula needle) as
described previously (Li et al. 2001, 2004). Briefly,
the intramedullary pin was inserted through a
proximal hole at the tibial tuberosity without prior
intramedullary reaming. In half of the rats, the
fracture was fixed in anterior angulation (approxi-
mately 40°), including the normal anterior curve
of the tibia, i.e., 13°. In the remaining half, which
served as controls, the fracture was fixed in normal
straight alignment, i.e. in 13° anterior curve. No
measures were taken to restrict weight bearing.

Radiography

Repeated radiographic investigations over 12

Figure 1. Serial radiography showing the healing and cor-
rection process over 12 weeks. This includes reference
points and lines for measurement of the angle of the proxi-
mal growth plate and diaphysis, as well as the diaphyseal
length. Op = operation.

weeks, including lateral and AP views to assess
fracture alignment and adequacy of internal fixa-
tion, were done under Hypnorm anesthesia imme-
diately after surgery and then at weeks 3, 5, 8, and
12 postoperatively. A dental radiograph machine
(Heliodent DS, Siemens AG, Bensheim, Germany)
with 1.25 sec. exposure time on 56 x 76 mm X-ray
films (Ektaspeed Plus, Eastman Kodak Company,
Rochester, NY) was used. Radiography was done
on a previously described special platform (Li et
al. 2004), which results in a 33% magnification of
the original image. The films were then developed
and scanned (HP ScanJet II) and the images saved
on a computer.

In order to measure the diaphyseal angle, the
angle of the proximal growth plate and the length
of tibia several reference points were defined. The
measurement of diaphyseal angle was based on
three reference points, i.e., the proximal and distal
tip, and also the apex of the angulated nail. The
position of the proximal growth plate was defined
by the angle between a line along the proximal
growth plate and another along the posterior corti-
cal border of the proximal metaphysis (Figure 1).
The thicknesses of the bone anterior and posterior
to the nail were measured in mm at the level of
the apex of the angulated pin. The length of the
tibia was measured in order to assess growth of the
proximal and distal segments, respectively. Thus,
the tibial length was defined as the sum of two dis-
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tances: that between the upper end of the proximal
epiphysis to the tibio-fibular synostosis and that
between the synostosis and the lower end of the
distal epiphysis. All the measurements were done
manually on 3x magnified printout pictures.

Bone mineralization

3 rats from each fracture group were injected sub-
cutaneously with Calcein (8 mg/kg) and Alizarin
Red (30 mg/kg) (both dyes from Sigma, Steinheim,
Germany) on alternate weeks until week 14 (Li et
al. 2004). 1 week after the last injection, the rats
were killed by intraperitoneal pentobarbital sodium
overdose and both tibias were dissected and fixed
in 70% ethanol for 3 days. The diaphysis was cut
transversely into two parts through the apex of the
fracture site, and the nail was pulled out. A 1.5-cm
segment proximal to the transverse cut and another
1-cm segment distal to the transverse cut were dis-
sected and kept in Villanueva block stain and then
embedded in methyl methacrylate (Baron et al.
1983, Villanueva and Lundin 1989). 5 sagittal sec-
tions were taken from the proximal segment and 5
cross-sections from the distal segment were taken
at 70 pm thickness with a Leica 1600 saw/micro-
tome (Nussloch, Germany). The sections were
fixed on slides with Pertex (Histolab Products AB,
Gothenburg, Sweden), mounted with coverslips
and examined under an epifluorescence micro-
scope (Eclipse E800; Nikon, Yokohama, Japan)
connected to a Nikon DXM 1200 video camera
for photography. Using a 4 X objective, pictures
were taken from each section and assembled on
the computer to obtain a montage. Calcein-labeled
areas (green) reflect newly formed woven and
lamellar bone. Alizarin Red-labeled areas separate
the green bands, permitting analysis of the tempo-
ral course of bone mineralization.

Statistics

The mean values (SD) were calculated. Analysis of
variance was used for comparisons between study
periods. A p-value < 0.05 was considered to be a
significant difference (two-tailed).

Results

All rats resumed weight bearing within a few hours

of fracture, but limped for 4-7 days. No infection
or secondary deformity was seen. 1 rat in each
group died due to anesthesia at radiography.

Radiography

Postoperatively, initial deformity radiographs of
the tibia showed a mean deformity of fracture of
27° (5°) in the anterior angulation group and 2°
(0.5°) deformity in the straight alignment group.
The angle of the proximal growth plate of contra-
lateral un-fractured tibia remained unchanged at
92° (2°) in both fracture groups.

Healing. In the anterior angulation group, bridg-
ing callus—most evident on the concave side—was
seen at 3 weeks after fracture. Complete healing
took 5 weeks. While the callus size on the concave
side remained essentially the same as at 3 weeks
until the end of the experiment, it decreased con-
tinuously on the convex side until the apex of the
angulated nail perforated the anterior cortex in
some animals. An increasingly thicker rim of high
density was seen along the whole border of the
posterior cortex of the tibia (Figure 1).

In the straight alignment fracture, healing was
observed 3 weeks after fracture. Compared to
the anterior angulation group, a smaller callus
was found and it was equally distributed around
the fracture site. After 3 weeks, the callus size
decreased equally on the concave and convex sides.
The thin rim of bone density along the posterior
cortex remained unchanged over time.

Bone thickness. The thickness of bone at frac-
ture level in the angulated group increased sig-
nificantly on both the concave and convex sides
during the first 3 weeks, i.e. from 2.1 (0.6) mm
to 9.5 (2.2) mm and from 3.6 (0.9) mm to 4.3
(2.2) mm. Subsequently, however, bone thickness
on the convex side decreased continuously to 2.6
(2.2) mm (p = 0.02) at the end of experiment. In
the straight alignment fracture group, bone thick-
ness on the posterior and anterior sides increased
symmetrically during the first 3 weeks, i.e. from
2.5 (0.6) mm to 7.2 (2.3) mm and from 3.5 (0.8)
mm to 7.4 (2.7) mm, respectively, after which it
became continuously reduced in a symmetrical
manner.

Correction of deformity. In the angulated group,
the fracture angle at 3 weeks had corrected by 14°,
i.e. from 27° to 13°. A further 2.5° correction was
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Figure 2. Changes in the angle of the diaphysis (A) and proximal growth plate (B) over 12 weeks in both the angulated
and straight alignment group, presented as mean (SEM). Note that most of the deformity correction in the angulated group

occurred within the first 3 weeks following fracture.

achieved before the end of the experiment at 12
weeks. The angle of the proximal growth plate side
changed by 6° (2°), i.e. from 92° to 86°, during
the first 3 weeks after fracture, and an additional
2° subsequently (Figure 2). On the contra-lateral
unfractured side, no change in the angle of the
proximal growth plate was observed. In the straight
alignment group, the initial 2° fracture angle was
almost completely corrected within 3 weeks fol-
lowing fracture. The angle of the proximal growth
plate remained unchanged in both the fractured and
contra-lateral unfractured tibia over the 12 weeks
of the experiment.

Length of tibia. Measurement of the proximal
and distal tibia showed that the bone grew from 42
(0.6) mm to 52 (1.6) mm in the angulated group
and from 42 (1.2) mm to 53 (1.0) mm in the straight
alignment group over the 12-week study period.
When comparing the increase in length of the
proximal and distal fractured tibia, it appeared that
almost all the increase in length had taken place
in the proximal part in both experimental groups
(Figure 3). We found no statistical significance in
the changes in length between groups for both the
proximal and distal tibia.

Mineralization

Two types of tissue sections (cross-sections and
longitudinal sections) were analyzed (Figure 4A).
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Figure 3. Changes in length of the proximal and distal frac-
tured tibia in the angulated and straight alignment group
over 12 weeks, presented as mean (SEM). This shows a
clear difference in growth between the proximal and distal
fragments, but not between the angulated and straight
alignment groups.

In the longitudinal sections (Figure 4B), we com-
pared the anterior and posterior sides at two levels:
at fracture level and higher up in the proximal
diaphysis. In the cross-sections (Figure 4C-D),
comparison of mineral uptake was done between
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Figure 4. Schematic illustration showing types of tissue sections (A) taken for analysis of bone dye uptake and fluores-
cence photomicrographs of mineralization over time. In the longitudinal section (B: proximal diaphysis) and cross-sections
(C and D: fracture level) in the angulated group, the lines denote origin (endosteal vs. periosteal) and type (woven vs.
lamellar) of new bone formation. Green staining represents the uptake of calcein and red staining the uptake of Alazerin.
Day refers to the day of injection of calcein. Bar represents 0.5 mm.

the anterior (convex), posterior (concave) and lat-
eral sides at the level of the fracture.

Anterior angulation group. In the cross-sections
from the fracture site at day 21, substantial new bone
formation was seen on the concave side, less on the
medial and lateral sides and least on the convex side
(Figure 4C). As opposed to the posterior side, the
cortex of the anterior side gradually became thinner
up to day 84, reflecting periosteal bone resorption
(Figure 4D). In the cross-section, this resulted in a
pear-shaped repair tissue with the medullary canal
located eccentrically near the convex aspect (Figure

4C-D). The new bone formed was exclusively of
woven type from day 7 up to day 21, after which
it gradually switched to lamellar type (Figure 4C).
From day 35 to day 84, only lamellar bone formed
on the medial, lateral and concave sides, and virtu-
ally no signs of new bone formation could be seen
on the convex side (Figure 4D).

The longitudinal sections provided an over-
view of the magnitude, temporal course, type and
sites of new bone formation and (indirectly) also
resorption (Figure 4B). From day 7 to day 35, both
woven and lamellar bone formations were seen
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Figure 5. Schematic illustration of the predominant bone formative and resorptive cell activity in different parts of the
diaphysis (A) and the resulting diaphyseal drift (B) over time. Green color depicts the site and amount of new bone forma-

tion. Day refers to the day of injection of calcein.

on the posterior aspect (concave side) at fracture
level, where a large amount of periosteal woven
bone was formed, and later also periosteal lamel-
lar bone. However, higher up in the proximal
diaphysis only endosteal lamellar bone forma-
tion was seen, which proceeded anteriorly from
the posterior cortex, i.e. in the opposite direction
to the periosteal lamellar bone formation at the
fracture level. Notably, the mineralization front
of endosteal lamellar bone ran obliquely across
the posterior cortex, as shown in Figure 4B and
as illustrated in Figure SA-B. It also appeared that
the greater the distance from the fracture proxi-
mally, the greater was the degree of subperiosteal
resorption and endosteal formation in the poste-
rior cortex. On the anterior aspect (convex side) of
the diaphysis at the fracture level, a single layer of
lamellar bone was seen endosteally, while perios-
teally only woven bone was observed. Proximally,
no endosteal lamellar bone formation was seen,
however, but some periosteal woven bone forma-
tion was observed and, later on, periosteal lamel-
lar bone formation also.

From day 35 to day 84, the longitudinal sections
exclusively showed lamellar bone formation, both

at the fracture level and higher up proximally. At the
fracture level on the posterior aspect, bone forma-
tion proceeded posteriorly from the periosteum. On
the anterior aspect of the fracture, almost no new
bone formation was observed from day 35 onwards.
In the proximal diaphysis on the posterior aspect,
lamellar bone formation proceeded from the endos-
teum anteriorly, concomitantly with periosteal bone
resorption. On the anterior aspect, periosteal lamel-
lar bone formation proceeded anteriorly.

Straight alignment group. In the controls, the
pattern of new bone formation differed clearly
from that seen in the angulated fractures. In the
cross-sections at the fracture level, new bone of
predominantly woven type was equally distributed
around the diaphysis between days 7 and 35. From
day 35 onwards, only lamellar bone was formed. In
the longitudinal sections, mainly periosteal woven
bone was seen up to week 5 along the whole ante-
rior aspect, although it was more evident at fracture
level than proximally. On the posterior aspect, only
endosteal lamellar bone formation was seen pro-
ceeding anteriorly from the posterior cortex, both
at the fracture level and higher up proximally.
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Discussion

Our study shows that most of the spontaneous cor-
rection of an angular fracture deformity occurs
during early healing. In contrast to previous reports
(Wolff 1892, Karaharju et al. 1976 Abraham 1989,
Wallace and Hoffman 1992, Murray et al. 1996),
the contribution of the diaphysis in correcting the
deformity is greater than that of the growth plate.
The diaphyseal correction is mainly achieved
through a mechanism by which the front of new
bone formation proceeds in opposite directions at
fracture level and higher up in the proximal diaph-
ysis. It appears that semi-rigid fixation permitting
micromotion at the fracture site and early weight
bearing not only enhance healing, but they also
improve deformity correction.

In our study, 60% of the initial tibial angulation
was corrected over the study period, i.e. from 27°
to 11°, which is in agreement with the observations
of Kwon and Moon (1980), who demonstrated a
17° correction of rat tibia that was left without
fixation. The fact that the spontaneous correction
in these two studies failed to restore the deformity
completely seems to reflect the fact that there is an
inherent limitation in the capacity to remodel. In
our study, part of the incomplete correction may
also be attributed to the intramedullary pin resist-
ing the spontaneous correction. Nonetheless, the
corrective force surmounted this resistance, as
reflected by the cortical penetration of the pin in
several animals. A prolonged study period would
probably not have disclosed any further correction,
as only 2.5° was gained between 5 and 12 weeks.

In previous reports on angular fracture deformity
(Karaharju et al. 1976, Abraham 1989, Wallace et
al. 1992, Murray et al. 1996), the growth plate has
been claimed to be the major contributor to sponta-
neous correction. As much as 75% of the total cor-
rection has been attributed to this site in a growing
long bone, as compared to a maximum of 45% in
the diaphysis (Abraham 1989). These observations
differ decisively from our findings. Thus, the posi-
tion of the proximal growth plate of angular tibia
changed by only 8°, while the diaphyseal angle
changed by 16° over the study period. In a study
on young rabbits, Murray et al. (1996) found that
the angle of the growth plate had changed by 12°
and that of the diaphysis by only 4°. These results,

which conflict with ours on the relative contribu-
tion of the growth plate and diaphysis in correcting
the deformity, should mainly be attributed to the
difference in surgical fixation. With rigid fixation,
greater demand for adjustment is put on the growth
plate. While Murray et al. used rigid fixation of the
angulated tibia, we used a semi-rigid fixation, and
this permitted greater mechanical load and micro-
motion at the fracture site, which enhances heal-
ing through indirect osteogenesis and callus for-
mation. Admittedly, one other explanation for the
discrepancy between the results may be the higher
osteogenic capacity of rat compared to rabbit. Fur-
thermore, our measurements differed from those
in earlier studies. Instead of defining one proximal
and one distal reference point for the whole tibia,
we measured the proximal and distal fragments of
the tibia separately, in order to avoid some of the
problems associated with length measurements of
a curved bone. This approach also minimizes the
error in measuring the angles of interest.
Surprisingly, in our study we found that most of
the deformity correction occurred concomitantly
with the fracture repair phase. The prevailing idea
that the main correction of fracture deformity
takes place after healing seems to be unfounded.
Given continuous mechanical load, it appears that
the early healing phase, characterized by high
bone turnover, also strongly promotes correction
of fracture deformity. By avoiding rigid fixation
and permitting early weight bearing, this high
bone turnover during the early healing phase can
be exploited to obtain maximum spontaneous cor-
rection of the deformity. As for the mechanisms
underlying spontaneous correction of fracture
deformity, they are basically unknown. Although
mechanical load may be assumed to play an impor-
tant role, the question of how this modality is reg-
istered and conveyed to elicit adaptive responses
remains unsolved. Direct effects of mechanical
load on the cytoskeleton and also neuronal regula-
tion of bone cells via the receptors have been sug-
gested (Korcok et al. 2004, Mason 2004). Apart
from these cellular mechanisms, it also remains
unknown how and where the correction occurs in a
long bone. Our observations suggest that different
sites of a fractured diaphyseal shaft respond quite
differently in terms of bone formation and resorp-
tion (Figure 5A). At fracture level in the angulated
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group, intense new bone formation was seen on the
concave side, while resorption predominated on
the convex side. In the straight alignment group,
however, no such difference could be seen between
the posterior and anterior sides. In the angulated
group, the mineralization front on the concave side
proceeded posteriorly at fracture level, but notably,
in the opposite direction higher up in the proximal
diaphysis—reflecting so-called drift (Figure 5B).
In this area, virtually no periosteal woven bone
could be seen, presumably because of high resorp-
tive activity. Instead, lamellar bone formed end-
osteally. These features were almost reversed on
the convex side of the proximal diaphysis, where
woven as well as lamellar bone formed perioste-
ally, thereby also contributing to the anterior drift
of the whole proximal diaphysis.

The process in the proximal diaphysis, and in
particular at the fracture site, may be seen as an
expression of uncoupled bone formation-resorp-
tion mimicking the bone drift (so-called model-
ing) during normal growth (Jee 1989, Frost 1990,
2001). Although the distal diaphysis below the
fracture site was not investigated in this study, it
seems reasonable to assume that it underwent the
same process. However, the length measurements
over time showed that almost no growth occurred
in the distal diaphysis as opposed to the proximal
diaphysis. This implies that the contribution of the
distal diaphysis to the correction by anterior drift
was quite low compared to that of the proximal
diaphysis. This strengthens the notion that skeletal
growth is of decisive importance for correction of
fracture deformity.
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