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Abstract During limb lengthening over an intramedul-
lary nail, decisions regarding external fixator removal and
weightbearing depend on the amount of callus seen at the
lengthening area on radiographs. However, this method is
subjective and objective evaluation of the amount of callus
likely would minimize nail or interlocking screw breakage
and refracture after fixator removal. We asked how many
cortices with full corticalization of the newly formed bone
at the lengthening area are needed to allow fixator removal
and full weightbearing and how to radiographically deter-
mine the stage of corticalization. We retrospectively
reviewed 17 patients (34 lengthenings) who underwent
bilateral tibial lengthenings over an intramedullary nail.
The average gain in length was 7.2 &+ 3.4 cm. We deter-
mined the pixel value ratio (ratio of pixel value of
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regenerate versus the mean pixel value of adjacent bone) of
the lengthened area on radiographs. There were no nail or
screw breakage and refracture. Partial weightbearing with
crutches was permitted when the pixel value ratio was 1 in
two cortices and full weightbearing without crutches was
permitted when the pixel value ratio was 1 in three cortices.
The pixel value ratio on radiographs can be an objective
parameter for callus measurement and may provide
guidelines for the timing of external fixator removal. We
cannot determine from our limited data the minimum pixel
value in how many cortices would suggest safe removal,
but we can say our criteria were not associated with sub-
sequent refracture.

Introduction

Distraction osteogenesis with an external fixator has
become the standard method in the management of limb
lengthening procedures [1, 4, 5, 18]. However, this method
is typically time-consuming and inconvenient or even
uncomfortable for the patient, with complications such as
pin tract infections and stiffness of the knee [19]. The
technique of lengthening over an intramedullary nail
reduces the external fixation time and seemingly provides
better comfort for patients [20].

During limb lengthening over an intramedullary nail,
surgeons must make decisions regarding the distraction
rate, fixator removal, and weightbearing. These decisions
currently involve qualitative assessment of the callus seen
on serial radiographs [28]. Radiographic analysis of the
callus feature type is useful for recording, summarizing,
and monitoring the healing process [2].

Some studies suggest making the decision [21, 22] to
increase weightbearing according to the number of matured
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cortices at the periphery of the newly formed bone seen on
the radiographs: recommending patients remain partial
weightbearing with two crutches until the newly formed
bone has two mature cortices; full weightbearing without
crutches was recommended when two intact cortices are
seen on the radiographs, but this assessment is subjective
and ill-defined. Previous studies report an increased screw
or nail breakage rate of 10% [11] to 33% [13] when the
tibia was lengthened with an interlocking nail; these com-
plications require additional surgeries and would best be
avoided. Traditional radiographic techniques allow quali-
tative assessment of new bone formation, but that has never
been properly quantified [6, 17]. Quantitative methods
include quantitative computed tomography (CT) [23, 24],
quantitative technetium scintigraphy [17], and dual-energy
xray absorptiometry (DEXA) [7, 8]. These methods mea-
sure callus mineralization, which correlates with the callus
stiffness [16], but these investigations are expensive and the
patient must undergo additional imaging [4]. A technique
using pixel value on digital radiographs [10, 25] was shown
to be an economical method for measuring the serial
changes in callus mineralization in different cortices of the
callus to ascertain the callus stiffness to provide objective
parameters for decision making.

We therefore asked whether the pixel value ratio (ratio
of pixel value of regenerate versus the mean pixel value of
adjacent bone) on radiographs could be used as an objec-
tive parameter of corticalization and provide guidelines for
fixator removal and full weightbearing.

Materials and Methods

We retrospectively reviewed 17 patients who underwent
bilateral tibial lengthenings over an intramedullary nail to
increase height between 2004 and 2006. All patients had a
height less than the third percentile for age and gender,
with no history of medical illness, bone infection, tumors,
fracture, or soft tissue compromise. The average age of the
patients at the time of surgery was 22.9 years (range, 18—
35 years). Thirteen patients were male and four were
female. We excluded two patients who had an intramed-
ullary infection after bilateral tibial lengthening. Before
being selected as a candidate for lengthening, we explained
the nature of the procedure, duration of treatment, and
complications or risks related to surgery to the patients. All
patients were highly motivated and fully informed about
the procedure and possible complications. The minimum
duration of followup was 2 years (average, 2.8 years;
range, 2—4.5 years). No patients were lost to followup.
All patients were operated on by a senior author (HRS).
Our technique was similar to that described by Herzenberg
et al. [20], and AO tibial interlocking nails and Ilizarov
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external fixators were used. Three rings were used for
distraction. Two proximal wires and one proximal half-pin
were inserted and fixed at the proximal ring. Two distal
wires and one distal half-pin were inserted and fixed at the
distal ring. The middle ring had no half-pin and wire.

Patients underwent supervised daily physiotherapy
including active and passive range of motion of the knee
and ankle beginning 2 days after surgery. Physiotherapy
was performed twice per day for 2 hours during 2 weeks of
admission and 1 hour per day after discharge until the end
of the distraction phase. Daily walking at least 4 hours with
partial weightbearing with two crutches was allowed dur-
ing the distraction phase. Distraction was started 7 days
postoperatively at a rate of 0.25 mm four times a day until
the desired length was achieved. The average gain in length
was 7.2 £ 3.4 cm.

We adjusted the rate of distraction with or without
compression and distraction during the distraction period
according to one of three types of callus pathways seen
radiographically using the classification of Li et al. [15]:
homogeneous, heterogeneous, or lucent (Figs. 1 and 2). In
the homogenous pathway, distraction rates were 1 mm per
day when the callus had a cylindrical shape and 1.5 mm or
2 mm per day when the callus showed a fusiform shape
to avoid premature consolidation. In the heterogeneous
pathway, we adjusted the rate of distraction, starting at
0.5 mm per day for 2 weeks and then gradually increasing
to 1 mm per day when new bone formation was seen on the
radiographs. In the lucent pathway, we gave gradual
compression until disappearance of the radiolucent gap.
After 1 week, we began the distraction at 0.5 mm per day
until the segment attained the adequate amount of length-
ening compared with the opposite segment, and we delayed
fixator removal because pixel value ratios did not reach 1
in two cortices until 40 weeks.

Three of us (KPV, QF, HRS) evaluated all patients
clinically and radiographically every week during the dis-
traction phase and every 4 weeks during the consolidation
phase. During visits, patients were examined for any signs
of pin tract infection, and range of motion of adjoining joints
was assessed. After the desired limb length was achieved,
we inserted distal locking screws and the external fixator
was removed before or after the pixel value ratio was 1 in
two cortices. The patients were permitted partial weight-
bearing with crutches when the pixel value ratio reached 1
in two cortices and full weightbearing without crutches
when the pixel value ratio reached 1 in three cortices.

All radiographs were taken using StarPACS PiView Star
5.0.6.0 software (INFINITT Co, Ltd, Seoul, Korea) with
xray beams parallel to the Ilizarov ring nearest the
distraction site to minimize the chance of metal at the
site of interest [29]. All radiographs were analyzed
retrospectively by three observers (KPV, QF, HRS).
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Fig. 1A-I The radiographs show (A) Type 1, a sparse low-density
callus; (B) Type 2, an homogeneous low-density callus; (C) Type 3,
an heterogeneous low-density callus; (D) Type 4, a lucent low-density
callus; (E) Type 6, an homogeneous intermediate-density callus; (F)

Interobserver variability for each pair of observers was
determined using the kappa value. The values for the pairs
of observers were 0.54, 0.54, and 0.42 for classifying the
pathway.

We measured the pixel value on digital radiographs
using the region of interest programmer of StarPACS
PiView Star 5.0.6.0 software (INFINITT Co) (Fig. 3). The
pixel value was calculated on anteroposterior and lateral
views. The areas of the regenerate proximal and distal bony
fragments were divided into anterior, posterior, medial, and
lateral areas, which were between the outer margins of the
nail and cortices. The pixel value ratio of the regenerate
then was calculated using the following formula: pixel

Fig. 2A-C The radiographs show (A) homogeneous (B) heterogeneous,

Type 7, an heterogeneous intermediate-density callus; (G) Type 8, a
lucent intermediate-density callus; (H) Type 9, an homogeneous
normal-density callus; and (I) Type 10, an heterogeneous normal-
density callus.

and (C) lucent patterns of callus.

value ratio = [(pixel value of the proximal seg-
ment + pixel value of the distal segment)/2]/pixel value of
the regenerate. The stage of corticalization was decided by
pixel value ratio. A pixel value ratio of 1 indicated corti-
calization of the regenerate in the lengthening area was
comparable to that of the adjacent bone. Less than 1 meant
lesser maturation of the regenerate. Three surgeons (KPV,
QF, HRS) measured the pixel value ratio to test interob-
server and intraobserver variability. Each surgeon reviewed
the radiographs twice within a 3-week interval. Intraob-
server and interobserver variability for the pixel values
ratios were determined using Pearson correlation coeffi-
cients. The correlations for intraobserver measures were
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Fig. 3 The pixel values measured on a digital radiograph are shown.
The different cortices of callus and the proximal and distal segments
of bone were measured using the free region of interest programmer
of StarPACS PiView Star 5.0.6.0 software (INFINITT Co).

0.91, 0.90, and 0.88; the mean Pearson correlation coeffi-
cient was 0.90. The correlations for interobserver measures
for each pair of observers ranged from 0.80 to 0.92 during
the first and second readings.

Results

The pixel value ratio increased progressively during the
period of consolidation, more so in lateral and posterior
cortices and less so in anterior and medial cortices. A pixel
value ratio of 1 (mineral density of the callus is the same as
that of the bone in the proximal and distal segments) was
reached by 28 weeks in lateral cortices, by 32 weeks in
posterior cortices, by 44 weeks in medial cortices, and after
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Fig. 4 A graph shows the pixel value ratio in different cortices of the
callus during different periods of healing. The pixel value ratio is less
in anterior and medial cortices and more in posterior and lateral
cortices.
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Fig. 5 A graph shows a pixel value ratio of 1 in two cortices by
32 weeks and in three cortices by 40 weeks in different cortices of the
callus in the homogeneous and heterogeneous callus groups during
different periods of healing.
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Fig. 6 A graph shows a pixel value ratio of 1 in two cortices by
40 weeks and in three cortices by 48 weeks in different cortices of the
callus in the lucent callus group during different periods of healing.

56 weeks in anterior cortices (Fig. 4). The homogeneous
and heterogeneous callus pathways showed a pixel value
ratio of 1 in two cortices by 32 weeks and in three cortices
by 40 weeks (Fig. 5). However, it was delayed in the lucent
callus pathway, with a pixel value ratio of 1 in two cortices
by 40 weeks and in three cortices by 48 weeks (Fig. 6).

There were no complications such as regenerate
refracture or screw breakage in patients who began partial
weightbearing with crutches when the pixel value ratio was
1 in two cortices and full weightbearing without crutches
when the pixel value ratio was 1 in three cortices.

Discussion

During limb lengthening over an intramedullary nail,
decisions regarding external fixator removal and weight-
bearing depend on the amount of callus at the lengthening
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area seen on radiographs. However, this method is sub-
jective and objective evaluation of callus amount is
necessary to prevent nail or interlocking screw breakage
and refracture after fixator removal. We asked whether the
pixel value ratio on radiographs could be used as an
objective parameter of corticalization and provide guide-
lines for fixator removal and full weightbearing.

We note several limitations. First, a disadvantage of our
technique is that measurement of pixel value is affected by
the presence of metal in the vicinity of the point of interest.
To avoid this problem, we followed the guidelines pro-
posed by Young et al. [29]. We aligned the xray beam
parallel to the plane of the ring nearest the distraction site.
Second, we measured the callus stiffness indirectly by
measuring the pixel value ratio of the regenerate. Because
of indirect measurement, we cannot determine from our
limited data the minimum pixel value in how many cortices
would suggest safe removal, and our study had inadequate
power to discern safety between the three types of callus
pathways. Lauterburg et al. [14] assessed bony stability by
direct measurement of the compressive stability of the
regenerate using a force transducer with a strain gauge.
However, additional study is required to evaluate the cor-
relation between pixel value of the callus and real callus
stiffness using a force transducer.

After lengthening, the decisions regarding timing of
external fixator removal and full weightbearing are
important to avoid complications such as nail or screw
breakage and refracture. Paley [19] suggested partial
weightbearing with two crutches until the callus bridging
was visible at two cortices and full weightbearing without
crutches when there were two intact cortices seen on
radiographs after femoral lengthening over an intramedul-
lary nail. He reported one nail and one screw breakage in
two of 32 femoral segments. Kristiansen and Steen [13]
reported fatigue fracture of the nail or screws in three of
nine tibial segments after tibial lengthening over a nail.
They allowed full weightbearing 2 weeks after fixator
removal. Kocaoglu et al. [11] reported one screw bending
and one screw breakage in 35 femoral segments after
lengthening over a nail. They allowed toe-touch walking
with two crutches after removal of the fixator and increased
the amount of weightbearing depending on the quality of
the callus. Full weightbearing was allowed after regener-
ation of at least three cortices at the lengthening area was
seen on the radiographs. In these studies, the definition of
corticalization was unclear and subjective. The width or
shape or density of cortical bone seen on radiographs may
be different between patients. The cortex with narrower
width and normal density cortex may have the same
strength as that with wider width and low or intermediate
density. Without an objective measurement method,
intraobserver or interobserver error may be high in

subjective measurements using radiographs. Measurement
of mineralization of the cortex with DEXA or CT can be
an objective method because quantitative assessment is
possible. However, these methods are expensive and
inconvenient.

Recently, the picture archiving communication system
(PACS) has become popular and measurement of pixel
value ratio can be an objective method for evaluation of
mineralization of the cortex at the lengthening area seen on
radiographs because it is quantitative assessment. In a
previous study [10], good correlation was observed
between bone mineral density measured with DEXA and
pixel value ratio, with a Pearson’s coefficient of correlation
of 0.79. This result suggested the pixel value ratio on
standard radiographs might represent mineralization of the
callus and could be used instead of DEXA. The propor-
tional relationship among the mineral content, radiographic
presentation, and mechanical features of bone has been
reported in other studies [3, 9, 27].

We found anterior and medial cortices showed a lower
pixel value ratio compared with the posterior and lateral
sides. This is the result of less soft tissue coverage and
injury to the periosteum during corticotomy and bone
healing requiring the presence of periosteum and soft tissue
coverage [12]. To set objective guidelines for weight-
bearing, we retrospectively analyzed all cases of limb
lengthening over intramedullary nail performed at our
institute. We found the cases with bone regenerate fracture
[26] had a pixel value ratio less than 0.8, and we observed
no instance of regenerate fracture in patients in whom the
pixel value ratio was 1 or greater in a minimum of two
cortices of callus at the time of weightbearing. We applied
this criterion prospectively and observed no regenerate
fracture or screw breakage in patients who began full
weightbearing with two crutches when the pixel value ratio
was 1 in two cortices and full weightbearing without
crutches when the pixel value ratio was 1 in three cortices.
The homogeneous and heterogeneous callus groups had a
pixel value ratio of 1 in two cortices by 32 weeks and in
three cortices by 40 weeks. However, it was delayed in the
lucent callus group (pixel value ratio of 1 in two cortices by
40 weeks and in three cortices by 48 weeks), in which case
we delayed full weightbearing to prevent stress on the
screws and their breakage [13].

Most authors consider it is reasonable to remove a
lengthening fixator without a nail when three cortices are
formed; there are few refractures even though the assess-
ment of the cortices is not entirely objective or
reproducible. In lengthening over a nail, two cortices with a
pixel value ratio of 1 at the lengthening area may not
produce callus or metal breakage during full weightbear-
ing because the nail can support weight with the same
strength as an intact cortical bone. However, this
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presumption should be confirmed by additional studies.
Our data suggest three corticalizations with a pixel value
ratio of 1 could allow full weightbearing after fixator
removal without complications, and a pixel value ratio can
be used as an objective guideline to define corticalization.
However, we emphasize ours is a pilot study with a small
number of cases with a specific loading regime.
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