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Abstract: Background: The traditional pixel value ratio (tPVR) is subject to disuse osteopenia of the adjacent bone
in distraction osteogenesis (DO). Therefore, a modified PVR (mPVR) based on the contralateral normal bone was
developed and validated to address this issue. Methods: A total of 79 bone lengthening subjects were recruited in
this retrospective study. The difference between the mPVR and tPVR of early callus was identified in the first three
months after osteotomy. Moreover, we further investigated the relationship between mPVR and healing index (HI),
lengthening index (LI) and external fixator index (EFI). Finally, the potential influencing factors for mPVR of the early
callus were analyzed. Results: The mPVR was significantly lower than the tPVR in the first three months after oste-
otomy, and the difference gradually increased. Interestingly, the mPVR of the early callus in the first two months was
negatively correlated with the HI, LI and EFI. Moreover, the age, lengthening site, total bilirubin and mean hemoglo-
bin content were associated with the mPVR of early callus during DO. Conclusion: The mPVR based on contralateral
normal bone is a novel reliable indicator for DO, which may be helpful for the clinical management of DO. However,
the findings of this study need to be confirmed further by larger prospective research.

Keywords: Bone lengthening, llizarov technique, distraction osteogenesis, modified pixel value ratio, plain radiog-
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Introduction

Distraction osteogenesis (DO) was first report-
ed in the 1950s by Dr. llizarov [1, 2]. Since then,
DO has been widely used for orthopedic sur-
gery, including limb lengthening, bone deformi-
ty correction and treatment of bone defects
caused by trauma, infection and tumor [3, 4].
Currently, plain radiograph is the most common
option to assess the regenerated callus during
DO due to the fact that it is inexpensive, conve-
nientand haslow radiation levels. Nevertheless,
it is relatively subjective and relies on the physi-
cian’s experience [5, 6]. Thus, an objective
quantitative evaluation based on plain radio-
graph is required.

Pixel value (PV) is utilized to assess the bone
mineral density (BMD) in pixels. By comparing

the PV of the regenerating callus with that of
the adjacent bone, the traditional pixel value
ratio (tPVR) is a common indicator for DO [7] (a
higher tPVR indicates an increased density of
regenerated callus). However, the adjacent
bone is subjected to disuse osteopenia [8-14],
which may substantially affect the assessment
of regenerated callus during DO in the commu-
nity. In contrast, the contralateral normal bone
may potentially be a better reference for the
calculation of the PVR and may be more precise
and sensitive to assess the regenerated callus
[12, 14]. Moreover, the PVR of early callus is
rarely discussed. A modified PVR (mPVR) of
early callus based on the contralateral normal
bone was developed and validated for the first
time in this study. The purpose of this investiga-
tion was as follows: 1) the difference between
the mPVR and tPVR of the early callus in the
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Figure 1. The assessment of mPVR and tPVR of the regenerated callus during distraction osteogenesis. mPVR:

modified Pixel Value Ratio; tPVR: traditional Pixel Value Ratio.

first three months after osteotomy; 2) the as-
sociations of the mPVR of the early callus with
the healing index (HI), lengthening index (LI)
and external fixator index (EFI); and 3) the
potential influencing factors for the mPVR of
the early callus. As a potential novel reliable
indicator for DO, the mPVR may be helpful for
the clinical management of DO.

Materials and methods
Study population

The ethics committee at Xiangya Hospital,
Central South University has reviewed and
approved the protocol of this retrospective
study (202109038). The clinical data of sub-
jects with limb lengthening were collected and
reviewed from Hunan Children’s Hospital and
Xiangya Hospital, Central South University ret-
rospectively. The inclusive criteria were: 1)
llizarov technique for the lower limb lengthen-
ing; 2) available imaging data for both the adja-
cent and contralateral bone; 3) primary sur-
gery; and 4) successful external fixator removal
(three of the four cortices in which new bone
appeared). The exclusion criteria were: 1) bone
nonunion or delayed union (at least three of the
four cortices have no bridging callus on plain
radiographs) with autogenous bone transplan-
tation; 2) skeletal disorders (congenital pseud-
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arthrosis of tibia) that affected the bone heal-
ing potential; 3) external fixator without limb
lengthening; and 4) the follow-up data was
missing. Ultimately, a total of 79 patients were
recruited in our study.

Surgical approach

The llizarov technique is employed for bone
lengthening of the femur and tibia. All surgical
procedures were performed by experienced
senior surgeons. Stretching started 1 week
after osteotomy (rate 0.75 mm to 1 mm/day),
and patients received x-rays once a month. The
conditions for external fixator removal were
listed as follows: 1) three of the four cortices
with bridging callus on plain radiographs; 2)
the fixation time approximately corresponds to
the mean extension index; 3) after nut loosen-
ing, normal feeling existed during weight-bear-
ing [15].

The difference between the mPVR and tPVR of
the early callus

The picture archiving and communication sys-
tem was utilized to measure the PV of regener-
ated, adjacent and contralateral bone in the
first three months after osteotomy (Figure 1).
Importantly, some metal rods are strictly avoid-
ed during the measurement. Then, the ratios of
the regenerated callus PV to: 1) the contralat-
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Figure 2. The mPVR and tPVR of early callus during distraction osteogenesis. A. Assessment of tPVR and mPVR
based on adjacent bone and contralateral bone in the first month after osteotomy; B. Assessment of tPVR and
mPVR based on adjacent bone and contralateral bone in the second month after osteotomy; C. Assessment of tPVR
and mPVR based on adjacent bone and contralateral bone in the third month after osteotomy. mPVR: modified Pixel

Value Ratio; tPVR: traditional Pixel Value Ratio.

eral bone PV (mPVR); and 2) the adjacent bone
PV (tPVR) was analyzed and compared. The
higher PVR value indicated that the PV of regen-
erated bone is close to that of the adjacent/
contralateral one. On the contrary, the lower
PVR value indicates an inferior maturity of the
regenerated bone [16]. The adjacent and con-
tralateral bones were employed for tPVR and
MPVR assessment, respectively (Figure 2). The
formulas for the calculations of the tPVR and
mPVR were as follows:

Regenerated bone pixel value

tPVR =
(Distal nomal bone pixel value + Proximal normal bone pixel value) -2

Regenerated bone pixel value
Contralateral normal bone pixel value

mPVR =

The analysis of indicators for mPVR of early
callus during distraction osteogenesis

Basically, HI was the time for full consolidation
(three cortices in the regenerated distraction
callus) divided by the lengthened length of
bone (day/centimeter), whereas LI was the time
(months) to lengthen 1 centimeter bone [17,
18]. Moreover, EFl was the time of external fix-
ator usage (days) divided by the lengthened
length of bone. The above three indexes were
acceptable and reliable indicators for bone
healing potential in DO. The mPVR and tPVR
were served as primary indicators, whereas the
HI, LI and EFIl were regarded as secondary indi-
cators. Moreover, age, sex, lengthening site
and biochemical indices (white blood cell count,
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mean hemoglobin content, total bilirubin, ESR,
fibrinogen, uric acid, monocyte count, basophil-
ic granulocyte count and total protein) were
analyzed as the secondary indicators in our
study.

Statistical analysis

The SPSS 26.0 software was utilized for analy-
sis in this study. The difference between mPVR
and tPVR values was analyzed by paired t-tests
and one-way ANOVA. The associations of the
mPVR of early callus with the HI, LI and EFIl we-
re assessed by Pearson coefficient analysis.
Moreover, the potential influencing factors for
the mPVR of early callus were assessed by lin-
ear-regression analysis. A P<0.05 was consid-
ered statistically significant, and the data were
expressed as the means + standard deviations
(mean + SD).

Results

The mPVR was significantly lower than the
tPVR of the early callus

The mPVR was significantly lower than the tPVR
among subjects who underwent bone lengthen-
ing surgery within the first three months after
osteotomy (0.75+0.09 vs 0.79+0.09, P<0.001;
0.80+£0.08 vs 0.85+0.08, P<0.001; 0.84+0.09
vs 0.92+0.06, P<0.001) (Table 1). Intriguingly,
the difference between mPVR and tPVR gradu-
ally increased during the first three months
(0.040+£0.005, 0.049+0.001, 0.076+0.025,
P<0.001) (Table 2).
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Table 1. The difference between modified and traditional
pixel value ratio of early callus

mPVR value tPVR value P value
(Mean = SD) (Mean + SD)
First month 0.75+0.09 0.7910.09 <0.001
Second month 0.80+0.08 0.85+0.08 <0.001
Third month 0.84+0.09 0.92+0.06 <0.001

[13]. Little et al. found substantial
osteoporosis in the bone adjacent
to the lengthened segment in a rab-
bit model [10]. In this case, the
tPVR based on the adjacent bone
may be seriously disturbed. In our
results, the mPVR based on the

mPVR: modified Pixel Value Ratio; tPVR: traditional Pixel Value Ratio; SD:

Standard Deviation.

Table 2. The difference between modified and traditional

pixel value ratio is gradually increasing

contralateral normal bone was sig-
nificantly lower than the tPVR.
Furthermore, the difference bet-
ween the mPVR and tPVR of the
early callus gradually increased.
Indeed, Eyres et al. found that

First month  Second month  Third month
(Mean +SD) (Mean +SD) (Mean + SD)

disuse osteopenia in the second

P value month (BMD reduced by 33%+4%)

was more serious than that in

Difference 0.040+0.005 0.049+0.001 0.076+0.025 <0.001

SD: Standard Deviation.

The associations of the mPVR of the early cal-
lus with the HI, LI and EFI

The mPVR of the early callus in the first two
months was negatively correlated with the HlI
(r=-0.345, P=0.029; r=-0.540, P<0.001), LI
(r=-0.321, P=0.043; r=-0.478, P<0.001) and
EFl (r=-0.425, P=0.006; r=-0.542, P<0.001)
(Table 3). This result suggested that a higher
mPVR of the early callus may reflect a better
bone healing potential and clinical outcome of
bone lengthening.

The potential influencing factors for the mPVR
of the early callus

Age, lengthening site, total bilirubin and mean
hemoglobin content might be the potential
influencing factors for the mPVR of the early
callus in bone lengthening. However, no signifi-
cant association between the mPVR and other
factors was identified (Table 4).

Discussion

As a reference for the assessment of tPVR, the
adjacent bone is commonly subject to the issue
of disuse osteopenia. For instance, Eyres et al.
indicated a decreased BMD of 44.2% (tibia)
and 61.0% (femur) in the adjacent bone in
children who underwent bone lengthening [8].
Moreover, Maffulli et al. reported that the bone
mineral content (BMC) of the adjacent bone
dropped below 40% [9]. In addition, Veitch et al.
found that disuse osteopenia appeared at both
the proximal and distal ends of the fractures
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the first month (BMD reduced by
23%+3%) after osteotomy, which
reached a peak at 12 months [11].
Our study found a significant difference bet-
ween the mPVR and tPVR. Therefore, disuse
osteopenia of the adjacent bone in bone leng-
thening should be carefully considered in the
clinical setting.

Currently, the PVR is usually used to determine
the timing of external fixator removal (evaluate
the late callus maturity) [7, 12, 14, 16, 19].
However, the evidence for the clinical signifi-
cance of an early PVR is rather limited. As three
important indices for bone healing potential,
the LI, HI and EFI can reflect the clinical effect
of bone lengthening. Interestingly, the LI, HI
and EFl were negatively correlated with the
mPVR of the early callus. Our previous study
found a moderate negative relationship bet-
ween the LI and HIl and the early tPVR (r=-0.20)
[20]. However, our present study indicated that
such a relationship became much stronger for
the early mPVR (r=-0.50). It seems that the
mMPVR of the early callus may better reflect the
clinical effect of bone lengthening. Consequ-
ently, it is important to consider mPVR in the
community. Unfortunately, our results are limit-
ed by the retrospective design. Instead, more
and larger prospective studies are still needed
to clarify our concerns.

Importantly, several factors were found to be
associated with the mPVR of the early callus.
With age, the balance of bone metabolism
between bone resorption and bone formation
changes. Moreover, it is well known that the
femur has a richer blood supply than that of
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Table 3. The associations of modified pixel value ratio with healing index, lengthening index and

external fixator index

Index mPVR value

First month Second month Third month
Healing index r=-0.345, P=0.029 r=-0.540, P<0.001 r=-0.071, P=0.616
Lengthening index =-0.321, P=0.043 =-0.478, P=0.001 r=0.155, P=0.266

External fixator index r=-0.425, P=0.006

r=-0.542, P<0.001

r=-0.262, P=0.058

mPVR: modified Pixel Value Ratio.

Table 4. The potential influencing factors for the modified pixel value ratio of early callus

Influencing factors First month ~ Second month  Third month
Age (adult vs juvenile) P=0.009 P=0.009 P=0.093
Sex (male vs female) P=0.111 P=0.677 P=0.945
Lengthening site (tibia vs femur) P=0.024 P=0.018 P=0.187
Total bilirubin (>17.1 umol/L vs <17.1 umol/L) P=0.002 P=0.643 P=0.013
Mean hemoglobin content (<27 pg vs >27 pg) P=0.006 P=0.004 P=0.831
ESR (>26 mm/h vs <26 mm/h) P=0.179 P=0.070 P=0.424
Uric acid (>416 umol/L vs <416 umol/L) P=0.822 P=0.324 P=0.155
White blood cell count (>9.5x1079/L vs <9.5x1079/L) P=0.872 P=0.367 P=0.899
Fibrinogen (<2 g/L vs >2 g/L) P=0.306 P=0.778 P=0.769
Monocyte count (>0.6x10"9/L vs <0.6x10"9/L) P=0.931 P=0.601 P=0.549
Basophilic granulocyte count (>0.06x10"9/L vs <0.6x1079/L) P=0.227 P=0.451 P=0.301
Total protein (<65 g/L vs >65 g/L) P=0.442 P=0.783 P=0.587
ESR: Erythrocyte Sedimentation Rate.
tibia [21, 22]. Consistently,
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Figure 3. The schematic diagram for the results of this study. mPVR: modi-

fied Pixel Value Ratio; tPVR: traditional Pixel Value Ratio.
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the mPVR of early callus was
associated with age and leng-
thening site. On the other
hand, bilirubin has a negative
impact on osteocytes by de-
creasing viability, differentia-
tion and mineralization and
increasing apoptosis [23]. In
addition, Bian et al. demon-
strated that total bilirubin was
inversely associated with os-
teoporosis among postmeno-
pausal females [24]. More-
over, hemoglobin was report-
ed to be positively associat-
ed with bone mineral density
[25], and negatively associat-
ed with fracture [25, 26], as
well as osteoporosis [27, 28].
Indeed, the total bilirubin and
mean hemoglobin content we-
re also significantly associat-
ed with the mPVR of early cal-
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lus in our results. Therefore, these factors may
be considered in the assessment of the mPVR.

The strengths of this study can be listed as fol-
low: First of all, it was the first study to report
the mPVR based on contralateral normal bone.
Second, our results indicated a potential corre-
lation between the mPVR of early callus and
the clinical outcome of bone lengthening. On
the other hand, our study has several limita-
tions. First, our study was restricted by retro-
spective study design, which precluded causal
relationships. Second, due to the limited evi-
dence available, the issue of bone nonunion
could not be considered in this study. Third, the
number of recruited patients was relatively
small, especially in the analysis for the bio-
chemical index.

In conclusion, mPVR was significantly lower
than tPVR of the early callus, which may serve
as a novel indicator for the clinical outcome of
DO. Moreover, age, lengthening site, total biliru-
bin and mean hemoglobin content may be con-
sidered in the assessment of the mPVR (Figure
3). The mPVR is a novel reliable indicator for
DO, which may be helpful for the clinical man-
agement of DO. However, the findings of this
study need to be confirmed by further larger
prospective research.
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