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Ultrasonic Evaluation of Bone Callus Growth
In a Rabbit Tibial Distraction Model
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Abstract—UlItrasound is useful in demonstrating bone mineral
density of regenerating osseous tissue as well as structural alterations.
A proposed ultrasound method, which included ultrasonography and
acoustic parameters measurement, was employed to evaluate its
efficacy in monitoring the bone callus changes in a rabbit tibial
distraction osteogenesis (DO) model.

The findings demonstrated that ultrasonographic images depicted
characteristic changes of the bone callus, typical of histology findings,
during the distraction phase. Follow-up acoustic parameters
measurement of the bone callus, including speed of sound, reflection
and attenuation, showed significant linear changes over time during
the distraction phase. The acoustic parameters obtained during the
distraction phase also showed moderate to strong correlation with
consolidated bone callus density and micro-architecture measured by
micro-computed tomography at the end of the consolidation phase.

The results support the preferred use of ultrasound imaging in the
early monitoring of bone callus changes during DO treatment.

Keywords—Bone Callus Growth, Rabbit Tibial Distraction
Osteogenesis, Ultrasonography, Ultrasonometry

l. INTRODUCTION

DISTRACTION osteogenesis (DO) is an advanced biological
treatment for bone regeneration in patients suffering from
pathologies such as dwarfism and other limb deformities. The
most critical stages in the DO treatment are during the
distraction and consolidation phases. Under the external tensile
loading during distraction, the physical structure and the
cellular responses of the bone callus spatially and temporally
undergo changes [1, 2]. These growth changes are highly
related to the final outcome of DO treatment [1, 3]. Thus, close
and constant monitoring of the healing status, especially at the
early DO stage, is very important for customizing healing
factors such as distraction rate and rhythm [1, 2].
Conventional radiography is commonly used to monitor bone
callus density changes during DO treatment. However, because
of the non-linear characteristic of the film-screen combination,
it limits the detection of the initial bone formation, which has
subtle density changes during the early DO stage [3].
Quantitative computed tomography (qCT) allows the
three-dimensional (3D) evaluation of bone tissues and
measures their physical and morphological properties[2].
However, the image artifact, which results from the external
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metallic distractor, causes inaccuracy in the bone properties
measurement [1, 3] and the high radiation dose, which occurs
in follow-up CT measurements, may deter its application in
paediatric DO patients [4].

Ultrasonography (US), a non-ionizing and non-invasive
imaging modality, allows repeatable clinical measurements [5]
and previous studies reported that US had the ability to detect
early new bone formation during fracture healing [6, 7];
however, the subjective ultrasonographic interpretation of the
bone callus growth may prevent a valid comparison with its
quantitative callus measurement [1]. Ultrasonometric
parameters, such as acoustic reflection, attenuation and
backscattering, have been widely investigated in in-vitro
studies, which showed high correlation with the physical
characteristics of bone tissues [8, 9]. However, there have been
few studies using both ultrasonographic images and
ultrasonometric parameters to evaluate the in-vivo bone callus
growth.

In light of the above review, we proposed a US method
which included in-vivo ultrasonography and acoustic
parameters measurement for monitoring the growth condition
of bone callus in a rabbit tibial DO model. The predictive
power of these acoustic parameters obtained during DO
treatment was evaluated with the end-point evaluation of the
bone callus properties using micro-computer tomography

(UCT).

1. MATERIALS AND METHODS

A. Animal and Surgical Intervention

The distraction model was established in several previous
studies [10-13]. Animal surgical procedures were performed
with the permission of the local government animal protection
authorities and the university ethical committee. Seven male
New Zealand white rabbits (28"-34"™ week and 3.0-4.0 kg)
were anesthetized with an intramuscular injection consisting of
ketamine (75mg/kg) and xylazine (10mg/kg). The surgical
incision was performed at the antero-medial mid-diaphyseal
region of the right tibia, where the periosteum and tibial
muscles were elevated and preserved. The medial tibial surface
was exposed for drilling and sawing. To ensure the drilling
direction was perpendicular to the bone longitudinal axis, the
bicortical predrilling of four pin holes was conducted with
researcher-designed acrylic drill-guides. Pin holes were
produced by an air drill (Synthes International, German) with a
1.5 mm drill bit and then a 2.0 mm bit. The unilateral external
distractor was used as a template for inserting four 2.0-2.5 mm
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self-taping pins (Orthofix International, Italy) into pin holes
(Fig. 1). A low-energy oscillating osteotomy was performed
between the 2" and 3" pins at a position just below the
tibiofibular junction. During the sawing, the periosteum and
soft tissues were protected by the periosteal elevator. After
sawing, a proper bone alignment was ensured before loading
the distractor. Before the closure of the surgical wound, the
periosteum and tibial muscles were returned to their original
position. Analgesic drug, Temgesic® (0.3mg/kg) was
administered to the rabbits for three consecutive days following
osteotomic surgery and their health and behaviour were
monitored daily.

Fig. 1 Photograph demonstrates the pin inéertion into the predrilled tibial bone
during DO surgery

B. Distraction Protocol

The tibial distraction began eight days after osteotomy. All
rabbits were distracted under a constant distraction rate of 1.0
mm/day, a two-step 0.5-mm increment with a six-hour
separation. This rate and rhythm were considered standard
clinical practice in the human DO treatment [14, 15] and were
also previously applied in the rabbit tibial model [10].
Temgesic® (0.12mg/kg) was administered to the animals 30
minutes prior to conducting each distraction.

A tibial length of 12 mm was distracted over 12 consecutive
days. After the distraction period, the consolidation period was
initiated on day 20 until day 47, a period of nearly four weeks.
The external distractor was left in-situ during consolidation.

C. Imaging Evaluation

Since the bone callus had differential growth changes in its
regions [16, 17], three equal callus regions at the distal, middle
and proximal positions were used for spatial and temporal
comparison of US and pCT measurements during imaging
evaluation.

In addition to the use of post-operative radiography to assess
the bone alignment, the bone callus growth in its three regions
was studied by US at the end of latency. This was followed by a
3-day and weekly interval of the same imaging evaluation
during 12-day distraction and 4-week consolidation periods,
respectively.

After the in-vivo measurement, all rabbits were euthanized at
the end of the consolidation phase (day 47), by an intravenous
overdose injection of 20% pentobarbital. External distractors

were in situ and tibial samples were kept in -20°C before uCT
scanning.

1. US Study
i. Ultrasound System Configuration

A broadband linear ultrasound probe (Terason Corporation,
USA) with a dimension in 35.0 mm (L) x 10.0 mm (W) was
connected to an ultrasound system (Terason Corporation, USA)
for collecting the radio-frequency (RF) signals reflected from
bone callus. According to the measurement of the acoustic
reflection from a planar steel plate immersed in a water tank,
the central frequency of the transducer was 6 MHz with an
effective bandwidth from 4-8 MHz.

ii. US Longitudinal Measurement (US L-scan)

The transducer was manually placed parallel to the distractor
and above the bone callus (Fig. 2). Before applying sterile
ultrasound gel (Parker Lab Inc., USA) to the skin-transducer
interface, hair on the distracted leg was shaved to enhance the
surface coupling. In each US imaging, a B-mode image and its
RF signals were automatically recorded in JPEG and ULT
format, respectively.

"‘-\.______ -
Fig. 2 Photograph demonstrates the longitudinal ultrasonographic measurement
at the distracted tibia of anesthetized rabbit

JPEG images were compared temporally at different time
points along DO treatment. ULT data were rebuilt and
graphically shown in a MatLab researcher-designed graphic
user interface (MathWorks Inc., USA). In each reconstructed
image, a rectangular ROl was manually contoured on the bone
callus for measuring the acoustic parameters. The depth of the
ROI was consistently 6.0 mm while its breadth depended on the
distracted tibial length at the measurement time point.

For acoustic parameters calculation, the reference speed of
sound (SoS,) measured by a planar steel plate immersed in a
water tank was 1.54 mm/ps. Also, reference signals for
different depths were collected from the acoustic reflection of
the steel plate. Before the parameters calculation, RF signals in
the ROI were all corrected with the system gain and used for
calculating the integrated reflection (IRC), integrated
attenuation (IA) and corrected integrated backscattering
(IBS¢orr) Of the bone callus.
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iii. Estimation of Callus Speed of Sound (SoS.)

There was prior knowledge that the density and speed of
sound in the callus (S0S¢,, mm/us) would be increased by the
bone mineralization during DO treatment [8, 14, 17] and also
that the change of SoS., would influence the effective depth of
ROI used for the acoustic parameters calculation. Thus, S0Sg
had to be estimated to adjust the effective depth of ROI.

Literatures addressing the issue of bone callus density
changes at different stages throughout DO treatment were
found to be sparse. Instead, a researcher-defined equation was
established, which assumed that SoS¢, exponentially increased
throughout DO treatment and correlated with the reflection
coefficient of the callus (R.,), the ratio between the maximum
amplitudes of the acoustic reflections obtained from callus at
the measurement time point and the planar steel plate. The
equation was defined as:

(Rt ~Reyr)

SOscal = Soscor *e For (1)
where SoS., was the speed of sound of the cortical bone
measured in the transverse direction and assumed to be 3.44
mm/us [18]; and R, was the reflection coefficient of the
cortical bone, the ratio between the maximum amplitudes of the
acoustic reflection obtained from the tibial cortical segments on
day 7 (i.e. before the distraction) and the planar steel plate.

The development of this equation was based on the
exponential increment of the callus acoustic impedance during
DO treatment [19].

iv.Integrated Reflection Coefficient (IRC) Calculation

The signal region for measuring callus IRC was 0.5 mm up
and downstream of the largest value in each RF signal (i.e.
around two wavelengths of the reflected signal), with the
largest value within the first-half of ROI (i.e. 3.0 mm depth).
Signals in this region were gated by the same size of the
hamming window. After the zero-padding to 512 points, the
Fast Fourier transform (FFT) was conducted on the signals to
give the power spectra. The power spectrum of each
independent line was divided by the reference spectrum. The
system-corrected spectra of the independent lines then

logarithmically transformed to obtain the reflection spectra R(f).

IRC (dB) was defined as:
1

IRC=——
foox — T

[ R(f)df @)
where fin =4 MHz and f,., = 8 MHz. In the end, IRC values of
independent lines were averaged.

v. Integrated Attenuation (1A) Calculation

All RF signals in the ROI were used to calculate IA.
However, SoS., influenced the effective depth of ROI for
calculating IA. A ratio (Rs) between SoS, (i.e. 1.54 mm/ps) and
SoS.. Was used to adjust this effective depth (i.e. 6.0 mm*Ry).
Such adjustment assumed that SoS¢, was homogenous in the
bone callus.

A hamming window with an adjusted effective depth (i.e. 1.8
mm*R;) was used to gate the signals from the point of entry to
the point of exit of the ROI with a 50% overlapping between
two consecutive windows [20, 21]. According to the window
selection principle, six short signals in different depths were
obtained from each independent line. FFT was performed to
obtain the power spectra and were further divided by the power
spectra of the reference signals at the corresponding depths,
which were gated by the same size of the hamming window.
After the system correction, spectra from independent lines
with the same depth were averaged. The six averaged power
spectra were then logarithmically transformed and regressed by
the propagation distance. A (dB/mm) was defined as:

1

IA= ﬁjf“ a(f)df (4)

min
where finand fa were 4 and 8 MHz, respectively and a (f)
(dB/mm) is attenuation coefficient from 4-8 MHz.

max

vi. Integrated Backscattering (IBSc,) Calculation

After calculating IRC, the rest of the RF signals in the ROI,
which was a sub-region of a 5 mm depth, were used for
evaluating the callus IBS,,. Since the effective depth of the
sub-region was affected by So0Sc,, Rs was used to adjust the
effective depth (i.e. 5.0 mm*R;). RF signals in this sub-region
was gated using a same size hamming window and zero-padded
to 512 points. After FFT of the signals, the power spectrum of
each independent line was divided by the reference spectrum,
which was gated by the same size of the hamming window. The
system-corrected  spectrum was then logarithmically
transformed to obtain the backscatter spectrum B(f).
Uncorrected IBS (IBSyncorr, dB) was defined as:

1 friax
IBSuncorr - fmax . fmin mem B(f)df (5)

where fpni, and fh were 4 and 8 MHz, respectively. To
eliminate the effect from the acoustic reflection of the callus,
corrected IBS (IBScr, dB) was calculated as:
_ IBSuncorzr (6)

IBScorr - 1-R

cal

IBS¢orr Values of independent lines were ultimately averaged.

2. UCT Study

Dissected bone callus specimens were thawed at room
temperature before pCT (vivaCT40, Scanco Medical,
Switzerland) scanning. The density calibration of the pCT
machine was obtained weekly by scanning a hydroxyapatite
(HA) phantom provided by the system manufacturer.

A set of 640 contiguous axial tomographic images including
the callus and tibial cortices were taken at an isotropic
resolution of 21 pm. The scanning profile was set as 70kVp and
114mA with an integration time of 34 minutes. 2D tomograms,
containing the bone callus, were divided equally into three
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portions at its distal, middle and proximal regions, which were
then compared with the respective regions segmented in US
measurement.

Images were semi-automatically contoured to define the
outer boundary of bone callus. A Gaussian filter with a support
in 1.0 and sigma in 1.2 was applied to reduce image noise [22].
According to previous literature, a fixed global threshold in 200
was used to differentiate the mineralized and non-mineralized
tissues in the consolidated bone callus [23, 24]. The binarized
images were volume rendered as a 3D image and
morphological data of bone callus were evaluated by a default
iteration program (Scanco Medical, Switzerland). The bone
tissue density (Mat.Den), trabecular number (Th.N), thickness
(Th.Th) and separation (Tb.Sp) of the consolidated callus were
evaluated (See Appendix 1 for the explanation of pCT
parameters).

D.Data Analyses

The longitudinal ultrasonographic images were interpreted
regionally and temporally.

The reliability of acoustic parameters was measured by
intra-class correlation (ICC) coefficients with 3 US L-scan
trials at each measurement time point. These parameters were
also reported as Mean+SEM and presented graphically.

The Shapiro-Wilk normality test was performed on all data
before using a parametric test. The trend analysis of the
one-way repeated measure analysis of variance (ANOVA) was
conducted on the regional acoustic parameters in two phases of
DO treatment, from day 13 to day 26 (i.e. in the distraction and
early consolidation phases) and from day 26 to day 47 (i.e. in
the late consolidation phase).

UCT data were also reported as Mean+SEM. The stepwise
multiple regression analysis was performed on uCT data of the
consolidated bone callus with the acoustic parameters of the
growing callus evaluated during DO treatment.

All statistical tests were conducted by SPSS 17.0 (SPSS Inc.,
USA) and the significant level of all tests was set at p-value =
0.05.

Ill. RESULTS

A. Ultrasound Study-Qualitative Evaluation

In US L-scan images (Fig. 3), the anterior distal and
proximal tibial cortices were recognizable as a “double
hyper-reflecting layer”, a characteristic for confirming the size
of the distraction gap.

Comparisons were made among the US images and the
echogenicity of bone callus was increased regionally and
temporally. On day 10, ecohgenic specks were randomly
distributed in the distraction gap. With a further tibial
lengthening, echogenic streaks were observed on the anterior
superficial surface of bone callus, which had an increase in
their echogenicity. On day 16 and day 19, those streaks became
echogenically broader in the distal and proximal regions.

Nevertheless, echogenic streaks were still not bridged together
on day 19.

On day 26, however, the discontinuity of bone callus
disappeared and a hyper-echogenic line started to develop at
the anterior part of the distraction gap. On day 33, the
reverberation of bone callus occurred at the posterior part of the
callus due to its multiple ultrasound reflections. On day 47, a
flat hyper-echogenic surface with a broadened reverberatio line
was observed at the distraction gap.

Meanwhile, tibial cortical ends could still be identified on
day 33 but the accuracy of the gap measurement was largely
reduced on day 40 and day 47.

Day 10
3 mm

Day 13
6 mm

Day 16
9 mm

Day 19
12 mm

Distraction

Day 26 Day 33 Day 40 Day 47
1" Con wk 2"%Con wk 3Con wk 4" Con wk

Consolidation

Fig. 3 Systemic comparison of representative longitudinal ultrasonographic

images during DO treatment; ‘D’ and ‘P’ indicates the distal and proximal tibia,

respectively. White arrow indicates the location of the bone callus. # indicates

the location of the callus reverberation. ‘3 mm’ means the tibia is distracted with

a 3 mm gap distance and so on. ‘1* Con wk’ means the first week of
consolidation and so on.

B. Ultrasound Study-Quantitative Evaluation

(Inthis section, data are presented in the following regional priority, e.g. (a) day
13 (6 mm), data in distal, middle and proximal callus regions)

A small distraction gap in the early distraction period caused
a serious signal basis in US measurement; hence, all signals
collected on day 10 were only used for the graphical
presentation of bone callus. Except day 10, the callus was
equally divided into three regions based on its respective
distracted length at the measurement time point and used for
regional and temporal comparison.

i. Reliability of Acoustic Parameters

Most ICC values of the acoustic parameters were higher than
0.8 during distraction except SoS., and IRC of the middle
region on day 13 (ICC = 0.53-0.68).

During the consolidation period, most ICC values of acoustic
parameters were higher than 0.7. However, ICC values of IA
measured in the middle region were relatively lower on day 33
and day 40 (ICC = 0.43-0.54) (Table I).
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TABLE |
ICC OF ALL ACOUSTIC PARAMETERS MEASURED DURING
DO TREATMENT
a)
ICC Distraction Period Consolidation Period
505: Day 13 Day 16 Day 19 Day 26 Day 33 Day 40  Day 47
Distal 0.993 0.974 0.905 0.916 0.896 0.691 0.76
Middle 0.684 0.879 0.931 0.931 0.928 0.844 0.752
Proximal  0.976 0.951 0.91 0.816 0.813 0.866 0.839
b)
ICC Distraction Period Consolidation Period
IRC Day 13 Day 16 Day 19 Day 26 Day 33 Day 40  Day 47
Distal 0.968 0.93 0.952 0.941 0.964 0.858 0.974
Middle 0.536 0.837 0.929 0.732 0.874 0.917 0.92
Proximal  0.899 0.935 0.973 0.829 0.76 0.847 0.858
c)
IcC Distraction Period Consolidation Period
1A Day 13 Day 16 Day 19 Day 26 Day 33 Day 40  Day 47
Distal 0.967 0.98 0.961 0.853 0.822 0.751 0.889
Middle 0.855 0.847 0.84 0.857 0.541 0.43 0.784
Proximal  0.808 0.92 0.928 0.911 0.5 0.65 0.958
d)
ICC Distraction Period Consolidation Period
1BScorr Day 13 Day 16 Day 19 Day 26 Day 33 Day 40  Day 47
Distal 0.988 0.946 0.934 0.881 0.796 0.805 0.972

Middle 0.992 0.941 0.984 0.815 0.902 0.935 0.951
Proximal  0.976 0.975 0.982 0.983 0.931 0.977 0.892

ICC values were calculated from 3 trialsand n = 7.

ii. Speed of Sound of Callus (S0Sc,|)

The means of SoS, in three callus regions during distraction
were: (a) day 13 (6 mm), 1.65+0.09, 1.61+0.03 and 1.67+0.08
mm/us; (b) day 16 (9 mm), 1.68+0.11, 1.58+0.04 and
1.66+0.06 mm/ps; (c) day 19 (12 mm), 1.83+0.17, 1.69+0.10
and 1.79+0.13 mm/ps.

After the distraction period, the means of SoS., were: (a) day
26 (1St Con wk), 2.22+0.17, 2.15+0.16 and 2.24+0.13 mm/ys;
(b) day 33 (2" Con wk), 2.54+0.20, 2.53+0.23 and 2.77+0.21
mm/us; (c) day 40 (3 Con wk), 2.81+0.20, 2.54+0.16 and
2.50+0.22 mm/ps; (d) day 47 (4" Con wk), 2.41+0.22,
2.46+0.19 and 2.52+0.22 mm/ps.

Compared with the means of SoS,, in the three regions on
day 13, there were 34.5, 33.5 and 34.1% increases on day 26,
and 46.1, 52.8 and 50.9% increases on day 47 (Fig. 4).

iii. Integrated Reflection Coefficient (IRC)

The means of the IRC distraction were: (a) day 13 (6 mm),
-38.80+2.55, -37.32+1.16 and -36.38+1.49 dB; (b) day 16 (9
mm), -38.44+2.94, -39.82+1.82 and -35.59+1.55 dB; (c) day 19
(12 mm), -36.39+3.52, -38.86+3.33 and -34.89+2.91 dB.

In the consolidation period, the means of IRC were: (a) day
26 (1% Con wk), -27.44+1.81, -28.08+1.75 and -26.41+1.30
dB; (b) day 33 (2™ Con wk), -24.80+2.35, -24.25+1.74 and
-21.74+1.65 dB; (c) day 40 (3™ Con wk), -23.22+1.92,
-23.98+0.97 and -25.30+2.06 dB; (d) day 47 (4™ Con wk),
-25.96+2.07, -25.21+1.87 and -24.58+2.13 dB.

Compared with the means of IRC in the three regions on day
13, there were 29.3, 24.8 and 27.4% increases on day 26, and
33.1, 32.4 and 32.4% increases on day 47 (Fig. 5).
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Fig. 4 Regional comparison of SoS during DO; results were reported as
Means+SEM, n =7
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Fig. 5 Regional comparison of IRC during DO; results were reported as
means+SEM, n=7
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iv.Integrated Attenuation (1A)

The means of 1A during distraction were: (a) day 13 (6 mm),
3.32+0.95, 3.72+0.76 and 4.27+0.81 dB/mm; (b) day 16 (9
mm), 4.06+1.65, 3.06+0.68 and 5.80+0.86 dB/mm; (c) day 19
(12 mm), 5.70+1.54, 3.37+0.62 and 7.02+1.40 dB/mm.

The means of IA in the three regions during the
consolidation period were: (a) day 26 (1% Con wk), 10.08+1.61,
8.37+1.35 and 12.23+1.40 dB/mm; (b) day 33 (2" Con wk),
13.78+1.51, 12.50+1.43 and 15.06+1.17 dB/mm; (c) day 40
(3" Con wk), 16.05+0.37, 12.67+0.59 and 12.85+0.80 dB/mm;
(d) day 47 (4" Con wk), 13.80+1.54, 14.49+154 and
13.91+1.37 dB/mm.

Compared with the means of regional IA on day 13, there
were 225.3, 125.0 and 186.4 % increases on day 26, and 315.7,
289.5 and 225.8% increases on day 47 (Fig. 6).

v. Integrated Backscattering (IBScor)
The means of IBS., in the three callus regions during
distraction were: (a) day 13 (6 mm), -45.82+2.45, -46.63+2.72
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and -47.07+2.54 dB; (b) day 16 (9 mm), -47.43+1.28,
-45.30£1.92 and -50.42+2.52 dB; (c) day 19 (12 mm),
-48.86+2.33, -46.70+3.30 and -52.12+3.09 dB.

In the consolidation period, the means of IBS.,; were: (a)
day 26 (1% Con wk), -52.57+1.04, -52.43+1.26 and
-52.68+2.29 dB; (b) day 33 (2™ Con wk), -53.07+1.04,
-52.43+1.26 and -54.07+1.10 dB; (c) day 40 (3 Con wk),
-53.07+0.93, -53.91+0.90 and -53.81+1.54 dB; (d) day 47 (4"
Con wk), -53.96+2.11, -54.35+1.94 and -53.94+1.74 dB.

Compared with the means of regional IBS,,, on day 13, there
were 5.5, 0.6 and 11.9% decreases on day 26, and 17.8, 16.6
and 14.6% decreases on day 47 (Fig. 7).
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Fig. 6 Regional comparison of IA during DO; results were reported as
Means+SEM, n=7
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Fig. 7 Regional comparison of IBSc, during DO; results were reported as
Means+SEM, n=7

vi.Trend Analysis in US Study

All parameters were tested and normally distributed (p >
0.05). SoS¢, IRC and IA in the distal, middle and proximal
regions of the bone callus showed a significant trend increase
between day 13 and day 26 (p < 0.005). However, IBS;
showed no significant trend in this period (p > 0.05).

In the late DO phase, significant trend patterns of SoS.,, IRC
and 1A were not observed in all three regions (p > 0.05).
Except the proximal region, IBS, in the distal and middle
regions had significant trend decreases in the late consolidation
period (p < 0.05). Meanwhile, IA in the middle region still
increased significantly in the consolidation period (p = 0.047)
(Table 2).

TABLE Il
TREND ANALYSIS OF RADIOGRAPHIC AND ACOUSTIC
PARAMETERS DURING DO TREATMENT

“Early DO phase

“*Late DO Phase

p-value Distal Mid Proximal Distal Mid Proximal
USL-scan So0Sy  0.013% 0.015% 0.011% 0.206 0.219 0.505
IRC  0.009%*%  0.002*%*  0.004** 0.476 0.234 0.818
1A 0.002%*  0.005%* 0.001** 0.054 0.047* 0.581
IBS,,. . 0.273 0.86 0.125 0.020* 0.008%* 0.731

Linear trend analysis of One-way Repeated Measure ANOVA was performed,
p <0.05 *, <0.01**, <0.001***; ~Early DO phase referring days from day 13 to
day 26 (6 mm - 1% Con wk); ~Late DO phase referring days from day 26 to day
47 (1% Con wk- 4™ Con wk).

C.uCT Study
i. Morphological Properties of Consolidated Callus

Table 3 shows the micro-structural parameters of the callus
on day 47. By one-way ANOVA, there were no significant
differences among the regional uCT data (p > 0.05).

TABLE Il1
HMCT DATA OF CONSOLDIATED CALLUS ON DAY 47

Region Mat. Den. Th.N Th.Th Th.Sp
Distal Mean 682.17 3.35 0.23 0.52

SEM 15.30 (.60 0.01 0.15
Middle Mean 664,48 3.72 0.23 042

SEM 11.91 0.56 0.01 0.11
Proximal Mean 711.31 2.63 0.25 0.70

SEM 18.07 0.49 0.01 0.16

Results were reported as Means+SEM, n = 7. One-way ANOVA was performed
but there was no significant difference among data.

ii. Regression Between pCT of Consolidated Callus
And Acoustic Parameters of Growing Callus During
DO Treatment

Values of multiple correlation coefficients (R) lower than 0.6
were considered relatively weak correlations [25] (not shown
in Table 4).

S0Sy measured on day 16 during distraction period had
already shown moderate to strong correlations with Th.Th and
Mat.Den of consolidated bone callus (R > 0.6, p < 0.01). On
day 19, IA even showed higher correlations with Tb.Th and
Mat.Den (R > 0.7, p < 0.001), and this contributed to about
50% variance in both structural properties of consolidated
callus.

The correlations of SoS., and IA with pCT data were
reduced during consolidation, which were lower than 0.6 (not
shown in Table 4). Instead, IBS., measured in the late DO
phase became more significantly correlated to the structural
properties of consolidated callus, which were Th.Th, Th.Sp and
Mat.Den on day 40 (R > 0.68, p < 0.01). IBS,, also contributed
to 47-51% variance in these structural properties of
consolidated callus (Table 1V).
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TABLE IV
PREDICTION OF CONSOLIDATED CALLUS PROPERTIES AT THE END
OF STUDY (Day 47) BY ACOUSTIC PARAMETER AT DIFFERENT
MEAUREMENT TIME POINTS

uCT parameter Protocol Day Predictor R R2
To.N Day 26 (1st Con wk) 1A 0.626** 0.392
Tb.Th Day 16 (9 mm) SoS.u 0.656** 0.430
Day 19 (12 mm) 14 0.702*** 0.493
Day 40 (3rd Con wk) 1BScr 0.711%** 0.506
Tb.Sp Day 40 (3rd Con wk) 1BScr 0.717%** 0514
Mat.Den Day 16 (9 mm) SoS.u 0.632** 0.399
Day 19 (12 mm) I4 0.71*** 0.504
Day 26 (1st Con wk) IBScn 0.683%= 0.466
Day 40 (3rd Con wk) IBScr 0.687** 0472

Regression was performed with the regional uCT on day 47 and acoustic data at
different measurement time points. Regional acoustic data on the same
measurement time point were pooled together in the calculation of the
regression. Only the correlations with R> 0.6 and p <0.05 were reported; p
<0.05 *, <0.01**, <0.001***

IV. DiscussioN AND CONCLUSION

Previous histological studies have found that bone callus
grows in a characterized regional pattern during the early DO
phase [14, 16, 17]. If this growth pattern can be detected in-vivo
as early as possible during DO treatment, it may serve as a
biomarker for recognizing unfavourable treatment conditions
such as delayed union or premature consolidation [16]. In light
of this, the present study evaluated the effectiveness of
ultrasound imaging in monitoring normal bone callus growth in
a rabbit tibial DO model.

In the early distraction phase, a distinct amount of regional
mineralization of bone callus was revealed by echogenic
signals in the longitudinal US images. On day 16 and day 19,
the appearance of a well-defined superficial surface was
observed in the distal and proximal regions but not in the
middle region (Fig. 3). This indicated that the bone callus was
growing from the proximal and distal host bone surfaces
(HSBs) towards the centre of the distraction gap. Such
ultrasonographic observation could be explained by the
mechano-biology during distraction. Under  the  external
tensile loading, there was a high strain-rate in the middle region
of bone callus. This high mechanical strain stimulated
fibroblasts to continuously produce collagen fibers and
suppressed differentiation between osteoprogenitor cells and
active osteoblasts, which further restrained bone mineralization
in the middle region [26]. However, the strain level on the
proximal and distal sides of the distraction gap was much
lower, creating a more favourable condition for osteoblasts to
ossify the callus at the distal and proximal regions [27, 28].
Because of these cellular responses, the ultrasonographic
characteristic pattern found in the present study reflected a
higher mineralization at the proximal and distal regions of the
callus than that in the middle region. This undulating
mineralization pattern was concurred with the previous
histological and CT studies during distraction, which classified
the bone callus into several zones based on their tissue

structures and degrees of bone mineralization, respectively [16,
17].

In the consolidation phase, the rapid increase in bone callus
surface density and the callus bridging caused a strong
reflection of the ultrasound wave (Fig. 3), thus greatly
restricting the ultrasonographic demonstration of bone callus
condition. Nevertheless, the appearance of callus reverberation
observed in B-mode images supports that the callus density
increases during consolidation.

Conventional semi-quantitative scoring on the bone callus
condition in B-mode images is a subjective interpretation based
on the clinician’s experience [29]. In the present study,
however, the acoustic parameters are directly measured from
the RF signals reflected by bone callus, which allows for a more
objective evaluation. Previous study reported that the low bone
density of the early callus growth could not be detected by
conventional plain radiography unless there was a 40% change
in its radiodensity during the consecutive radiographic
measurement [14]. But SoSg, IRC and IA measured in the
three callus regions showed significant trend increases over
time during early DO phase of this study. The increase of IRC
reflects an increase of the callus surface density while the
increase of SoS., and 1A indicates the growth of callus density
and its internal structure (e.g. trabecular bone). Besides, during
the consolidation phase, there were significant trend decreases
in IBSc; Of the distal and middle callus regions in the late DO
phase. Because of significant increase of callus material density
and the callus bridging, strong ultrasound reflection caused a
large reduction of ultrasound backscattering from the internal
bone structure, which resulted in the decrease of 1BSg, during
consolidation. These findings indicate that the acoustic
parameters are more sensitive than radiographic density to bone
callus changes. This can help with examining the effectiveness
of pharmacological [10] and non-pharmacological promotion
[24] of bone regeneration during DO treatment.

The healing bone strength is determined by its material
density and microstructure [30] and is an important outcome
parameter of the DO treatment. In this study, there were
moderate to strong correlations of SoSg, and IA measured
during distraction with the micro-architectural properties of
consolidated bone callus (R = 0.6-0.7). S0S., and 1A measured
during this phase contributed to about 40-50% variance of the
structural properties of consolidated callus. However, during
the late consolidation phase, the predictive power of SoS, and
IA on the structural properties of consolidated bone callus was
largely reduced. Instead, 1BSg, measured at the late DO phase
became more correlated with the consolidated callus structural
properties (R = 0.6-0.7) and IBS,, accounted for 47-51% of
such variance. Such prediction offered by the acoustic
parameters may aid in the evaluation of the prognosis of the
treatment.

To conclude, the present study successfully demonstrates
that our US method can provide a repeatable qualitative and
quantitative assessment on normal bone callus growth during
DO treatment, especially in the early phase. Because of its
non-ionizing property and predictive power for end point callus
density and structural properties, this US method should be
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further validated for clinically monitoring the bone

regeneration of DO patients.
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APPENDIX

Appendix | shows the explanation of uCT parameters used
in this paper.

APPENDIX |
EXPLANATION OF uCT MICRO-ARCHITECTURE PARAMETERS
Abbreviation Variable Description Standard unit
Mat.Den Callus mineral density Mineral density of the segmented
callus volume mg/cc of HA
Tb.N Trabecular number Measure of the average number of trabeculae mm!
per unit length (by direct 3D method)
Mean thickness of trabeculae
Th.Th Trabecular thickness (by direct 3D method) mm
Mean distance between trabeculae
Th.§ Trabecular separation v direct 3D method mm
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