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Abstract

Correct assessment of the bone healing process is required for the management of limb
immobilization during the treatment of bone injuries, including fractures and defects. Although
the monitoring of bone healing using ultrasound poses several advantages regarding cost and
ionizing radiation exposure compared with other dominant imaging methods, such as radiography
and CT, traditional ultrasound B-mode imaging lacks reliability and objectivity. However, the
body structures can be quantitatively observed by ultrasound frequency-based methods, and
therefore, the disadvantages of B-mode imaging can be overcome. In this study, we created a
femoral bone hole model of a rat and observed the bone healing process using the quantitative
ultrasound method and micro-CT, which provides a reliable assessment of the tissue
microstructure of the bone. The current study analyzed the correlation between these two
assessments. The results revealed that the quantitative ultrasound measurements correlated with
the CT measurements for rat bone healing. This ultrasound frequency-based method could have
the potential to serve as a novel modality for quantitative monitoring of bone healing with the

advantages of being less invasive and easily accessible.

Impact statement

Bone healing monitoring with ultrasound is advantageous as it is less invasive and easily
accessible; however, the traditional B-mode method lacks reliability and objectivity. This study
demonstrated that the proposed ultrasound frequency-based monitoring method can quantitatively
observe bone healing and strongly correlates with the CT measurements for rat bone healing. This

method has the potential to become a reliable modality for monitoring bone healing.



Introduction

Bone injuries have to be stabilized with a brace or casting, or through external fixation, during
treatment; moreover, in the case of internal fixation, injured limbs are subjected to limited joint
motion and weight bearing until they achieve union.! Although limb immobilization is essential
for treatment, prolonged immobilization period negatively effects joints, muscles, and bones by
reducing the range of joint motion, creating joint contractures, and inducing muscle atrophy
and bone loss, thus increasing the gross individual, social, and economic costs related to the
treatment of bone injuries.>* Therefore, the duration of treated limb immobilization must be
minimized to reduce the stated losses. Moreover, the process of bone healing requires correct
assessment for the management of limb immobilization. In addition to patients’ complaints and
physical examinations, radiography and computed tomography (CT) examinations enable doctors
to appropriately judge the healing status of the bones. Although radiography and CT are dominant
modalities of imaging for monitoring bone healing, their high cost and ionizing radiation exposure
cannot be ignored.> ¢

Ultrasound assessment has emerged as a promising modality for monitoring bone healing’ and
presents several advantages, such as providing real-time images and being portable for bedside
procedures, unlike other dominant imaging methods, such as radiography and CT. In addition, it
is substantially inexpensive compared to other imaging modalities and does not use harmful
ionizing radiation.® Ultrasound has long been used as a tool to detect the presence of fractures in
situations where radiographic findings are inconsistent with clinical signs, such as occult fractures
and stress fractures.’ Since the 1990s, ultrasound has been tested as a tool for monitoring callus
progression and detecting union. However, it has not been widely used for this purpose, which is

possibly due to the main method of producing the ultrasound images—the B-mode, a conventional



ultrasound imaging method that provides a morphologic assessment of the body for clinical use.!°
As a part of the returned echo signal data is processed, two-dimensional images are created on a
display composed of bright dots. Doctors can obtain information only based on the location and
brightness of the dots from images that do not reflect the histological features of the structure in
the body, such as the extent of progression of bony callus calcification. Consequently, such limited
and subjective information do not assist in the accurate judgment of healing bones. Therefore, B-
mode imaging cannot be deemed as a reliable and suitable method for monitoring bone healing.
In recent years, quantitative ultrasound methods have been developed to assess tissue
microstructure that can increase the specificity of image findings.!'"'* Quantitative ultrasound
involves the extraction of a set of possible parameters from the ultrasound radiofrequency signals
after its propagation through the biological tissue, such asthe speed of sound, broadband
ultrasound attenuation coefficient, backscattering coefficient, and mean scatterer spacing.'’
Successful clinical and pre-clinical applications that demonstrate the ability of quantitative
ultrasound in improving medical diagnostics include characterization of the myocardium during

6 cancer detection, classification of solid tumors and lymph nodes,!” and

the cardiac cycle,'
detection and quantification of fatty liver diseases.!® Thus, the quantitative ultrasound observation
of bone healing is advantageous over the conventional B-mode imaging method in terms of
reliability and objectivity. In addition, it has the potential to emerge as a useful modality for
monitoring the bone healing process. However, only few studies have analyzed the effectiveness
of this method on bone healing.'” ?* Therefore, we hypothesized that the bone healing process can
be monitored quantitatively with ultrasound radiofrequency signal observation. The purpose of

this study was to observe a bone healing process in the animal model through quantitative

ultrasound and micro-CT, which serve as a reliable and quantitative assessment of the bone tissue



microstructure, and to analyze the correlation between these methods. Thus, we employed a rat
bone hole model, which demonstrates a standardized basic bone healing process that is commonly

observed in several types of bone injuries.



Methods

Twelve male Sprague—Dawley rats were used in this study. A transcortical 2-mm non-critical
drilled bone hole defect was created bilaterally in the middle of the femur diaphysis based on
Keibl’s method [Fig. 1].2! These rats were randomly separated into three groups of 2 weeks, 3
weeks, and 4 weeks from the time of surgery. The rats’ bilateral femurs were harvested at each
time point. Ultrasound measurement, micro-CT measurement, frequency analysis, and histological

assessment were performed on them. Details of each examination are presented below.

Experiment

Experimental Design
Animal model

All protocols of this study were approved by the Animal Ethics Committee of Kobe University.
This study used 12 male Sprague—Dawley rats (Japan SLC Inc., Hamamatsu, Japan) aged 12 weeks
and weighing 413.0-423.8 g. The femoral bone hole model was created based on Keibl’s method
[Fig. 1]. The rats were anesthetized with intraperitoneal injection of medetomidine (0.15 mg/kg),
midazolam (2 mg/kg), and butorphanol (2.5 mg/kg). Their hair was shaved, and a longitudinal skin
incision was made on the lateral aspect of both femurs. A transcortical 2-mm non-critical drilled
bone hole defect was created under sterile conditions bilaterally in the middle of the femur
diaphysis. Normal saline solution was dripped onto the drilling site to prevent heating during
drilling. After creating a bone hole, the skin was closed with a nylon suture. Benzylpenicillin
potassium (100 thousand units/kg) was injected intramuscularly as an antibiotic agent post-
operation, and the hind legs were loaded immediately after surgery without any movement

restriction. All rats were housed separately in standard cages with temperature control (20-23 °C),



and food and water were provided ad libitum. These rats were randomly separated into three groups
of 2 weeks, 3 weeks, and 4 weeks from the time of surgery, after which the animals were
euthanized with an overdose intraperitoneal injection of pentobarbital sodium. After euthanization,
the rats’ bilateral femurs were harvested and stored in 4% formaldehyde solution for analysis.
Three legs from the 2-weeks group, two legs from the 3-weeks group, and one leg from the 4-

weeks group were excluded from analysis because of infection, fracture, or death.

Ultrasound measurement

The ultrasound data acquisition system was used in this study, where an ultrasound single probe
was employed with broadband ultrasound wave of a center frequency of 5.0 MHz and point focus
of 50 mm (B5K10IPF50) [Fig. 2].22 The ultrasound pulser/receiver transmitted signals for an
ultrasound probe that emitted ultrasound waves. Each of them reflected the ultrasound waves, and
the pulser/receiver detected and input them into an analog/digital (A/D) converter, PicoScope
5242A (Pico Technology Limited, Cambridgeshire, UK). The ultrasound waveform data were sent
to a personal computer through the A/D converter with a sampling interval of 1 ns. The Fourier
transform was performed by applying a Hamming window to every echo signal in MATLAB
R2020a (MathWorks, Natick, MA, USA). The ultrasound probes used in this study exhibited a
frequency of 5.0 MHz and wavelength of 300 um in a medium with a wave speed of 1500 m/s
(e.g., water at 25 °C). The experiment was performed using the harvested rat bones discussed
earlier. The experimental results were obtained by evaluating the reduction in frequency and

magnitude of the reflected waves for confirming that the reflected waves emanated from the hole.

Micro-CT measurement



The new bone formation on the harvested femurs of each group was quantified by performing
micro-CT (R_mCT2 FX, Rigaku Corp, Tokyo, Japan). The region of interest was set at 10 mm
including the drilled hole. In addition, the mean CT values at the hole and bone surface were

calculated.”?

Frequency analysis

The transfer function G[w] uses the cross spectrum of the input and received waves. X[w] and
Y[w] are the input and output frequency responses, respectively, and X[o] is the conjugate complex
number of X[w]. In our experience, X[w] expresses a frequency response from the flat surface of a
silicon, and Y[w] expresses each frequency response from the rat bone.?*

The transfer function was calculated using Equation (1).

G[w]| = [X[w]Y[w]|/X[w]X[w]) (D

The correlation between the frequency components of the two signals was high when the cross
spectrum exhibited a large value at a certain frequency. To estimate frequency behavior, the spectral
center of gravity (COG) was used as a measure for how high the frequencies in a spectrum were on
average [Fig. 3]. The current study was designed to evidently establish that the degree of bone

fracture healing correlated with the frequency.

Histological assessment

A histological assessment of the bone healing process was performed on the drilled hole. The
harvested femurs were fixed in 4% paraformaldehyde at room temperature (21-26 °C) for 24 h.
Thereafter, the femurs were decalcified at room temperature with a decalcifying solution

(composition: 10% formic acid and 10% formalin in 1:1 ratio) and embedded in paraffin wax.



Lastly, the femurs were processed to produce 5-um-thick sagittal sections using a microtome. The
sections were deparaffinized in xylene, dehydrated with graded alcohols, and stained with

safranin-O and fast green to determine the detailed histological structure.?

Statistical analysis

The parameters among the 2-, 3-, and 4-weeks groups were compared using one-way factorial
analysis of variance (ANOVA), followed by post hoc analyses using the Tukey—Kramer test. All
data are presented as the mean =+ standard deviation. The P values were two-sided, and P < 0.05 was
considered to indicate a statistically significant difference. The statistical analyses were performed

using JMP Pro 14.2 (SAS Institute Inc., Cary, NC, USA).

Experimental Results

Correlation between ultrasound measurement and bone mineral density
The relationship between the mean CT values from micro-CT measurements of the hole surface
and the ultrasound frequencies from the proposed system is depicted in Fig. 4, where the samples
in each group are plotted with different markers. As observed, a strong positive correlation existed
between the ultrasound measurements and the mean CT value with a correlation coefficient of

0.719.

Frequency analysis
In this subsection, all the data from the 2-, 3-, and 4-weeks groups were analyzed, and the
frequencies of these three groups are listed in Table 1. The frequencies were significantly higher in

the 4-weeks group than those in the 3- and 2-weeks group (4-weeks group: 4.44 + 0.33 MHz, n =



7; 3-weeks group: 4.06 = 0.16 MHz, n = 6, p < 0.05; 2-weeks group: 3.82 + 0.25 MHz,n=5, p <
0.005) [Fig. 5]. There was no significant difference between the femurs of the 2- and 3-weeks
groups.

In addition, the 4-weeks group exhibited a higher mean of frequencies than the 2- and 3-weeks
group, and it produced a result that met the criterion for fracture healing degree. Moreover, the
waveforms were analyzed to accurately determine the frequency difference of the response. The
single regression analysis confirmed a significant association between the frequency and CT values.

Furthermore, these results provided data that are useful for demonstrating our hypothesis.

Histological assessment

After 2 weeks, the newly formed bone tissue comprised a network of woven bone in the created
bone hole space. After 3 weeks, the amount of bone tissue in the cortical region increased from
that at 2 weeks, and more lamellar bone was present. Moreover, the bone tissue in the marrow
space had mostly disappeared. The cortical bone was widely restored at 4 weeks and most of the
bone tissue in the marrow space was resorbed. Furthermore, no cartilage tissue was observed in

the hole during the healing process [Fig. 6].



Discussion

In the current study, a rat femur-bone hole model was created, and its healing process was
observed under ultrasound and micro-CT to investigate the correlation between these two
assessment results. Consequently, a strong correlation was observed between the ultrasound
frequency value and the mean CT value.
The healing of the bone hole was observed histologically. Initially, the hole was filled with newly
formed woven bone tissue, which was thereafter replaced by the lamellar bone in the cortical area
that disappeared in the marrow area. The cartilage tissue stained with safranin-O was hardly
observed at any instant. Thus, only the intramembranous ossification was observed in our animal
model. Generally, bone healing with firmly fixation shows only intramembranous ossification, and
both intramembranous ossification and endochondral ossification are observed when the fixations
are not firm. As bone drill holes have no instability and are similar to firmly fixed fractures,
endochondral ossification was not observed in the current study. These findings are consistent with
those of previous reports.?6-2

Certain studies have investigated the possibility of monitoring fracture healing using ultrasound.
Nicholson et al. observed the bone healing process of clavicle fractures with ultrasound under
clinical conditions and reported appearance changes of hematoma, callus, and calcification on B-
mode images. Their results demonstrated that the hematoma appeared as a hypoechogenic (dark)
area on the ultrasound image after a fracture. Over time, this region transitions from an echoic
(totally dark) to increasingly hyperechogenic as calcification occurs, eventually producing a bright
boundary line similar to that of a cortical bone with a clear acoustic shadow.’ The study reported
that echogenicity alterations occur prior to the dense mineralization associated with mature

bridging callus on radiographs, which could enable earlier union detection and later display high



sensitivity and specificity for detecting bone union by B-mode imaging at 12 weeks. Although
their method can be useful for monitoring bone healing in clinical cases, they assessed the body
structure simply based on the brightness of dots on the display, such as “hypoechogenic,”
“echogenic,” “dark,” or “totally dark.” Thus, this method cannot be deemed with sufficient
objectivity and reliability to be used widely.?’ Similarly, Glinkowski et al. quantitatively monitored
human fracture healing of long bones with transmitted ultrasound.*® They placed a transducer
emitter and a receiver on each side of the fractured area and measured the propagation time of
ultrasound between them. As the ultrasound transmission velocity increased with time after injury,
they concluded that ultrasound measurement of bone union may support or modify clinical
decisions. This method would be adequately accurate for tibia, radius, or ulna fractures, but the
monitoring of small bone and metaphyseal and epiphyseal fractures would not be suitable with
this method. Moreover, transmitted ultrasound measurement of fractures could be applied only for
shaft fractures of long bones covered with a thin layer of soft tissues. The difficulty of the
assessment is in the definition of protocols as well as its reproducibility. On the contrary, the
current study investigated the reflected backscattered ultrasound. In addition, broadband
ultrasound single-probe testing reveals an inverse relationship between the frequency and diameter
of the columnar soft matter,>! which suggests that a lower frequency of the reflected backscattered
waveform was observed for the softer lines. Moreover, the cross-spectrum analysis used herein is
a standard method for determining the relationship between two time-series as a function of
frequency. As compared with the transmitted ultrasound by cross-spectrum analysis, this method
could be applied to a wider range of fracture types including small bone and metaphyseal and

epiphyseal fractures, and doctors are more familiar with this procedure for clinical use. Therefore,



the reflected backscattered signal assessment was considered to be the preferred method in terms
of the use of ultrasound for fracture monitoring.

In the current study, we used micro-CT measurements as a comparison to ultrasound signals. CT
provides quantitative and three-dimensional measurements of the structure and mineralization of
the fracture callus, and these measurements could potentially be related to callus stiffness and
strength, which are the most essential factors when fractured bones are judged for practical healing.
Morgan et al. compared several models of fracture healing in mice to determine the factors
observed with micro-CT that correlated with fracture strength. Fractured femora under various
conditions were selected to represent a wide range of healing. Furthermore, mechanical testing
revealed that torsional strength and rigidity correlated with callus mineral density as well as the
amount of callus that was mineralized.> Moreover, CT is one of the most reliable modalities for
monitoring callus tissue during the bone healing process and meets the requirements for
comparison with ultrasound signals in the current research.

The present study has certain limitations. First, we employed a bone hole model in the current
study, which does not represent all kinds of bone injuries. Although there are several patterns of
bone injuries, they have a similar pathology and healing manner.?% %34 It is hard to establish a
single animal model that standardizes all kinds of bone injuries; hence, we believe that the animal
model employed in this study is one of the best choices to observe basic bone healing process.
Only the intramembranous ossification could be observed in our animal model; therefore, models
that also show endochondral ossification, such as a fracture model with relatively loose fixation
like intramedullary nailing, are required for a more comprehensive observation. In addition, there
are differences between rats and humans, including body size, anatomic features, and biological

process in bone healing. Second, the ultrasound assessment of the bone hole was performed after



the removal of soft tissue to focus on bone and callus tissue. However, the soft tissue cannot be
ignored in clinical cases. In fact, most of the energy of ultrasound was transmitted through variable
amounts of soft tissue overlying the bone, which may lead to fluctuations in measurements.*’
Observations made without soft tissue removal or in a living state would highlight the influence
of soft tissue on ultrasound measurements for analysis. Third, it is highly possible that some
metallic implants used for fixation, such as plates, nails, and screws, are present near the bone
fracture area in actual clinical situations. Their influence on ultrasound measurements is inevitable
in such cases. This problem of artifacts from implanted devices is common in ultrasound
observations, as well as CT and MRI observations. Thus, it is crucial to recognize these artifacts
and avoid a misinterpretation of observations. Although the only way to eliminate the artifacts is
to remove implants, studies were repeatedly conducted by combining ultrasound devices, data
processing, and machine learning to reduce the influence of the artifacts.**** Fourth, in a clinical
situation, tissues at various healing stages and intact cortex exist intricately in an injured bone. We
could observe a tissue healing process at a small point and distinguish it from the surrounding
cortical bone through observations and data processing in this study; however, the same process is
required at every point in the area to be observed in actual patients. Addressing this problem to
make the approach useful for doctors in clinical practice would require efficient observations, data
integration, and data presentation. Thus, it is difficult to directly adopt the results of this study to
the clinical situation. Therefore, further investigations are necessary to make progress based on the
current study.

In conclusion, the ultrasound measurements correlated with the CT measurements on the rat bone
healing observation. Despite its limitations, this method has the potential to garner attention as a

novel modality for quantitatively monitoring bone healing as it is less invasive and more easily



accessible than commonly used radio-imaging modalities. However, further studies with closer
settings on actual patients and translational studies from animal to human are required before the

proposed ultrasound monitoring method can be used in future clinical practice.
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Table 1 Comparisons of frequencies between the 2 weeks group, the 3 weeks group, and the 4 weeks

group.
2 weeks group 3 weeks group 4 weeks group
N 5 6 7
Frequency [MHz] 3.82 £ 0.25%* 4.06 + 0.16* 444 + 033

Tukey-Kramer test P-value to the 4 weeks group in Frequency (¥p < 0.05, ** p <0.005).
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