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A B S T R A C T

Objective: To investigate the effects of ultrasound treatment on the healing of hip bone fractures using frequencies
of 0.5 MHz and 1.5 MHz with constant intensity (30 mW/cm2) at the fractured site.
Methods: For the ex vivo experiments, acoustic attenuations of 0.5 MHz and 1.5 MHz ultrasound were measured
and compared using different thicknesses of human cadaver and porcine tissues in a hydrophone system. For the
in vivo experiments, 20 hip-fractured rabbits were divided into four groups, namely: control, 1.5 MHz with
unchangeable intensity (positive control), 0.5 MHz with changeable intensity, and 1.5 MHz with changeable
intensity. For the 0.5 and 1.5 MHz groups with changeable intensity, a constant intensity of 30 mW/cm2 at the
fracture site was achieved using a compensation method for power transmission with reference to the acoustic
attenuation.
Results: The effective intensity measured using a hydrophone was substantially reduced to 6.16 mW/cm2 from 30
mW/cm2 in the positive control device after propagating soft tissues with a thickness of 5.0 cm, with an attenua-
tion of approximately 6.0 dB. Meanwhile, for the 0.5 and 1.5 MHz groups, the ultrasound intensity was consis-
tently controlled at 30 mW/cm2 after passing through tissues with different thicknesses using the compensation
method. In the in vivo study using a newly established hip fracture rabbit model, the best results in bone histo-
morphometry, mechanical properties, and histological evaluation were consistently found in the 0.5 MHz group,
while the 1.5 MHz group exhibited relatively better bone healing than the positive control group.
Conclusion: The results suggest a LIPUS frequency of 0.5 MHz together with the consistent intensity of 30 mW/cm2

at the fracture site for more effective treatment of hip bone fractures.
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Introduction

Hip fractures are life-threatening injuries for older people and are
treated as public health concerns in many countries [1]. The annual
global incidence of hip bone fracture is currently about 1.6 million [2],
which is estimated to increase to 6.26 million by 2050 [3]. Hip fractures
are usually the result of impact from falling, while factors such as smok-
ing, ethnicity, age, and medical conditions such as osteoporosis, may
weaken the bones, increasing their susceptibility to fracture on impacts.
The healing of hip fractures generally takes a long time whilst incurring
high medical costs [4], and there is an increased risk of fracture-related
complications due to the complex morphology of the hip bones. LIPUS
has been reported to be a safe and effective approach to accelerate the
bone healing process as it has been found to enhance bone healing at all
stages, specifically, the inflammatory, reparative, and remodeling stages
[5]. An FDA-approved, commercially available LIPUS device has been
used in previous studies on fracture healing. However, there have been
no investigation into the benefits of LIPUS for hip fractures. The effec-
tiveness of LIPUS in cases with deeper fracture sites (femur and
humerus) was found to be inferior compared with fractures in superficial
bones (tibia, fibula, radius, ulna) [6−8]. Fracture sites in the hip or ace-
tabulum are painful and take longer time to heal and can become a life-
long burden in elderly people. Since most studies have investigated
superficial bone fractures using LIPUS, the demonstration of whether it
is less efficacious in deeper fracture sites and how to make it more effec-
tive requires more investigation [9].

Commercial LIPUS devices use a fixed set of parameters with an
ultrasound frequency of 1.5 MHz, 20% duty cycle of burst wave pattern
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(200 µs on and 800 µs off) with a pulse repetition frequency of 1 kHz,
and spatial average temporal average (ISATA) intensity of 30 mW/cm2 10.
During the 1930s−1950s, the usage of ultrasound intensity ranging
from 5000 to 25000 mW/cm2 for bone fracture healing caused several
complications in the soft tissues, which led to the use of decreased ultra-
sound intensity (200 mW/cm2) [11−13]. Subsequently, numerous
human and animal studies reported that an intensity of 30 mW/cm2

accelerated both bone formation and reduction of healing time in fresh
fractures, delayed unions, and nonunions [10,14−19]. However, very
few studies have investigated its use for deeper bone fractures such as
the hip bone. Hence, we selected this intensity in the present study.
Ultrasound is an acoustic wave that can be attenuated with some energy
absorbed by soft tissues [20,21], determined by the attenuation coeffi-
cient α with unit dB/cm/MHz which is associated by the type of soft tis-
sue and ultrasound frequency [22]. Given this factor, it seems not to be
reasonable to use the same parameter setting of the commercial device
for deeper fractures where various soft tissues with different thicknesses
covering the bone.

In this study, a customized compensation method was applied to
maintain an acoustic intensity of 30 mW/cm2 at the fractured site by
referring to other uses of deeply targeted ultrasound stimulation, which
makes this as the first study to demonstrate the effect of ultrasound on
hip fractures in an animal model. The objective was not to identify the
best parameter but to demonstrate that LIPUS can be more effective by
compensating for the attenuation caused by the soft tissues covering the
fracture location, as well as by lowering the frequency from the conven-
tionally used 1.5 MHz to 0.5 MHz. In this study, the thickness of the soft
tissue was hypothesized to be the key factor affecting fracture healing
using LIPUS, and the effectiveness of fracture healing may be dependent
on the effective intensity (30 mW/cm2) of the LIPUS reaching the frac-
ture site. Hence, different thicknesses of human cadaver and porcine tis-
sues were first used to assess the attenuation of the ultrasound after
propagation through the tissues. Soft tissue immediately anterior to the
superior iliac spine and acetabular rim was collected from a human
cadaver, while and porcine tissues were collected from the thigh region
of the pig. The use of tissue samples from a human cadaver can help to
recognize actual changes in acoustic intensity in human tissues, while
the porcine tissues were used to evaluate changes in attenuation in dif-
ferent tissue thicknesses. According to previous studies, porcine tissues
have very similar properties to human tissues and have been widely uti-
lized in studies of musculoskeletal biomechanics [23]. In the present
study, a portable customized ultrasound stimulator was developed to
allow adjustments of ultrasound frequency and output intensity. The
output intensity of the customized stimulator could be increased to
ensure an intensity of 30 mW/cm2 after passing through a layer of soft
tissue, thus compensating for ultrasound attenuation caused by the soft
tissue layer. Moreover, an ultrasound frequency of 0.5 MHz was hypoth-
esized to be more effective for healing fractures of the hip bone, as ultra-
sound with a lower frequency can more easily penetrate deeper into the
fracture site due to its lower attenuation [20]. There is currently a lack
of experimental data about the penetration characteristics of LIPUS for
hip fracture healing with frequencies lower than 1.5 MHz. The results of
this study on the use of frequencies of 0.5 and 1.5 MHz together with
the controlled intensity at the fracture surface may provide a direct ref-
erence for the future investigation of LIPUS for the healing of deep bone
fractures.

Materials and methods

LIPUS devices and stimulation pattern

Two LIPUS stimulators were used in this study; one was a com-
mercial LIPUS stimulator (EXOGEN 4000+, Bioventus LLC, USA),
while the other was our customized stimulator, as shown in Figure 1
(a−b). The customized stimulator is a portable device that includes
a signal generator, a 50 W power amplifier, and removable
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unfocused ultrasound transducers with resonance frequencies of 0.5
and 1.5 MHz. Parameters such as frequency, duty cycle, and pulse
repetition frequency (PRF) could be adjusted by controlling the sig-
nal generator. An external power of 16 V was used to drive the cus-
tomized device, and the voltage was boosted to around 50 V to
supply the power amplifier unit. For the stimulation pattern, 20% of
the duty cycle (pulse duration of 200 µs) and PRF of 1 kHz were
fixed for both devices, as shown in Figure 1 c. The LIPUS signal
amplitude was fixed for the EXOGEN device, while it was adjustable
for the customized LIPUS device.

Acoustic intensity measurement in human cadaver and porcine tissues

The aim of this measurement was to investigate the relationship
between acoustic intensity and tissue thickness, as well as the inten-
sity patterns at different distances from the transducer surface. In
this study, acoustic intensity, i.e., ISATA was measured in human
cadaver and porcine tissues of different thicknesses (ranging from
1 cm to 5 cm). This range was chosen because the average trochan-
teric soft tissue thickness in hip fracture cases is 2.9 ± 1.1 cm in
men [24] and 4.0 ± 1.6 cm in women [25]. The ethical approval
was granted to use the human cadaveric tissue and was not required
by the Joint CUHK-NTEC CREC (The Chinese University of Hong
Kong-New Territories East Cluster Clinical Research Ethics Commit-
tee) for this study. A schematic diagram of the experimental setup is
shown in Figure 2. A water bath (length, 60 cm; width, 35 cm;
height, 30 cm) was filled with degassed water to a height of 25 cm.
A 25 mm diameter unfocused ultrasound transducer with an operat-
ing frequency of 0.5 MHz and 1.5 MHz was used. The diameter of
the commercial LIPUS device was also 25 mm. The tissue sample
was placed on top of the transducer, and a rugged needle-type
hydrophone (HNR-1000, Onda Corporation, USA) was mounted
immediately above the tissue. The distance between the transducer
surface and the hydrophone was approximately 5.3 cm and was kept
constant for all the measurements. During the measurements, the
transducer was connected to the output of the laboratory-con-
structed and commercial LIPUS devices. The output of the hydro-
phone was connected to the data acquisition card (NI 5112,
National Instruments, USA). The movement of the hydrophone was
controlled by an XYZ motor controller to enable scanning of the
whole tissue; this was operated using a custom-made program
designed in LabVIEW (LabVIEW 2015 SP1, National Instruments,
USA). The scanning range was set to 0−25 mm with a step size of
0.5 mm that generated a color map of a 50*50 matrix. The voltage
recorded by the hydrophone was converted into acoustic intensity
using the standard calibration factor V2cm2/W provided by the man-
ufacturer of the hydrophone. The ISATA values were then calculated
by drawing a circle with a diameter of 22 mm (to avoid data points
in the low-intensity region at the edge of the transducer based on
acoustic distribution pattern) using the custom script code in MAT-
LAB r2016b (Math Works Inc., Natick, MA, USA). The color map
generated by MATLAB shows the distribution pattern of the acoustic
field, and the circle denotes the effective region of the transducer
during ultrasound stimulation.

The size of the animal used in this animal study was smaller than that
of human subjects, and the average soft tissue thickness covering the
fracture location in the rabbit model was around 1 to 2 cm. Therefore,
we also conducted additional scanning to map the acoustic intensity at
distances of 1, 1.25, 1.5, 1.75, and 2 cm from the transducer surface for
both 0.5 and 1.5 MHz transducers, using the scanning parameters as
described above.

Animal model

Twenty adult New Zealand white rabbits (1.6−2 kg) were used in
this study. All the surgical and experimental procedures were approved



Figure 1. (a) Commercially available LIPUS device, Exogen 4000+ ultrasound bone healing system. (b) Customized LIPUS device. (c) LIPUS wave pattern used for
stimulation in both devices.

Figure 2. Experimental setup for measurement of ultrasound intensity. A rechargeable battery was used as the power supply to operate the EXOGEN and the custom-
ized stimulator. The hydrophone was mounted perpendicular to the tissue sample to receive the ultrasound signal, which was amplified and collected by a data acquisi-
tion card (DAQ) or an oscilloscope.
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by the Animal Experimentation Ethics Committee (AEEC, Reference 20-
051-MIS) of The Chinese University of Hong Kong. The rabbits were ran-
domly allocated to four groups, namely: the control group, the positive
control (PC) group (1.5 MHz with intensity fixed at 30 mW/cm2), the
0.5 MHz group, and the 1.5 MHz group.

Surgical procedures for the fracture model

All the animals received general anesthesia using a mixture of
ketamine (50 mg/kg) and xylazine (10 mg/kg) via intramuscular
injection. The surgical site was shaved and aseptically prepared for
the procedure. An incision was made between the biceps femoris and
semimembranosus muscles with a scalpel blade (surgical blade, size
23) to expose the subtrochanteric region. Then an air-powered
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sagittal oscillating saw (Air pen drive, DePuy Synthes, Germany)
with a blade thickness of 1 mm was used to create an open osteotomy
at the subtrochanteric region, as shown in Figure 3. Five holes were
drilled with a diameter of 1.5 mm to fix the 3D-printed titanium
implant (U3DP, The Hong Kong Polytechnic University, Hong Kong)
using five self-tapping cortical screws (Biortho Co Ltd, Jiangsu,
China). The surgical site was then cleaned using sterile saline, and
the incision was sutured layer by layer (Mersilk, W580, Ethicon,
USA). The animals were given an intramuscular injection of 0.1 ml of
analgesic at the fracture site twice daily for three consecutive days
after the surgery. A postoperative radiograph was taken immediately
after the surgery to confirm the success of the fracture and followed
up by weekly monitoring of the healing process (Xpert-80, Kubtec,
Stratford, USA).



Figure 3. Creation of a subtrochanteric fracture on the left side of the rabbit
limb.
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LIPUS treatment strategy

LIPUS treatments were given to the animals on the day following sur-
gery. These rabbits received general anaesthesia during treatment and
Figure 4. Representative image
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were placed in a supine position with the ultrasound treatment probe
positioned directly above the fracture site (Figure 4). The position of the
fracture site was marked on the rabbit’s skin surface for accurate place-
ment of the LIPUS probe to ensure exact delivery of the ultrasound signal
over the surgical site. Treatment was given for 20 mins/day for a total of
six weeks. Based on the measurement obtained during the acoustic
intensity assessments after passing through different depths of porcine
tissue, the input voltage was adjusted to deliver a consistent acoustic
intensity of 30 mW/cm2 for the 0.5 MHz and 1.5 MHz groups at the frac-
ture surface. A portable ultrasonography device was used to measure the
thickness of the soft tissue. During the measurement, the portable ultra-
sonography device was placed in the same area as that used for the
LIPUS treatment, as shown in Figure 5a. The thickness of the soft tissue
was determined according to the ultrasound image, as shown in
Figure 5b. The thickness was measured weekly, and the output of the
customized LIPUS device was adjusted to ensure a sufficient and consis-
tent intensity for treatment.

Radiographic examination

A plain radiograph was taken immediately after surgery and
every week thereafter using a KUBTEC X-ray machine (KUBTEC
XPERT-80, Stratford, USA) to monitor the stability of the bone fixa-
tion and to observe the fracture healing. The radiographs were taken
under the same conditions using a standardized protocol. The initial
osteotomy site was noted for identification of the newly formed
bone.

Micro-CT analysis

After six weeks of treatment, all the animals were euthanized, and
the femoral bones were harvested. The soft tissues surrounding the har-
vested femora and the metal implants were first removed after thawing
in 0.9% saline at room temperature for 1 hour. Micro-CT scanning was
performed using a multi-slice high-resolution peripheral quantitative
showing LIPUS treatment.



Figure 5. Ultrasonography for the measurement of tis-
sue thickness. (a) Position of the rabbit for measure-
ment of soft tissue thickness. (b) Recorded image
showing the thickness of the soft tissue.
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computed tomography (HR-pQCT, XtremeCT, Scanco Medical, Brutti-
sellen, Switzerland) operating at 60 kV, according to the protocol for
animal studies [26]. The bones were fixed into a carbon-fiber sample
holder. The subtrochanteric fracture site was scanned, resulting in 1316
slices, followed by the selection of the region of interest (ROI) and seg-
mentation using Scanco analytical software v5.08b (Scanco Medical
AG). Following the three-dimensional evaluation, the volumetric bone
mineral density (BMD), bone volume (BV, mm3), tissue volume (TV,
mm3), bone volume fraction (BV/TV, %), trabecular number (Tb.N), tra-
becular thickness (Tb.Th, mm), and trabecular spacing (Tb.Sp, mm)
were generated for comparison. These microarchitectural parameters,
such as Tb.N, Tb.Th, and Tb.Sp, help to provide information about the
mechanical properties of the bone.
Figure 7. Increase in intensity with different input voltages.
Mechanical testing

A standard four-point bending test was used to evaluate the mechani-
cal properties of the fractured femora [27]. Samples were stored in
saline at -80°C and were thawed at room temperature for one hour. In
the four-point bending test, the femur was placed perpendicular to the
Figure 6. Experimental setup for the four-point bending test.
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Figure 8. Attenuation of different ultrasound frequencies after propagation through tissue samples of different thicknesses. (a) Cadaver tissue using a PC device (1.5
MHz) and (b) Porcine tissue using a customized LIPUS device with transducers of 0.5 and 1.5 MHz.

Figure 9. Color maps of harvested intensity from a PC device and the customized stimulator with a tissue thickness of 5 cm. (a) PC (1.5 MHz), (b) 0.5 MHz, and (c)
1.5 MHz groups.
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blades, after which the fractured region was located in the middle of the
blades (Figure 6), with lowering at a constant displacement rate of
5 mm/min (H25KS, Hounsfield Test Equipment Ltd, Redhill, Surrey,
UK). Using the load−displacement curve, the ultimate load (N), stiffness
(N/mm), and energy to failure (J) were evaluated using the built-in soft-
ware.

Histological examination

The harvested bone samples were fixed in 4% neutral buffered for-
malin for one day and decalcified in 10% formic acid for six weeks, fol-
lowed by sequential dehydration. The samples were then cut into two
halves along the mid-sagittal plane using a thin blade and were
Table 1
Weekly measurements of tissue thickness and adjustment of the
cm2

Time (week) Measured thickness (cm)
in 1.5 MHz group

Weight (kg) Input
voltage

Pre-operation 0.84 ± 0.05 1.67 ± 0.25 Null
1 0.88 ± 0.04 1.62 ± 0.22 0.36
2 1.00 ± 0.00 1.78 ± 0.26 0.36
3 1.18 ± 0.13 1.92 ± 0.22 0.37
4 1.4 ± 0.23 2.1 ± 0.19 0.38
5 1.58 ± 0.27 2.28 ± 0.26 0.40
6 1.74 ± 0.26 2.54 ± 0.16 0.41
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embedded in paraffin wax and sectioned at a thickness of 5 µm (1130
Biocut microtome, Reichert-Jung GmbH, Nussloch, Germany) [28]. The
bone sections were stained with hematoxylin and eosin (H&E) and
examined under a microscope (Q500MC, Leica Cambridge Ltd., Cam-
bridge, UK).

Statistical analysis

The collected data were processed using SPSS (version 20, IBM Corp.,
Armonk, NY, USA). All values are expressed as the mean and standard devi-
ation. An independent sample t-test and one-way ANOVA were used to
compare two or multiple groups, respectively. The p-value was set to
<0.05, denoting a statistically significant difference between groups.
input signal for a consistent acoustic intensity of 30 mW/

(V)
Measured thickness (cm)
in 0.5 MHz group

Weight (kg) Input
voltage (V)

0.88 ± 0.08 1.74 ± 0.26 Null
0.92 ± 0.08 1.8 ± 0.29 0.26
0.98 ± 0.08 1.9 ± 0.32 0.26
1.06 ± 0.08 2.07 ± 0.39 0.27
1.12 ± 0.13 2.2 ± 0.36 0.28
1.28 ± 0.17 2.3 ± 0.32 0.29
1.48 ± 0.109 2.4 ± 0.32 0.30
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Results

The relationship between the stimulating intensities and input voltages

The acoustic intensities measured under different input voltages
using the customized LIPUS device at resonating frequencies of 0.5
Figure 10. Color maps of consistent acoustic intensity achieved by adjusting the in
1.5 MHz.
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and 1.5 MHz are shown in Figure 7. The intensity increased linearly
as the input voltage increased in both the 0.5 and 1.5 MHz groups.
The results shown in Figure 7 were used as a reference for the
adjustment of the input voltage to ensure a consistent intensity of
30 mW/cm2 at the fracture site, with the consideration of tissue
attenuation.
put voltages at distances of 1, 1.25, 1.5, 1.75, and 2 cm. (a) 0.5 MHz and (b)



Figure 11. Stages of fracture healing in one representative X-ray analysis of the left femoral bone of a rabbit after surgery, at weeks 1−6, and after euthanasia. The red
arrows indicate the location of the fracture.
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Acoustic intensity measurement using human cadaver and porcine tissues

As shown in Figure 8, the degree of attenuation generally increased as
the thickness of tissue samples increased for all ultrasound frequencies. At
a frequency of 1.5 MHz, the attenuation was 6.0 dB (acoustic intensity
decreased by 75%) after propagation through tissue with a thickness of
5.0 cm in both cadaver and porcine tissues. In contrast, attenuation of
approximately 2.0 dB was found with 0.5 MHz after passing the same tissue
layer (Fig. 8b). The color maps in Figure 9 show the distribution of ultra-
sound intensity from the commercially available unit and the customized
stimulator after propagating through the tissue with a thickness of 5.0 cm.
The acoustic intensity measured from the commercial device was dramati-
cally reduced to 6.16 mW/cm2 (Fig. 9a). In contrast, the customized stimu-
lator could deliver 30.03 mW/cm2 for 1.5 MHz (Fig. 9b) and 30.17 mW/
cm2 for 0.5 MHz (Fig. 9c) after adjustment of the power transmission. How-
ever, the custom transducer operating at 1.5 MHz used a compensation
method for power transmission, and the attenuation value was the same as
that obtained with the PC device. The color map generated by the 0.5 MHz
transducer exhibited a more concentrated pattern of acoustic distribution
than that obtained using the 1.5 MHz transducer, as the acoustic intensity
is stronger in the focal zone of the ultrasound beam at 0.5 MHz. These
measurements indicate that there will be a better therapeutic outcome
using the effective region of the transducer, and this can be achieved by
using the compensation method to deliver the ultrasound intensity at the
desired stimulation site through the tissues.

Measurement of soft tissue thickness and the adjustment of the input voltage
for healing

The measurement of tissue thickness was conducted weekly using a
palm-size ultrasound imaging device, with the values shown in Table 1.
The thickness of the soft tissue increased continuously after the operation,
which is possibly the result of the normal growth of the animal. Meanwhile,
the amplitude of the driving signal (input voltage) was adjusted to maintain
a consistent acoustic intensity of 30 mW/cm2 in both the 0.5 and 1.5 MHz
groups. The average thickness of the soft tissue covering the fracture site in
the rabbit model was in the range of 1−2 cm at different weeks after the
creation of the fracture. The acoustic intensity measured from the trans-
ducer surface at 1, 1.25, 1.5, 1.75, and 2 cm for 0.5 MHz generated ISATA
values of 30.30, 30.22, 30.88, 30.77, and 30.59 mW/cm2, respectively, as
shown in Figure 10a, while 1.5 MHz generated ISATA values of 30.55,
30.75, 30.21, 30.33, and 30.80 mW/cm2, respectively, as shown in
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Figure 10b. The corresponding spatial peak temporal average intensity
(ISPTA) values for the aforementioned distances for 0.5 MHz were 113.13,
112.19, 103.86, 95.82, and 73.94 mW/cm2, respectively, and for 1.5 MHz
were 105.29, 97.20, 141.33, 105.31, and 90.87 mW/cm2, respectively. The
beam patterns for both the frequencies exhibited some variations at differ-
ent distances. However, the 0.5 MHz transducer still exhibited a more con-
centrated pattern of intensity, with ring patterns at some distances, which
may contribute to a better therapeutic effect in comparison with 1.5 MHz.

Radiographic evaluation

A plain X-ray with the right lateral recumbent position was taken
weekly to record the progress of bone formation, as shown in Figure 11.
A progression of consolidation of the fracture gap was observed through-
out the experimental period. The callus width was not measured in the
current study, as the fracture in the diaphyseal region would not have
significant callus formation.

Micro-CT analysis

At the end of the experiment, a complete bone union could be seen in
the high-resolution micro-CT images of all the groups. Qualitatively, repre-
sentative three-dimensional reconstructed image showed greater callus vol-
umes in all treatment groups of PC, 0.5 MHz, and 1.5 MHz compared to the
control group. The 0.5 MHz group exhibited the largest apparent callus vol-
ume compared to the other groups (Fig. 12a). Bone densitometry was per-
formed by using the Micro-CT built-in software. Significantly higher BV/TV
and BMD values were detected in the 0.5 MHz group compared with the
control group (Fig .12b−c) (p<0.05); and an apparent trend of higher Tb.Th
and Tb.N and lower Tb.Sp were shown in the quantitative analysis (Fig. 12d
−f). This indicated greater bone regeneration at the fracture site of the
0.5 MHz group compared to the other groups. The higher BMD rate in the
0.5 MHz group indicated that LIPUS could help to accelerate bone mineral
density if the acoustic intensity was delivered consistently at the fracture
site. The values of Tb.N and Tb.Th were similar in the PC and 1.5 MHz
groups. However, no statistical significance detected between the Control,
PC, and 1.5Hz groups with regard to all the parameters.

Mechanical test

The results of the four-point bending test after six weeks of treatment
indicated that the values of ultimate load, stiffness, and energy to failure



Figure 12. Micro-CT analysis of (a) representative 3D-reconstructed images of the fracture callus. (b-f) Statistical comparison of the micro-CT data, including (b) BMD,
(c) BV/TV, (d) Tb.N, (e) Tb.Th, and (f) Tb.Sp. *p<0.05.
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were higher in the treatment groups compared with the control group
(Fig. 13a−c). Specifically, significant increase in values were observed
in the 0.5 MHz group (p<0.001) and the 1.5 MHz group (p<0.05). Com-
pared with the PC group, relatively higher values of ultimate load, stiff-
ness, and energy to failure were detected in the 1.5 MHz group.

Histological examination

Histological evaluation (Fig. 14a−b) indicated significantly higher
osteocyte number in the treatment groups compared with the control
group (p<0.05). The highest value was found in the 0.5 MHz group, and
more osteocytes were observed in the 0.5 MHz and 1.5 MHz groups com-
pared with the PC group.
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Discussion

This study aimed to achieve improved therapeutic effects by adjust-
ment of the LIPUS signal to produce a constant acoustic intensity of stim-
ulation at deeper fracture sites, with compensation for the attenuation
caused by soft tissues. We also characterized the attenuation of LIPUS
signals in human and animal soft tissues to provide a reference for the
compensation. According to the measured acoustic intensity and calcu-
lated attenuation, the intensity was reduced by 41% (2.3 dB) (Fig. 8) in
the commercial LIPUS device after passing through a 2 cm tissue layer,
which is the maximum depth of the soft tissue layer covering the frac-
tured bone in the present animal model during the treatment period.
The improved bone histomorphometry and mechanical testing results



Figure 13. Mechanical properties, including (a) ultimate load, (b) stiffness, and (c) energy to failure were tested in all groups. *p<0.05, **p<0.001.
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obtained in the animal experiments demonstrated the usefulness of the
PC device under these conditions, despite the lack of optimization due
to the reduction in energy reaching the bone. Therefore, considering
that the soft tissue covering the hip joint is much thicker in human sub-
jects, it is predicted that the PC device may not be effective enough.

The 1.5 MHz group demonstrated slightly but consistently better per-
formances for all the parameters when a consistent intensity of 30 mW/
cm2 was maintained at the fracture site compared with the PC group.
The major finding of this study is that maintenance of the ultrasound
intensity to be constant at 30 mW/cm2 at the fracture surface, instead of
at the transducer surface, is important, and this would be more impor-
tant when the thickness of tissue is increased. To the authors’ knowl-
edge, this is the first study to indicate the enhanced fracture healing
effects of constant LIPUS intensity at the fractured bone surface. A rabbit
model was used in the in vivo experiments where the degree of acoustic
Figure 14. Histological assessments in all groups. (a) Representative images of haema
osteocytes (OC), and (b) Quantification of osteocyte numbers. *p<0.05.
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attenuation determined from the porcine tissue measurements was used
to compensate for the attenuation caused by the tissues covering the rab-
bit hip region. The ultrasound transmitting power was adjusted accord-
ing to the tissue thickness measured before each treatment session to
achieve a constant acoustic intensity of 30 mW/cm2 at the surface of the
fractured bone. There is a possibility that there may be some differences
in the acoustic attenuation between rabbit and porcine tissues, and this
might lead to the actual acoustic intensity applied by the transducers
being slightly different from 30 mW/cm2. Since this uncertainty would
affect all the three groups of ultrasound stimulation, it should not influ-
ence the observed effects and the major findings of this study. Neverthe-
less, it would be worthwhile to measure the acoustic attenuation and
other acoustic parameters in rabbit tissues in future studies. In the pres-
ent study, we did not investigate the possible side effects of thermal
effects that may have occurred during the treatment. However, many
toxylin and eosin (H&E) staining of the targeted bone region for quantification of
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studies have demonstrated the safety of low intensities for treatment.
Complications, such as necrosis, cessation of bone healing, and the for-
mation of fibrous tissue [12,29], are so serious that thermal effects
should be investigated in future studies before the proposed compensa-
tion method is implemented in human trials. Furthermore, it was found
here that the ultrasound frequency of 0.5 MHz was more effective in the
fracture healing of hip bone, together with a consistent intensity of 30
mW/cm2 at the fractured bone surface. Several previous studies that
used 0.5 MHz and 1.5 MHz revealed that 1.5 MHz was more effective
for fracture healing [30,31]. However, the results of this study are the
reverse of those of previous reports. One potential reason is that the pre-
vious studies only used ultrasound treatment to heal the fracture for
approximately three weeks, which might not have been sufficient for
fracture healing. Another primary reason may be linked to morphologi-
cal changes in the bone during the healing stages. Hard callus is gener-
ally formatted and covered at the fractured bone. Although the acoustic
intensity at the bone surface is the same, a lower ultrasound frequency
may have better penetration through the hard callus and reach deeper
region for treatment. Hence, ultrasound at a frequency of 0.5 MHz, with
lower attenuation in the healing bone, may have a better capacity to
reach the deeper parts of the bone. This is probably the primary reason
why the 0.5 MHz group exhibited superior performances in this study,
even though for both the 0.5 MHz and 1.5 MHz groups, the frequencies
were maintained with constant intensities at the fracture site. Further-
more, the comparison of the effects of stimulation with the longer
0.5 MHz and shorter 1.5 MHz wavelengths in the callus and fracture gap
during healing requires further investigation. A further point for addi-
tional investigation is whether ultrasound with frequencies lower than
0.5 MHz can provide an even better performance. Moreover, this proof-
of-concept pre-clinical study confirmed that the attenuation of LIPUS
caused by soft tissues can be solved by adjustment of the frequency and
acoustic energy, and LIPUS can be delivered to a deeper fracture site
with the same effective dose to enhance bone regeneration. As the cur-
rent study used a small animal model, the findings of this study should
be verified in a greater number of larger animals as well as human sub-
jects.

In addition to the ultrasound frequency, the distribution of the acous-
tic field may also affect the therapeutic effects in relation to bone heal-
ing. As shown in Figure 9, the pattern of the acoustic field generated by
the 0.5 MHz transducer exhibited a more concentrated intensity at the
central region, whereas the 1.5 MHz transducer exhibited a ring link pat-
tern, i.e., the energy was more distributed across the region of interest.
In our in vitro study, we acquired the intensity map after the ultrasound
beam had passed through a 5 cm layer of porcine tissue to mimic the
ultrasound beam reaching the surface of fractured bone, as well as
deeper into the fracture location. The average trochanteric soft tissue
thickness of hip fracture cases is 2.9 ± 1.1 cm in men [24] and 4.0 ±
1.6 cm in women [25]. The focal distance of the 0.5 MHz transducer
was 5.2 cm, and that of 1.5 MHz was 15.6 cm. Within the thickness
range of trochanteric tissue, the 0.5 MHz transducer appears to have a
more concentrated intensity at the central region, while the 1.5 MHz
transducer may have a more scattered pattern. Therefore, it is important
to control the intensity distribution in future human studies by using
suitable dimensions for unfocused or focused transducers. For the in vivo
study using the rabbit model, it was noted that the average thickness of
the soft tissue covering the fracture location was between 1 and 2 cm
during the entire experimental period. We also conducted scanning to
map the acoustic intensity at distances of 1, 1.25, 1.5, 1.75, and 2 cm
from the transducer surface for both the 0.5 MHz and 1.5 MHz trans-
ducers (shown in Fig. 10). While the ISATA values did not change
markedly among the scans, the intensity distribution patterns were sig-
nificantly different for both transducers when the distance changed.
This phenomenon is consistent with the theory regarding near-field
intensity mapping. Considering that the region of interest had a diame-
ter of 2.2 cm, and the dimension of the fracture region in the animal
model could increase up to 1.6 cm due to callus formation, the overall
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therapeutic effect of ultrasound should rather be related to ISATA, instead
of ISPTA. Hence, it would be worthwhile to investigate the therapeutic
effects of different stimulating patterns. Furthermore, the exposure con-
ditions differed slightly between the in vitro and in vivo experiments due
to changes in the offset distance and lack of standoff to compensate for
the tissue attenuation, which may have resulted in variable treatment
effects. Therefore, all these factors should be systematically investigated
in future studies.

Conclusions

The findings of this study demonstrated that a constant intensity of
30 mW/cm2 at the fractured bone surface was achievable by adjustment
of the transmitting power according to the thickness of the soft tissue
and attenuation for different frequencies, thus making LIPUS treatment
possible for fractures at deeper locations such as the hip region. The
results showed that 1.5 MHz LIPUS maintaining a constant intensity of
30 mW/cm2 at the fracture location performed better than 1.5 MHz
with a fixed transmitting intensity of 30 mW/cm2. In addition, LIPUS
with 0.5 MHz achieved significantly better results than the no-LIPUS
group but not significantly better than 1.5 MHz, even though both the
0.5 and 1.5 MHz groups used a constant intensity of 30 mW/cm2 at the
fracture location. More investigations should be conducted to elucidate
the mechanism responsible for the better performance of the lower fre-
quency LIPUS. The differences in the distribution of acoustic intensity
within the ROI in the ultrasound beam for the transducers with different
frequencies also requires further investigation. In addition, studies on
human subjects need to be conducted for further confirmation of the
findings of this study prior to use in clinical applications.
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