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Abstract—The present study aimed to investigate the effects of combined treatment of exogenous mesenchymal
stem cells (MSCs) and low intensity pulsed ultrasound (LIPUS) on fracture healing by comparing LIPUS-MSC,
MSC and control (CTL) groups. Radiography and quantitative callus width/area demonstrated that the
MSC-LIPUS group had the best healing, MSC group the second and CTL group the poorest with significant differ-
ences among each at different time points. Micro-CT data supported that MSC-LIPUS had the highest bone
volume/tissue volume. Histomorphometry showed a significantly faster remodeling in late phase in MSC-LIPUS
and MSC groups. These indicated that the combined treatment of MSCs and LIPUS was beneficial to fracture
healing. Regenerative power and homing ability ofMSCs were shown by promotion in fracture healing and locally
found green fluorescent protein (GFP)-labeled MSCs at fracture calluses. This evidence reflects that co-treatment
of MSCs and LIPUSmay be developed as an intervention for delayed union or nonunion. (E-mail: louis@ort.cuhk.
edu.hk) � 2012 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Fracture healing is a regenerative process that follows
a well-orchestrated sequence. Most fracture healing is
uneventful because it is a mature biologic process.
However, the healing process usually takes several weeks
to complete and complications such as delayed unions
and non-unions may occur in up to 10%–20%
(Rodriguez-Merchan and Forriol 2004). Therefore,
enhancement of fracture healing is one of the major
objectives for orthopaedic surgeons as it is critical for
the recovery and regain of functions after fracture. After
the inflammation phase during the process of fracture
healing, the callus is invaded by mesenchymal stem cells
(MSCs) and blood vessels, while mechanical stimuli will
sensitize these cells to differentiate to osteoblasts for
bone formation (Einhorn 1998). Therefore, supply of
MSCs and proper mechanical stimulation play a key
role in the success of fracture healing.
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Research on using exogenous MSCs as an interven-
tion to enhance bone repair is scarce. MSCs have regen-
erative potential, making it an attractive approach to treat
nonunion. A study reported that the application of exog-
enous MSCs could enhance fracture healing with
biomechanical improvement through expressing bone
morphogenetic protein-2 (BMP-2) and modulating the
injury-related inflammatory response in mice model
(Granero-Molto et al. 2009). Undale and co-workers
also demonstrated that both human bone marrow MSCs
and human embryonic stem cells (ESCs) could induce
fracture healing in nonunion nude rats, whereas MSCs
functioned more efficiently (Undale et al. 2011). The
combined therapeutic effect of MSCs and low intensity
pulsed ultrasound (LIPUS) on fracture repair is, however,
lacking.

LIPUS has been proven to be effective in enhancing
fracture healing by providing local acoustic mechanical
stimulation. Several clinical trials demonstrated accelera-
tion of healing in tibial fracture (Heckman et al. 1994),
complex fracture (Leung et al. 2004b) and nonunion
(Nolte et al. 2001; Jingushi et al. 2007). Together with
positive in vitro data on human periosteal cells (Leung
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et al. 2004a) and human mesenchymal stem cells
(Schumann et al. 2006), as well as in vivo evidences on
bone regeneration (Claes andWillie 2007) and distraction
osteogenesis (Chan et al. 2006), LIPUS is believed to
modulate in vivo mechanical environment to exert
a remarkable fracture healing enhancement.

In this study, we hypothesized that applications
of exogenous MSCs and LIPUS could enhance fracture
healing, compared with MSCs only. The objectives
of this study were to investigate the combined effects of
exogenous MSCs and LIPUS on fracture healing and to
determine dynamic migration of MSCs to fracture site,
with multiple analyses including radiography, micro-
computed tomography (micro-CT), histomorphometry
and ex vivo fluorescence imaging.
MATERIALS AND METHODS

Animal model
The Animal Experimentation Ethics Committee of

the authors’ institution approved the care and experi-
mental protocol of this study (Ref. No. 07/010/ERG). In
this study, 60 three-month-old female Sprague-Dawley
(SD) rats obtained from the Laboratory Animal Services
Center of the Chinese University of Hong Kong were
used. All procedures were conducted by one experienced
orthopedic surgeon. Unilateral closed femoral fractures
were created at right femur shaft based on our established
protocol (Leung et al. 2009; Cheung et al. 2011; Cheung
et al. 2012), a modification from the Einhorn Protocol
(Bonnarens and Einhorn 1984). Under general anaes-
thesia, a sterilized Kirschner wire (K-wire, B 1.2 mm,
Sanatmetal Ltd., Eger, Hungary) was inserted into the
medullary canal retrogradely, following drilling and
reaming with an 18 G needle (B 1.27 mm). The K-wire
then perforated the proximal femur through the piriformis
fossa, and the tip was bent to leave a 3 mm length to
prevent distal migration. The distal end of the K-wire
was cut at the level of the articular surface to allow free
joint movement. A custom-made 3-point-bending appa-
ratus, with a metal blade (weighted 500 g) dropping
from a height of 35 cm, was used to create the fracture
at the midshaft of the femur. The quality of fracture
with fracture gap smaller than 0.5 mm and displacement
less than 0.5 mm was confirmed by anteroposterior (A-P)
and lateral radiographies. For postoperative analgesia,
single dose of buprenorphine (0.03 mg/kg, s.c.; Temge-
sic, Schering-Plough, NJ, USA) was given on a daily
basis for the next 3 days. Rats were allowed unrestricted
cage activities at all time.
Grouping and treatments
The fractured rats were divided into three groups by

blocked randomization: (1) MSC-LIPUS: intracardiac
injection of green fluorescent protein labeled MSCs
(GFP-MSCs) plusLIPUS treatment group, (2)MSC: intra-
cardiac injection of GFP-MSCs only group, and (3) CTL:
no-treatment control group. The rats in MSC-LIPUS and
MSC groups were anaesthetized by intraperitoneal injec-
tion of a mixture of ketamine (50 mg/kg) and xylazine
(10 mg/kg) on day 3 post-fracture. GFP-MSCs were
purchased fromCyagen Biosciences (Guangzhou, China),
which were isolated from SD rats and transfected with
GFP-expressing lentiviral construct. The cells were char-
acterized with fluorochrome-conjugated antibodies
specific to cell surface antigens CD29, CD34, CD44,
CD45 and CD11b/c, which must show $70% positivity
for expression of CD29 and CD44 and #5% positivity
for expression of CD34, CD45 and CD11b/c, as well as
their differentiative ability to osteocytes, adipocytes and
chondrocytes. They were subcultured to the fifth passage,
trypsinized and 4 million cells were suspended in 0.5 mL
phosphate buffered saline (PBS). With confirmation of
$90% viability of cells, a needle (23 G 3 11/4) was in-
serted percutaneously behind the forelimb and with the
ultrasound positioning, the cells were infused into the
left ventricle of the rats in 1 minute (Gibon et al. 2012).
The rats in MSC-LIPUS group were then given daily LI-
PUS treatments (Exogen 30001; Smith and Nephew
Inc., Memphis, TN, USA) for 20 min/day, 5 days/week
following the cell injection at day 3 post-fracture
(Cheung et al. 2011, 2012). Ultrasound signal is of a 200
ms burst of sine wave repeating at 1.0 kHz with 30.0
mW/cm. Under general anaesthesia (30 mg/kg ketamine
and 5 mg/kg xylaxine IP), the rats were laid on the ventral
side and the LIPUS transducer was placed over the lateral
side of the fracture site with a thin layer of coupling gel.
For theMSCandCTLgroups, the same treatmentwas per-
formed except the LIPUSmachines were turned off (sham
treatment). Rats were euthanized by overdosed sodium
pentobarbital at 1, 2, 3 and 4 weeks for end-point assess-
ments including ex vivo fluorescence imaging, micro-CT,
histomorphometry and immunohistochemistry (n 5 5
each for three groups and four time points), while weekly
radiography was taken to monitor the healing status
continuously. The assessors for these measurements
were blinded to the grouping and time points during
evaluation.

Radiologic analysis
Fracture healing was monitored weekly on antero-

posterior and lateral radiography (Faxitron X-ray system
model 43855C; Faxitron. X-ray Systems, Wheeling, IL,
USA), based on our established protocol (Leung et al.
2009; Cheung et al. 2011, 2012). Qualitatively, both the
anteroposterior (AP) and lateral radiographs were as-
sessed by two surgeons and the callus bridging was
scored. Bone sample was counted as bridged if: (1)
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bone bridging of the four cortices was observed in both
AP and the lateral radiographs, and (2) consensus must
be received from both surgeons. Quantitatively, the
temporal changes of the callus morphology were
measured using the lateral radiograph with Metamorph
Image Analysis System (Universal Imaging Corporation,
Downingtown, PA, USA). The callus width (CW) and the
callus area (CA) were measured. CW was defined as the
maximal outer diameter of the mineralized callus minus
the outer diameter of the femur, whereas CAwas the total
sum of the external mineralized callus areas.

Ex Vivo fluorescence imaging analysis
After euthanasia at specific time points, the fracture

samples were harvested. After soft tissue removal, the
green fluorescent protein (GFP) measurements were per-
formed and the fluorescent images were acquired. The
fluorescence analysis was calibrated to the standard as
recommended by the IVIS imaging operating manual
(IVIS 200; Xenogen, Alameda, CA, USA). The intensi-
ties (in counts) were measured using the Live Image 2.5
software, with the settings of exposure time at 5 s, binning
at 8 and f/stop at f/16 (Granero-Molto et al. 2009). A stan-
dard circlar region-of-interest (ROI) with a diameter of
1 cm was defined around the callus area for all the
measurements. After the background noise reduction,
the intensties within the ROIs were used to calculate
the average intensities.

Micro-computed tomography (Micro-CT)
Based on our established protocol (Leung et al.

2009; Cheung et al. 2012), micro-CT (mCT40; Scanco
Medical, Br€uttisellen, Switzerland) was used to scan the
ROI at 5 mm proximal and distal to the fracture line.
Three-dimensional (3-D) image of mineralized tissue
was created using a low pass Gaussian filter (sigma5 1.2,
support 5 2). Tissue volume (TV) was defined and
segmented from the two-dimensional (2-D) image semi-
automatically. The low-density bone volume (newly
formed mineralized callus) was considered at threshold
165–350; high-density bone volume (old cortices) was
considered at 350–1000, while empty space was consid-
ered at 0–164, according to our established protocol
modified from Gabet’s one (Gabet et al. 2004). Bone
volume fraction (bone volume/total bone volume or
BV/TV) was calculated.

Histomorphometric analysis
The harvested samples were fixed in 10% neutral

buffered formalin and then in 8% formic acid for decalci-
fication. The femora were cut into halves along the
mid-sagittal plane. The specimens were embedded in
paraffin. Sectioned samples at 7 mm in thickness were
mounted on the silane coated glass slides and were
stained with hematoxylin-eosin (H&E). Qualitative
assessment on endochondral ossification at the region
1.5 mm proximal and distal to the fracture line was per-
formed. Quantitatively, the ratio (Cg.Ar/Cl.Ar) between
the cartilage area (Cg.Ar) and the callus area (Cl.Ar)
was measured (Leung et al. 2009; Cheung et al. 2012).
Statistical analysis
All quantitative data were expressed as mean 6

standard deviation and analyzed with SPSS v. 13.0 soft-
ware (SPSS Inc., Chicago, IL, USA). Nonparametric
Kruskal-Wallis test and post-hoc pairwise MannWhitney
tests were used to compare the differences among groups
at the corresponding time points. Statistical significance
was set at p # 0.05.
RESULTS

Radiologic analysis
Radio-opaque external callus around fracture site

was observed in both groups throughout the whole
process. The weekly radiographies indicated that the
fracture healed better in MSC-LIPUS and MSC groups
than in CTL group. Callus bridging occurred on week
2 in both MSC-LIPUS and MSC groups, while CTL
group started on week 3 (Fig. 1a). Quantitatively, both
CW (Fig. 1b) and CA (Fig. 1c) in the MSC-LIPUS group
were highest, the MSC group was in the middle and CTL
group was the lowest. Kruskal-Wallis test indicated
significant differences among groups for CW (p 5
0.05, 0.006, 0.018, 0.020 for weeks 1–4, respectively)
and CA (p 5 0.017, 0.007, 0.05 and 0.05 for weeks
1–4, respectively) at all time points. MSC-LIPUS group
showed significant increase in both CW and CA than
CTL group at weeks 1–4 (p 5 0.038 for CW, p 5
0.029 for CA at week 1; p 5 0.016 for CW, p 5 0.016
for CA at week 2; p 5 0.050 for CW, p 5 0.050 for
CA at week 3; p 5 0.05 for CW, p 5 0.05 for CA at
week 4). Also, MSC-LIPUS group indicated significant
increase in CW at week 4 (p 5 0.05) and CA at weeks
2–4 (p 5 0.004, 0.010, 0.010, respectively) than MSC
group. On the other side, MSC group demonstrated
improved CW than CTL group at weeks 3–4 (p 5 0.05
for both).
Ex vivo fluorescence imaging analysis
GFP signal measurement indicated that the signals

of each group kept a consistent level of readings with
up to 105 counts along weeks 1–4, while the signals of
MSC-LIPUS and MSC groups were obviously higher
than CTL group. Quantitative analyses showed that there
were significant differences among groups at all time
points by Kruskal-Wallis test (p 5 0.037, 0.035, 0.024,
0.037 for weeks 1–4, respectively). Both MSC-LIPUS



Fig. 1. Radiography and quantitative measurement of callus width (CW) and callus area (CA). (a) Serial radiography of
the three groups at different time points. Mesenchymal stem cell-low intensity pulsed ultrasound (MSC-LIPUS) andMSC
groups demonstrated callus bridging since week 2 but control (CTL) group started bridging at week 3. (b) CWof the three
groups at different time points. MSC-LIPUS groups showed significantly higher CW than CTL group at all time points
andMSC group at week 4. MSC group also indicated significantly higher CW than CTL group at weeks 3 and 4. (c) CA of
the three groups at different time points. MSC-LIPUS groups showed significantly higher CA than CTL group at all time
points and MSC group from weeks 2–4, whereas MSC group did not differ from CTL group at all time points. * Denotes
p# 0.05 between MSC-LIPUS and CTL groups;1 denotes p# 0.05 between MSC-LIPUS and MSC groups; O denotes

p # 0.05 between MSC and CTL groups.
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and MSC groups were significantly higher than CTL
group at all time points with a range of 1.4–1.7-fold
(MSC-LIPUS: p 5 0.029 for weeks 1–3 and 0.05 for
week 4; MSC: p 5 0.05 for weeks 1–2 and 0.029 for
weeks 3–4) (Fig. 2). There was, however, no difference
between MSC-LIPUS and MSC groups.
Micro-computed tomography (micro-CT)
Reconstructed mineralized calluses showed

different morphologic characteristics among groups at
different time points. In general, 3-D micro-CT images
showed the fastest closure of fracture gap in MSC-
LIPUS group along weeks 1–4, while CTL group was
the slowest (Fig. 3a). Quantitative analyses (Fig. 3b) re-
vealed that there were significant differences among
groups at weeks 2–4 by Kruskal-Wallis test (p 5 0.030,
0.039, 0.037, respectively). MSC-LIPUS group showed
higher BV/TV values than CTL group at weeks 2–4
with significant differences (13.7%, p 5 0.029 for week
2; 10.2%, p 5 0.029 for week 3; 12.7%, p 5 0.029 for
week 4). Meanwhile, MSC-LIPUS group also indicated
a significantly higher BV/TV than MSC group by 9.0%
at week 3 (p 5 0.05). However, there was no significant
difference detected between MSC and CTL groups.
Histomorphometric analysis
All groups demonstrated secondary fracture healing

with callus formation and endochondral ossification



Fig. 2. Ex vivoGFP fluorescence counts at fracture callus of the
three groups at different time points. Both mesenchymal stem
cell-low intensity pulsed ultrasound (MSC-LIPUS) and MSC
groups were significantly higher than control (CTL) group at
weeks 1–4 (MSC-LIPUS: p 5 0.029 for week 1–3 and 0.050
for week 4; MSC: p 5 0.050 for weeks 1–2 and 0.029 for
week 3–4). However, there was no difference between

MSC-LIPUS and MSC groups. * p , 0.05.
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(Fig. 4a). Large amount of cartilaginous tissues bridged
the osseous callus in the first week. At week 2, woven
bone was observed in MSC-LIPUS and MSC groups
with active endochondral ossification at the edge of carti-
laginous tissues, while this phenomenon was shown in
CTL group at week 3. The area of cartilaginous tissues
tended to reduce in both MSC-LIPUS and MSC groups
at week 3 and more woven bone replaced the cartilagi-
nous tissues to bridge the fracture site in week 4, partic-
ularly in MSC-LIPUS group. There were, however, still
large amounts of cartilaginous tissues in CTL group in
week 4. Consistently, histomorphometric analysis
demonstrated that there were significant differences
among the groups at weeks 3–4 by Kruskal-Wallis test
(p 5 0.039, 0.015, respectively). The ratio of Cg.Ar/
Cl.Ar was not different among the three groups at weeks
1 and 2, while both MSC-LIPUS and MSC groups indi-
cated reduced Cg.Ar/Cl.Ar at weeks 3 and 4, compared
with CTL group (Fig. 4b). At week 3, significant decrease
was found in MSC-LIPUS group than in CTL group
(223.4%, p 5 0.029) and also observed in MSC group
than CTL group (27.8%, p 5 0.029). At week 4, signif-
icant difference was detected in both MSC-LIPUS
(267.6%, p 5 0.029) and MSC (216.9%, p 5 0.029)
groups over CTL group.
DISCUSSION

The present study was designed to examine the
combined effects of exogenous MSCs and LIPUS on
fracture healing and to observe the dynamic migration
of exogenously injected MSCs to fracture site. The find-
ings confirmed that co-applications of MSCs and LIUPS
enhanced fracture healing better than MSCs only or CTL
group, in terms of radiography, micro-CT and histo-
morphometry. This indicated that co-application of
MSCs and LIPUS had a beneficial effect on fracture
healing. Ex vivo GFP measurement also verified that
the exogenous MSCs migrated to the fracture site, which
reflected the homing ability of MSCs to injury sites. This
is the first evidence showing the combined effects of
exogenous MSCs and LIPUS for fracture repair, which
is a potential interventional approach for delayed union
or nonunion.

A more superior fracture healing effect was shown
in MSC-LIPUS group with consistent findings in radiog-
raphy, micro-CT and histomorphometry, compared with
MSC only or CTL group. These reflected a beneficial
effect of combined MSCs and LIPUS on callus formation
(as indicated by CW and CA), new bone formation
(as reflected by CW, CA, BV/TV and woven bone in
histology) and accelerated bone remodeling (as shown
by faster decrease of Cg.Ar/Cl.Ar in late phase) that
facilitated fracture healing. To our best knowledge, there
is no study reporting the combined effects of MSCs and
LIPUS on fracture healing. Instead, the individual effect
of exogenous MSCs or LIPUS only on fracture healing
had been reported. Both interventions demonstrated
beneficial effects on fracture healing. MSCs showed their
regenerative capability for fracture repair by increasing
callus biomechanical properties (Granero-Molto et al.
2009; Undale et al. 2011), while LIPUS was well
confirmed to accelerate fracture healing by around 30%
on average in many clinical trials (Khan and Laurencin
2008). The combined effect of MSCs and LIPUS may
need further experiments to elucidate the detailed
mechanism.

MSC only group also demonstrated better fracture
healing than the CTL group in this study in most param-
eters with regard to CW (at weeks 3–4) and Cg.Ar/Cl.Ar
(at weeks 3–4), despite the effects being not as good as
MSC-LIPUS group. These confirmed the regenerative
power of MSCs for fracture healing and substantiated
with previously reported studies. The most related one
by Granero-Molto et al. demonstrated that transplanted
MSCs enhanced callus volume, new bone volume,
hydroxyapatite content and biomechanical properties in
mice (Granero-Molto et al. 2009), which was in accor-
dance with our results. Undale’s study also supported
that exogenous MSCs could induce fracture healing by
increasing biomechanical properties in nonunion nude
rat model (Undale et al. 2011). Another one was applying
MSCs onto ceramic carrier to treat critical-sized bone
defects in adult athymic rats and the results revealed
that new bone formation was detected from weeks 8–12



Fig. 3. Micro-CT images and quantitative measurement of bone volume/tissue volume (BV/TV). (a) Serial 3-D recon-
structed micro-CT images of the three groups at different time points. Different morphologic changes of mineralized
calluses were observed in the three different groups along the time points. Mesenchymal stem cell-low intensity pulsed
ultrasound (MSC-LIPUS) group showed the fastest fracture healing with the fracture gap closure at week 4, whereas
control (CTL) group indicated the slowest healing progress. (b) BV/TV of the three groups at different time points.
MSC-LIPUS group demonstrated significantly higher BV/TV than CTL group at weeks 2–4 (p 5 0.029 for week 2–4)

and MSC group at week 3 (p 5 0.05). No difference was found between MSC and CTL groups. * p , 0.05.
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as evaluated by radiography and histomorphometry with
stronger biomechanical properties (Bruder et al. 1998).

LIPUS showed an enhancement effect on fracture
healing, in addition to the regeneration by injected
MSCS. Although this study did not look into the detailed
mechanism, the past in vitro and in vivo evidences may
provide some clues to explain the phenomenon. First,
the potent ability of LIPUS to enhance cell proliferation
and differentiation to osteogenic lineage of periosteal
cells, a critical cell type for fracture healing, is one poten-
tial mechanism (Leung et al. 2004a; Tam et al. 2008).
Second, LIPUS could induce production of cytokines
such as basic fibroblast growth factor (bFGF) and
vascular endothelial growth factor (VEGF) (Doan et al.
1999; Reher et al. 1999) that are well known to enhance
fracture healing. Also, LIPUS has been proven to increase
blood flow around fracture site (Rawool et al. 2003) that
might promote angiogenesis (Azuma et al. 2001; Cheung



Fig. 4. Histology and histomorphologic analysis of cartilage area/callus area (Cg.Ar/Cl.Ar). (a) Serial histology of the
three groups at different time points. At week 1, all groups showed large amount of chondroid tissues in the callus. At
week 2, initiation of active endochondral ossification with woven bone formed was observed in Mesenchymal stem
cell-low intensity pulsed ultrasound (MSC-LIPUS) and MSC groups. At week 3, the control (CTL) group started endo-
chondral ossification, while reduction of chondroid tissues was observed in MSC-LIPUS and MSC groups. At week 4,
almost no chondroid tissues were detected in MSC-LIPUS group; a large amount of chondroid tissues still existed in
CTL group whereas MSC groups were between the two groups. (b) Cg.Ar/Cl.Ar of the three groups at different time
points. There was no difference among the groups at week 1 and 2. At week 3, MSC-LIPUS and MSC groups showed
significant decrease than CTL group (p5 0.029 for both). At week 4, bothMSC-LIPUS andMSC groups indicated signif-

icant decrease than CTL group (p 5 0.029 for both). * p , 0.05.

Applications of exogenous MS cells and LIPUS d W.-H. CHEUNG et al. 7
et al. 2011), MSCs migration (Kumagai et al. 2012) and,
hence, fracture healing.

The dynamic migration of MSCs to fracture site was
assessed by ex vivoGFP imaging in this study, which both
MSC-LIPUS and MSC groups demonstrated similar
levels of fluorescence counts at fracture site along all
time points. This re-confirmed that MSCs have homing
effect to the injury site, which was supported by many
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previous studies (Devine et al. 2002; Shirley et al. 2005;
He et al. 2007). In this study, injection of MSCs was
applied intracardially instead of intravenously because
most MSCs may be lost in the lung via intravenous injec-
tion as the size of MSCs are relatively large that cannot
easily pass through the pulmonary capillaries (Lee et al.
2009). MSCs injection through the left ventricle of the
heart is to avoid entrapment in the lungs and more
MSCs can be delivered to the fracture site (Gibon et al.
2012). Four million of GFP-MSCs were administered in
this study, which the cell number was relatively high
compared with other previous similar interventional
studies for fracture healing using around 105 (Undale
et al. 2011) to 106 MSCs (Granero-Molto et al. 2009).
This cell number was used because the authors would
like to ensure the MSCs were sufficient or even in excess
for treatment purpose. However, this study design might
lead to the results of insignificant difference of GFP
counts between MSC-LIPUS and MSC groups. LIPUS
might have the potential to enhance the cell migration
to fracture site as discussed above but when the injected
MSCs were in excess, the enhanced migration might be
masked.

This study has limitations. The study design did not
include a group of LIPUS only for pairwise comparison
with other groups because we aimed to investigate the
effects of exogenous MSCs and LIPUS on fracture heal-
ing compared with MSCs only. Furthermore, since the
effect of LIPUS on fracture healing has been widely
reported before (Azuma et al. 2001; Cheung et al. 2011,
2012), we did not repeat it. Another limitation was the
lack of mechanical testing, because we focused on evalu-
ating the morphologic, densitometric and histologic
changes of fracture healing, as well as the localization
of MSCs in fracture callus. Biomechanical data was
needed in next stage to confirm the efficacy of combined
treatment on bone strength.

In conclusion, this study confirmed that application
of MSCs and LIPUS enhanced fracture healing,
compared with MSCs only or no-treatment control, as
proven by radiography, micro-CTand histomorphometry.
The combined effects of MSCs and LIPUS might be
contributed by regenerative power of MSCs and
LIPUS-induced cytokine production or osteogenic differ-
entiation. MSCs only could locate at fracture callus and
also promote fracture healing, indicating the homing
effects to injury site and regenerative ability of MSCs.
These evidences implicate that application of MSCs
and LIPUS has an intriguing potential to be an inteven-
tion for delayed union or nonunion treatment.
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