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Abstract

Fracture healing is a well-orchestrated and coordinated process and begins with the inflammatory stage 
involving the infiltration of immune cells and the release of cytokines, including tumour necrosis factor-alpha 
(TNF-α), interleukin-6 (IL-6) and interleukin-10 (IL-10). Low-magnitude high-frequency vibration (LMHFV) 
stimulation is effective in promoting fracture healing. The study hypothesis was that the innate immune 
response was impaired in osteoporotic fracture and LMHFV could positively modulate it.
 9-month-old ovariectomy (OVX)-induced osteoporotic rats were randomised into sham (SHAM), OVX 
control (OVX), OVX-vibration (OVX-VT) or OVX vibration plus administration of COX-2 specific non-steroid 
anti-inflammatory drugs (OVX-VT-NSAID). LMHFV (35 Hz, 0.3 ×g) was given 20 min/d and 5 d/week to the 
treatment groups. Healing and innate immune response were evaluated by weekly radiographs, endpoint 
micro-computed tomography (µCT), enzyme-linked immunosorbent assay (ELISA) and histomorphometry 
at weeks 1, 2, 4 and 8 post-treatment.
 Results showed that OVX slightly elevated systemic inflammation but impaired the innate immune 
response locally at the fracture site, with significantly lower expressions of TNF-α and IL-6 but higher IL-10 
expression during the early stage of healing. LMHFV was effective in accelerating the delayed fracture healing 
in OVX bones by partly restoring the impaired innate immune response at the fracture site, accompanied by 
promoted progression of macrophage polarisation from M1 (pro-inflammatory) to M2 (anti-inflammatory) 
phenotype. In conclusion, vibration treatment could positively modulate the impaired innate immune 
response and promote macrophage polarisation in osteoporotic-fracture healing.
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CW   callus width
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EDTA   ethylenediaminetetraacetic
    acid
ELISA   enzyme-linked
    immunosorbent assay
FACS   fluorescence-activated cel
     sorting
IHC   immunohistochemistry
IL-1   interleukin-1
iNOS   inducible nitric oxide
    synthase
LMHFV  low-magnitude high-
    frequency vibration
MAPK   mitogen-activated protein
    kinase
µCT   micro-computed
    tomography
µFEA   micro-finite element analysis
MSCs   mesenchymal stem cells
NF-κB   nuclear factor-kappa-B
NSAIDs  nonsteroidal anti-
    inflammatory drugs
OVX   ovariectomy/ovariectomised
OVX-VT  ovariectomised vibration
OVX-VT-NSAID OVX-VT with the
    administration of NSAID
PI3K   phosphoinositide 3-kinases
qPCR   quantitative polymerase
    chain reaction
SD    standard deviation
TNF-α   tumour necrosis factor-alpha
TV    total tissue volume

Introduction

Osteoporotic fracture is an increasing public health 
concern due to the escalating worldwide ageing 
population. Osteoporosis is believed to impair 
fracture healing leading to increased healing time, 
decreased mechanical strength and, thus, increased 
socioeconomic burden (Cheung et al., 2016). Thus, 
accelerating osteoporotic-fracture healing is much 
desired.
 The success of fracture healing relies on the well-
coordinated stages of inflammation, callus formation 
and remodelling. The delay in osteoporotic-fracture 
healing is believed to be related to multifactorial 
impairments in each of these stages. Recruitment of 
reparative MSCs (Sanghani-Kerai et al., 2017; Wei et 
al., 2014), neo-angiogenesis at the callus (Cheung et al., 
2012; Kampschulte et al., 2016), level of endochondral 
ossification (Shi et al., 2010) and rate of callus 
remodelling (Chow et al., 2011; Chow et al., 2014) 
are all impaired in OVX-induced osteoporotic rat 
fractures. These complicated processes are triggered 
and coordinated by the inflammatory (or innate 
immune) response (Claes et al., 2012). This stage of 
fracture repair is known as the inflammatory stage, 
guided and driven by the secretion of chemokines by 
ruptured tissues, followed by sequential recruitment 

of neutrophils, monocytes and macrophages (Claes 
et al., 2012). These innate immune cells infiltrate the 
fracture site and secrete inflammatory cytokines 
to stimulate further recruitment of reparative cells 
to the fracture site. The main cytokines involved 
in fracture healing include the pro-inflammatory 
TNF-α, IL-1 and IL-6 and the anti-inflammatory 
IL-10, each taking unique surge patterns at the 
very early inflammatory stage and the later callus 
remodelling stage (Mountziaris and Mikos, 2008). 
Next, morphological changes of macrophages from 
pro-inflammatory M1 to anti-inflammatory M2 
phenotype occur (Schlundt et al., 2018; Vi et al., 2015).
 Oestrogen has both immunosuppressive and 
pro-inflammatory effects (Straub, 2007). Both TNF-α 
and IL-6 levels are indirectly mediated by the level 
of oestrogen through Jun or NF-κB pathways, 
respectively (Pfeilschifter et al., 2002). Moreover, 
oestrogen modulates inflammatory responses 
through oestrogen receptors, which show different 
expression patterns in osteoporotic fractures (Chow 
et al., 2014). The local inflammatory response to injury 
is lowered in OVX animal models (Khan and Ansar 
Ahmed, 2015). However, there are other studies 
demonstrating that oestrogen-deficiency increases 
the early inflammatory response after fracture, as 
shown by an increased number of neutrophils and 
expression of pro-inflammatory cytokines, midkine 
and IL-6 in the fracture callus in oestrogen-deficient 
mice (Fischer et al., 2018; Haffner-Luntzer et al., 
2017). This provides further evidence of the altered 
inflammatory response after injury under oestrogen 
deficiency. However, the early inflammatory 
response in oestrogen-deficient osteoporotic-fracture 
healing has not yet been well studied.
 LMHFV is a form of non-invasive, cyclic 
biophysical stimulation and is able to enhance OVX-
induced osteoporotic-fracture healing in terms of 
MSC recruitment, neo-angiogenesis at the callus, 
endochondral ossification and callus remodelling 
(Cheung et al., 2012; Chow et al., 2011; Chow et al., 
2016; Shi et al., 2010). Also, low-intensity vibration 
enhances macrophage proliferation in vitro and 
promote a pro-healing macrophage phenotype 
(Pongkitwitoon et al., 2016). However, the effects 
of vibration treatment on the early inflammatory 
response and macrophage polarisation during 
fracture healing are not known.
 COX-2/prostaglandin signalling pathway is 
essential for fracture healing (Simon et al., 2002). 
NSAIDs are COX-2 selective inhibitors that are 
commonly used to reduce pain and inflammation in 
orthopaedic patients. In the present study, celecoxib, 
a type of NSAID, was administered to the animals to 
examine the extent to which inflammatory response 
participates in the enhancement of fracture healing 
by LMHFV.
 The study hypothesis was that a difference in the 
inflammatory response existed between normal and 
osteoporotic fractures during the early inflammatory 
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stage of the healing process and that mechanical 
stimulation in the form of vibration could modulate 
this response for enhancing healing in osteoporotic 
bones. The first objective of the study was to examine 
the inflammatory response of osteoporotic-fracture 
healing in OVX bone as compared with age-
matched normal bones. The second objective was to 
investigate the effects of vibration treatment on the 
early inflammatory response in osteoporotic-fracture 
healing.
 Osteoporotic fractures demonstrated lower 
TNF-α and IL-6 but higher IL-10 expressions locally 
at the fracture site at week 1. Furthermore, vibration 
treatment promoted macrophage polarisation from 
pro-inflammatory M1 to anti-inflammatory M2 
at an earlier time-point, enhanced expressions of 
TNF-α and IL-6 and reduced IL-10 expression at the 
fracture site at week 1. These findings highlighted 
the enhancement effects of vibration treatment on 
the early inflammatory response during osteoporotic-
fracture healing.

Materials and Methods

Animal model and interventions
120 (n = 144) female Sprague-Dawley rats were 
obtained from the Laboratory Animal Services 
Centre of the Chinese University of Hong Kong 
and the experimental protocols were approved 
by the University Animal Experimentation Ethics 
Committee (Ref: 15-158-MIS). All rats were housed 
at the Research Animal Laboratory (The Chinese 
University of Hong Kong, PR China) under a 12 h 
light-dark cycle. Free cage movement was allowed, 
with access to standard rat chow and tap water ad 
libitum.
 All rats received SHAM or bilateral OVX 
operations at 6 months of age. Rats were anaesthetised 
with intraperitoneal injection of 50 mg/kg ketamine 
and 10 g/kg xylazine (Alfasan International B.V., 
Woerden, the Netherlands) both diluted in sterile 
0.9 % saline solution. In brief, OVX surgery was 
performed by making bilateral incisions at the dorsal 
lower abdomen followed by removal of the ovaries. 
Subsequently, osteoporosis developed during the 
following 3 months, as previously described (Cheung 
et al., 2011). Rats in the SHAM group received the 
same surgical procedures except for the ovary 
excision.
 To address the first study’s objective, 48 nine-
month-old rats were allocated and they were 
randomly divided into two groups: SHAM and OVX.
 For the second study’s objective, 96 nine-month-
old rats were randomly divided into four groups: 
SHAM, OVX, OVX-VT and OVX-VT-NSAID. All rats 
were subjected to the creation of a closed fracture on 
the right femoral midshaft, based on an established 
protocol (Chow et al., 2014; Wei et al., 2014). Briefly, 
a 1.2 × 150 mm sterilised Kirschner wire was inserted 

into the medullary canal followed by fracture creation 
using a customised 3-point bending apparatus.
 4 mg/kg (Simon et al., 2002) celecoxib (Celebrex, 
Pfizer), a COX-2 selective inhibitor and commonly 
used NSAID for pain relief in clinical setting, was 
administered to the OVX-VT-NSAID group through 
daily oral gavage, starting from 2 d prior to fracture 
creation. OVX-VT and OVX-VT-NSAID groups 
received LMHFV (35 Hz, 0.3 ×g) treatment starting 
from 2 d after fracture creation. The treatment was 
given daily for 20 min/d and 5 d/week, according to a 
previous protocol (Chow et al., 2016; Wei et al., 2016). 
SHAM and OVX groups were put on the turned off 
vibration platform.
 6 rats from each group were euthanised using 
an overdose of intraperitoneal injection of 200 mg/
kg sodium pentobarbital (Dorminal 20 %; Alfasan 
International B.V.) at weeks 1, 2, 4 and 8 post-
treatment and femora were harvested for µCT and 
IHC assessments.

Radiographic analysis
Weekly radiographs of the rat femora were taken with 
a cabinet X-ray system (UltraFocus DXA, Faxitron, 
Lincolnshire, IL, USA) to monitor the fracture healing 
status. CA and CW were measured on digitised 
lateral view images using the built-in straight line and 
polygon selection tools in the image analysis software 
ImageJ (NIH). CW was defined as the maximal outer 
diameter of the mineralised callus minus the outer 
diameter of the femur; CA was calculated as the sum 
of the areas of the external mineralised callus (Chow 
et al., 2016; Wei et al., 2016).

3D bone morphometry and µFEA
At euthanasia, the fractured femora were harvested 
and scanned with a µCT system (VivaCT 40, Scanco 
Medical), covering 8.02 mm (422 slides) proximal 
and distal to the fracture line, which was defined 
as the region of interest (Chow et al., 2014; Chow 
et al. (2016) Impaired inflammatory responses after 
oestrogen-deficient osteoporotic fracture injury. 
In: 15th Biennial Conference of the International 
Society of Fracture Repair, Munich, Germany; 
Wei et al., 2014). A threshold set at 220-1000 was 
used to distinguish between non-mineralised and 
mineralised tissue (Chow et al., 2014). Tissues within 
this set range were evaluated and reconstructed. TV, 
BV, BV/TV and BMD of TV and BV were assessed. 
Endpoint mechanical properties (week 8) in stiffness, 
apparent modulus and failure load were estimated 
by µFEA (FE-software version 1.13, Scanco Medical) 
by the axial compression test in the z-direction with 
the material modulus defined at 10 GPa using the 
default evaluation program, as previously reported 
(Cheuk et al., 2015).

Bone histomorphometry
After µCT scanning, femora were fixed in 10 % 
neutral-buffered formalin and decalcified in 9 % 
formic acid. Processed specimens were embedded 
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in paraffin-wax and cut into 5 µm-thick slices along 
the sagittal plane of the femora. Next, sections were 
stained with haematoxylin-eosin (Sigma-Aldrich), to 
visualise the callus morphometry by histology (Chow 
et al., 2016; Wei et al., 2016), and Martius scarlet blue 
(Sigma-Aldrich), to evaluate the deposition of fibrin 
at the fracture site. Then, fibrin area was quantified by 
colour threshold in ImageJ (NIH) (Chow et al., 2014).

Blood collection
At endpoints before euthanasia, whole blood sample 
was extracted through cardiac puncture. Part of the 
blood sample was collected into K2EDTA-coated 
tubes (BD Medical) and part allowed to conjugate at 
room temperature for 2 h followed by centrifugation 
at 1,000 ×g for 20 min for serum isolation. Samples 
were stored at – 20 °C until analysis.

White blood cell count
The unclotted blood sample was used immediately 
to make blood smears, which were stained with 
DiffQuik (Shandon Kwik-Diff, Thermo Fisher 
Scientific) for white blood cell count using the image 
analysis software ImageJ.

Cytokine measurements
TNF-α, IL-6 and IL-10 concentrations in serum were 
determined by ELISA. Commercial kits (RTA00, 
R6000B, R1000; Quantikine® ELISA, R&D Systems) 
were utilised according to the manufacturer’s 
instructions. Optical density of each well was 
determined using a microplate reader (µQuant™, 
BioTek® Instruments,Winooski, VT, USA).

IHC
After antigen retrieval in 60 °C citrate buffer, the 
primary antibodies for TNF-α (1 : 100; ab6671; 
Abcam), IL-6 (1 : 200; NB600-1131; Novus Biologicals, 
Centennial, CO, USA), IL-10 (1 : 100; ARC0102; 
Invitrogen), CD68 (pan-macrophage marker; 1 : 100, 
bs-0649R; Bioss, Woburn, MA, USA), iNOS (M1 
macrophage marker; 1 : 300; NB300-605; Novus 
Biologicals), CD206 (M2 macrophage marker, 
Mannose Receptor, 1 : 200; GTX53806; GeneTex, 
Irvine, CA, USA) and neutrophil (1 : 2,000; LS-
C348181; LSBio, Seattle, WA, USA) were applied to the 
sections and incubated overnight at 4 °C. For negative 
control, primary antibodies were substituted with an 
isotope control antibody (IgG; GTX35035, GeneTex, 
Eching, Germany). All other steps followed the 
manufacturer’s instructions for using the Mouse and 
Rabbit Specific HRP/DAB IHC Detection Kit-Micro-
polymer (ab236466; Abcam) and all specimens were 
processed following identical procedures. Finally, 
sections were counterstained with haematoxylin 
and images were captured using a Leica microscope 
system (DMRXA2). Quantitative analysis was 
performed at the bony callus and compared with the 
negative control. Expression of each target protein 
was quantified by colour threshold in ImageJ (Chow 
et al., 2014).

Statistical analysis
Quantitative data were presented as mean ± SD and 
analysed in SPSS 20.0 software (IBM). Normality 
of data were confirmed by Kolmogorov-Smirnov 
test. For the data of the SHAM and OVX groups for 
reaching the first objective, statistical significance was 
assessed by independent student’s t-test. All other 
data were analysed using one-way ANOVA followed 
by post-hoc Bonferroni’s multiple comparison tests 
and potential associations were evaluated with 
Pearson’s correlations. p  ≤  0.05 was considered 
statistically significant.

Results

Oestrogen defic iency elevated systemic 
inflammation, but impaired the early innate 
immune response at the fracture site
 Osteoporosis was confirmed by a reduction in 
BMD by animal dual-energy X-ray absorptiometry 
(UltraFocus DXA, Faxitron,Tucson, AZ, USA) in a 
separate batch of 4 rats. A significant drop of 13.5 % in 
BMD (267.92 ± 14.83 mg/cm2) was detected in the 3rd-
6th lumbar vertebra (L3-L6) when compared to those 
before OVX (309.75 ± 30.6 mg/cm2; p = 0.049). BMD in 
femora also showed significant decrease after OVX 
(177.22 ± 5.70 mg/cm2) by 12.9 % when compared to 
those before OVX (203.50 ± 13.18 mg/cm2; p = 0.011) 
(data are displayed as mean ± SD). To examine the 
inflammatory response in osteoporotic-fracture 
healing, SHAM and OVX rats were compared. 
Osteoporotic-fracture healing was reconfirmed to be 
impaired in the OVX group as compared to normal 
bone in the SHAM group in terms of CW and CA 
(Fig. 1a,b), µCT evaluation with lower BV/TV, lower 
callus and material BMD (Fig. 1c) and lower stiffness 
and estimated failure loads (Fig. 5). Locally, TNF-α 
and IL-6 positive signal intensities, shown by IHC 
and quantified at the fracture callus at week 1 post-
fracture, were weaker in the OVX as compared to the 
SHAM group (p < 0.05 for both) followed by a delayed 
surge at week 2. Also, a stronger IL-10 signal was 
detected at week 1 in the OVX group (p = 0.04) (Fig. 
2a) followed by a decreasing trend over the healing 
process. The SHAM group also showed a significantly 
stronger IL-10 positive signal at week 4 (p = 0.028). 
Systemically, serum TNF-α level was elevated in 
the OVX group at week 1 (p = 0.003) and 2 (p = 0.000) 
post-fracture as compared to the SHAM group. 
Significantly lower serum IL-6 level was detected at 
week 8 (p = 0.017) in the OVX group than in the SHAM 
group and the serum level of anti-inflammatory IL-
10 was also significantly lower at week 2 (p = 0.006) 
in the OVX group (Fig. 2b). Taken together, data 
suggested that the induction of osteoporosis by OVX 
induced a slight elevation in systemic inflammation 
but impaired the local innate immune response to 
fracture injury during the early phase of the healing 
process.
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Fig. 1. Impaired healing in osteoporotic fracture. (a) Series of representative lateral radiographies of 
SHAM and OVX groups at different time points. Faster bridging of callus gap was observed in SHAM 
as compared to OVX, especially at weeks 2, 3 and 4 after fracture. (b) Quantitative analysis of temporal 
changes of CW and CA. OVX showed poorer callus formation as evidenced by significantly lower CW and 
CA at weeks 2 and 3 post-fracture. (c) Fractured femora were harvested and high-resolution µCT scans 
were performed on SHAM and OVX rats. Representative µCT 3D reconstruction images are shown for 
weeks 1, 2, 4 and 8 fracture sites and callus formation. Scale bar: 1 mm. Mean TV, BV, BV/TV, callus (TV 
BMD) and material BMD (BV BMD) were obtained. OVX group presented inferior healing, as shown by 
lower BV/TV, TV BMD and BV BMD. Data are presented as mean ± SD. Statistical analysis was performed 
using independent student’s t-test. 
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Vibration treatment enhanced the local innate 
immune response at the fracture site and fracture 
healing
Radiographic healing was observed to be accelerated 
in the OVX-VT group, with better bridging of callus 
gaps as compared to the OVX group, especially 
at week 2 and 4 (Fig. 3a), and the callus formation 
capacity to be significantly enhanced from week 1 to 
4 post-fracture (Fig. 3b). µCT analysis showed that 
the vibration treatment enhanced the formation of a 
callus, as indicated by TV at week 2. For the OVX-
VT-NSAID group, radiographic images and µCT 3D 

images showed less newly formed callus tissue and 
the result was substantiated by the TV evaluation 
by µCT analysis. TV in the OVX-VT-NSAID group 
was significantly lower at week 1 and 2 (p < 0.05 for 
all) (Fig. 3c). Higher BV/TV observed in the OVX-
VT-NSAID group was due to relatively lower TV 
across all time points. Higher callus and material 
BMD at week 1 could be attributed to the inferior 
callus formation and less newly formed bone in the 
OVX-VT-NSAID group. Supported by previously 
reported enhancement in mechanical properties (Shi 
et al., 2010), µFEA analysis also showed that vibration 

Fig. 2. Oestrogen deficiency impaired the early local innate immune response. (a) Representative TNF-α, 
IL-6 and IL-10 IHC staining sections at bony callus of SHAM and OVX groups at week 1 after fracture. 
TNF-α and IL-6 were expressed at lower levels but IL-10 was expressed at higher level in OVX fractures as 
compared to SHAM. The corresponding area fraction of positive staining showed a locally impaired innate 
immune response in OVX rats as evidenced by significantly lower TNF-α and IL-6 expressions and higher 
IL-10 expression when compared to SHAM. Scale bar: 250 µm. (b) Serum TNF-α, IL-6 and IL-10 levels were 
measured by ELISA. OVX induced a small elevation in systemic inflammation as compared to SHAM. 
Data are presented as mean ± SD. Statistical analysis was performed using independent student’s t-test. 
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Fig. 3. Vibration accelerated healing in osteoporotic fracture while the callus formation capacity was 
lower with the administration of NSAID drugs. (a) Continuous radiographs of representative SHAM, 
OVX, OVX-VT and OVX-VT-NSAID groups at weeks 2, 4 and 8 post-fracture. More callus gaps bridging 
was observed in SHAM and OVX-VT when compared to OVX and OVX-VT-NSAID. (b) The temporal 
changes of CW and CA were quantitatively analysed. The callus formation capacity in OVX-VT was 
significantly enhanced from week 1 to week 4 post-fracture. OVX-VT-NSAID showed the lowest callus 
formation capacity across all time-points. (c) Representative µCT 3D reconstruction images of the femurs 
depicting the fracture sites and callus formation are shown. Scale bar: 1 mm. OVX-VT demonstrated better 
bridging of callus gap at week 4 and larger callus volume as compared to OVX and OVX-VT-NSAID 
at week 2, also shown in TV. TV in OVX-VT-NSAID was significantly lower at weeks 1 and 2. Data are 
presented as mean ± SD. Statistical analysis was performed using one-way ANOVA. 
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Fig. 4. At the fracture site, vibration enhanced the impaired innate immune response, which was abolished 
by the inhibition of COX-2. (a) Representative IHC staining sections at bony callus of SHAM, OVX, 
OVX-VT and OVX-VT-NSAID groups at week 1 after fracture, stained using TNF-α, IL-6, IL-10, COX-2 
and IgG control antibodies. Similarly to SHAM, OVX-VT demonstrated significantly higher TNF-α and 
IL-6 expressions but lower IL-10 expression when compared to OVX. The administration of the NSAID 
drug celecoxib lowered the positive effect of vibration on COX-2 expression at week 1. TNF-α, IL-6 and 
IL-10 expressions at the fracture site of OVX-VT-NSAID were similar to those of OVX. Scale bar: 250 µm. 
(b) Serum TNF-α, IL-6 and IL-10 levels were not affected by the vibration treatment. (c) Representative 
images of DiffQuik staining for blood smears at week 1 post-fracture and the corresponding white blood 
cell count at weeks 1 and 2 are shown. Systemic inflammation and inhibition of COX-2 by NSAID in terms 
of white blood cell count are not affected by vibration treatment. Scale bar: 375 µm. (d) Fibrin area was 
significantly lower in OVX-VT at week 1 and the trend was similar to that of SHAM. Data are presented 
as mean ± SD. Statistical analysis was performed using one-way ANOVA. 
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treatment enhanced the estimated stiffness in the 
OVX-VT group as compared to the OVX or OVX-VT-
NSAID groups (Fig. 5).
 At the fracture site, the vibration treatment 
enhanced the signal intensities of pro-inflammatory 
TNF-α and IL-6 and lowered the anti-inflammatory 
IL-10 signal as compared to the OVX group at week 
1 post-fracture (Fig. 4a), showing an enhancement in 
the local innate immune response. The SHAM group 
showed a lower level of serum TNF-α at week 1 and 2 
and a higher level of serum IL-10 at week 1, 2 and 4. 
However, compared to the OVX group, the vibration 
treatment did not affect the systemic inflammatory 
status in terms of white blood cell count (Fig. 4c), as 
also shown by serum levels of TNF-α, IL-6 and IL-
10 across all time points (Fig. 4b). At the same time, 
TNF-α, IL-6 and IL-10 positive signal intensities at the 
fracture site in the OVX-VT-NSAID group returned 
to the levels of the OVX group, indicating that the 
vibration-induced elevation of local innate immune 
response was abolished (Fig. 4a). NSAID treatment 
also did not show any significant influence on the 
systemic inflammatory status as shown by the serum 
levels of TNF-α, IL-6 and IL-10 (Fig. 4b).
 Moderate to strong correlations were detected 
between the expression of all the inflammatory 
cytokines at the fracture site and callus-formation-
related parameters, with statistically significant 
differences (Table 1). Among them, TNF-α and 
BMD(BV) showed the strongest correlation 
(r = − 0.703, p = 0.000), suggesting that 49.4 % of the 
variation in BMD(BV) could be explained by the local 
TNF-α expression.

 During the first 2 weeks of fracture, IHC positive 
signal of COX-2 was found to be slightly elevated in 
the OVX-VT group as compared to the OVX group, 
despite not being statistically significant (Fig. 4a). 
However, with the suppression of the inflammatory 
response by celecoxib, the positive effect of vibration 
on COX-2 signal intensity detected at the fracture site 
disappeared, as shown by a marginally significantly 
weaker signal in the OVX-VT-NSAID group at week 
1 (p = 0.065).
 Fibrin deposited at the fracture site was 
significantly lower in the OVX-VT group as compared 
to the OVX and OVX-VT-NSAID groups at week 1 
(p = 0.046 and p = 0.019, respectively) (Fig. 4d). Similar 
to the trend observed in the SHAM group, less fibrin 
was also found in the OVX-VT group at week 2. This 
indicated a faster fibrin clearance by the vibration 
treatment at the early stage of fracture healing.
 Taken together, these results suggested that 
vibration treatment promoted the local expression 
of pro-inflammatory cytokines and suppressed the 
expression of anti-inflammatory cytokines at the early 
stage of fracture healing, eventually leading to better 
callus formation and healing. The enhancement effect 
of vibration treatment was negatively modulated 
by the inhibition of COX-2 pathway with the 
administration of celecoxib.

Vibration treatment accelerated macrophage 
polarisation from pro- to anti-inflammatory stage
The OVX-VT group demonstrated stronger signal 
intensity of the general macrophage marker CD68 at 
week 1 when compared to OVX and OVX-VT-NSAID 

Table 1. Associations between expressions of inflammatory cytokines at the fracture callus detected 
by IHC against callus parameters. Statistically significant correlations were detected between TNF-α, 
IL-6 and IL-10 and callus-related parameters of CW, CA, TV, BV and BMD(BV). Inflammatory cytokine 
expressions were correlated with callus parameters disregarding grouping and time points by Pearson 
correlation coefficient. * p < 0.05, ** p < 0.005.

CW CA TV BV BV/TV BMD(TV) BMD(BV)
TNF-α − 0.446** − 0.465** − 0.605** − 0.649** − 0.082 0.244 0.703**

IL-6 − 0.458** − 0.511** − 0.516** − 0.624** − 0.123 0.208 0.675**
IL-10 − 0.479** − 0.555** − 0.516** − 0.527** − 0.062 0.223 0.521**

Fig. 5. µFEA evaluation of endpoint (week 8) mechanical properties reconfirmed that the stiffness and 
estimated failure load were both lower in OVX and OVX-VT-NSAID groups. Stiffness enhancement by 
vibration treatment was also reduced by COX-2 inhibition. *p < 0.05 versus SHAM, **p < 0.05 versus OVX 
and OVX-VT-NSAID by ANOVA with post-hoc Bonferroni test. 
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groups (p = 0.054 for both) (Fig. 6a,b). The presence of 
M1 macrophages, as shown by iNOS signal, was the 
strongest during the early phase of fracture healing 
at week 1, followed by a gradual decrease and no 
significant difference was found between groups 
(Fig. 7a,b). For the detection of M2 macrophages, as 
shown by CD206 staining, the OVX group showed 
a significantly weaker signal at week 1 (p = 0.053) 
as compared to the OVX-VT group (Fig. 7a). At 
the fracture site, the OVX-VT group demonstrated 
a stronger CD206 positive signal at week 1 but a 
weaker signal at week 2 when compared to OVX and 
OVX-VT-NSAID groups (Fig. 7b), indicating more 
M2 macrophages present in the OVX-VT group at 
week 1. The positive signal ratio of CD206 over iNOS 
(M2/M1), indicating the progress of macrophage 
polarisation, was further examined. In the OVX-
VT group, M2/M1 ratio at week 1 was significantly 
augmented as compared to the OVX group (p = 0.049), 
suggesting that vibration treatment had promoted the 
polarisation from M1 to M2 macrophages. Statistically 
significant negative correlations were found between 
CD68 and callus-related parameters of CW, CA, TV 
and BV (r = − 0.472, r = − 0.664, r = − 0.49, r = − 0.469, 
respectively; all p < 0.05), while a positive correlation 

was detected with BMD(BV) (r = 0.497, p = 0.014). 
A statistically significant negative correlation was 
also detected between M1 macrophages and CW, 
CA, TV and BV (r = − 0.488, r = − 0.497, r = − 0.574, 
r  =  − 0.743, respectively; all p < 0.005). A positive 
correlation was detected between M1 macrophages 
and BMD(TV) (r = 0.341, p < 0.005) and BMD(BV) 
(r = 0.776, p < 0.005). M2/M1 ratio showed a positive 
correlation with BV (r = 0.569, p < 0.005) and BV/TV 
(r = 0.302, p < 0.005) and a negative correlation with 
BMD(BV) (r = 0.565, p < 0.005) (Table 2). Furthermore, 
besides macrophages, the expression of neutrophils 
was investigated as well. The four groups had similar 
neutrophil signal intensities at the fracture site at all 
time points, with an overall decreasing trend from 
weeks 1 to 8 (Fig. 6a,b). This further highlighted the 
participation of macrophages in the enhancement 
of fracture healing by the vibration treatment. 
The observations in macrophage polarisation 
also suggested that the pro-inflammatory stage 
in osteoporotic fracture would last until week 2 
post-fracture; but that the application of vibration 
treatment shortened the pro-inflammatory stage and 
promoted the shift towards the anti-inflammatory 
stage at an earlier time point.

Fig. 6. Application of vibration treatment enhanced macrophage recruitment at the fracture site. (a) 
Area fraction of positive staining for CD68 and neutrophil. OVX-VT showed significantly higher CD68 
expression as compared to OVX and OVX-VT-NSAID groups. No significant difference was detected for 
neutrophil between groups at all time points. Data are presented as mean ± SD. Statistical analysis was 
performed using one-way ANOVA. (b) Representative IHC staining sections at bony callus of SHAM, 
OVX, OVX-VT and OVX-VT-NSAID groups at week 1 after fracture, stained using CD68, neutrophil and 
IgG control antibodies. OVX-VT demonstrated stronger CD68 positive signals at week 1 as compared to 
OVX and OVX-VT-NSAID. Signal intensity of neutrophils were similar between the four groups and no 
positive signal was detected when stained with IgG control. Scale bar: 250 µm. 
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Fig. 7. Application of vibration treatment shortened the pro-inflammatory stage and promoted an earlier 
shift towards anti-inflammatory stage. (a) Area fraction of positive IHC staining for iNOS, CD206 and M2/
M1 ratio were analysed. iNOS expression gradually decreased from weeks 1 to 8 with no significant changes 
observed. OVX-VT showed significantly higher CD206 expression and M2/M1 ratio at week 1 as compared 
to OVX. Data are presented as mean ± SD. Statistical analysis was performed using one-way ANOVA. (b) 
Representative IHC staining sections at the fracture site at weeks 1 and 2 after fracture, stained for iNOS 
and CD206. OVX-VT demonstrated stronger CD206 positive signals at week 1 as compared to OVX and 
OVX-VT-NSAID. Scale bar: 250 µm. 

Discussion

The study investigated the role of vibration treatment 
in the innate immune response in osteoporotic-
fracture healing. Oestrogen depletion induced 
by OVX reduced the local level of inflammatory 
response after fracture induction as compared to 

normal controls. The compromised inflammatory 
response was enhanced by vibration treatment 
leading to accelerated healing, as evidenced by 
stronger expressions of inflammatory cytokines at 
the fracture site. COX-2 expression was augmented 
by vibration treatment in OVX rats, but this 
positive effect disappeared with the application of 
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celecoxib, indicating that mechanical stimulation 
exerted a positive modulation effect on the local 
innate immune response leading to better healing 
outcomes. In addition, vibration treatment shortened 
the pro-inflammatory stage and promoted an 
earlier progression towards the anti-inflammatory 
stage. To the authors’ knowledge, this was the first 
experimental study to reveal the effects of whole-
body cyclic mechanical stimulation on macrophage 
polarisation in fracture healing.
 LMHFV was proven effective in enhancing 
the local impaired innate immune response after 
fracture in OVX bone, as demonstrated by promoted 
local expression of pro-inflammatory cytokines 
and suppressed expression of anti-inflammatory 
cytokines, eventually leading to better callus 
formation and healing. In contrast to compromised 
fracture healing under chronic inflammatory 
diseases, such as rheumatoid arthritis, chronic 
obstructive pulmonary disease, diabetes mellitus 
and systemic lupus erythematosus, a specific level 
of local inflammatory response at the fracture site 
is essential for the successful coordination of the 
healing process. OVX-induced oestrogen depletion 
caused prolonged pro-inflammatory stage, lower 
detection of pro-inflammatory TNF-α and IL-6 
but higher anti-inflammatory IL-10 at the fracture 
site during the early phase of healing, leading to 
poorer healing outcomes (Fig. 2a). After fracture, 
inflammatory cytokines are secreted by different 
cell types present at the fracture site, including 
immune cells (e.g. neutrophils and macrophages) 
(Baht et al., 2018) and MSCs (Kyurkchiev et al., 2014), 
through the activation of different pathways, such 
as p38 MAPK pathway (Ono and Han, 2000). Lower 
inflammatory cytokine expressions in OVX rats may 
be partly due to inferior recruitment of immune cells 
to the fracture site, alterations in immune cells under 
oestrogen deficiency (Toniolo et al., 2015) or decreased 
activation of MAPK pathways, such as p38 MAPK 
after ovariectomy (Cong et al., 2016). Low-intensity 
vibration enhances macrophage proliferation in 
an in vitro model (Pongkitwitoon et al., 2016). The 
present study results are similar, as the expression 
of macrophages was enhanced with the application 
of a vibration treatment (Fig. 6a). Previous studies 

have also demonstrated that mechanical loading 
can activate the PI3K/AKT and MAPK signalling 
pathways and promote the production of tissue 
regeneration cytokines, such as IL-1β and IL-6, in 
MSCs (Fang et al., 2019) and macrophages (Bonito et al., 
2019). The present study results were similar to these 
studies, as the expression of inflammatory cytokines 
was enhanced with the application of a vibration 
treatment (Fig. 4a). This could possibly be explained 
by the enhanced recruitment of macrophages to the 
fracture site, as shown in the present study, or the 
promoted activation of signalling pathways. More 
studies are needed to investigate the mechanism 
involved in this enhancement process.
 Inflammatory cytokines involved in fracture 
healing, including TNF-α, IL-6 and IL-10, have 
previously been shown to coordinate different 
fracture healing processes during the healing process 
(Mountziaris and Mikos, 2008) and the expression of 
these cytokines was found to correlate with callus 
formation (Table 1). In animal fracture models, the lack 
of TNF-α results in endochondral cartilage resorption 
failure (Gerstenfeld et al., 2003a) and the lack of IL-6 
impairs callus maturation and delays healing (Yang 
et al., 2007). Enhancing the inflammatory response 
in fracture healing by the addition of recombinant 
TNF-α leads to better mineralisation at the fracture 
callus. This enhancement is abolished by the 
inhibition of the inflammatory response by anti-
TNF-α and various neutrophil-recruitment factors 
(Chan et al., 2015). Moreover, low production of IL-10 
by B cells is associated with delayed fracture healing 
(Sun et al., 2017) and B cells that produce IL-10 exert 
potent suppressive and regulatory functions during 
inflammation (Rosser et al., 2014), highlighting the 
importance of IL-10. Besides, a prolonged pro-
inflammatory reaction influences negatively bone 
healing (Lienau et al., 2009). The present study 
demonstrated that vibration treatment could enhance 
this impaired innate immune response in OVX 
bone. Results showed an earlier shift from the pro-
inflammatory stage towards the anti-inflammatory 
stage, demonstrated by macrophage polarisation 
(Fig. 7), higher expressions of pro-inflammatory 
cytokines and suppressed anti-inflammatory cytokine 
expression at the fracture site in the vibration-treated 

Table 2. Associations between expression of M0, M1 and M2 macrophage markers at the fracture callus 
detected by IHC against callus parameters. M0 macrophage had significantly negative correlation with callus 
parameters of CW, CA, TV and BV and positive correlation with BMD(BV). Statistically significant negative 
correlation was detected between M1 macrophage and CW, CA, TV and BV and positive correlation was 
detected against BMD(TV) and BMD(BV). M2/M1 expression ratio showed positive correlation with BV, BV/
TV and a negative correlation with BMD(BV). Macrophage marker expressions were correlated with callus 
parameters disregarding grouping and time points by Pearson correlation coefficient. * p < 0.05, ** p < 0.005.

CW CA TV BV BV/TV BMD(TV) BMD(BV)
CD68 (M0) − 0.472* − 0.664** − 0.49** − 0.469* 0.15 0.312 0.497*
iNOS (M1) − 0.488** − 0.497** − 0.574** − 0.743** − 0.043 0.341** 0.776**
CD206 (M2) − 0.231* − 0.201 − 0.161 − 0.167 − 0.006 0.132 0.114
M2/M1 ratio 0.191 0.223 0.211 0.569** 0.302** − 0.025 − 0.565**
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rats (Fig. 4a). Vibration group also showed accelerated 
healing of osteoporotic fracture, as evidenced by 
promoted callus formation at the early healing stage 
(Fig. 3). In previous reports, the application of various 
NSAIDs has been shown to delay fracture healing 
in rats (Beck et al., 2003; Gerstenfeld et al., 2003b). 
Similarly, the results of the present study showed that 
the enhancement by vibration treatment in OVX bone 
was abolished with the administration of celecoxib, 
a NSAID drug (Fig. 4a). Furthermore, failure to clear 
fibrin from the fracture site severely impaired fracture 
vascularisation and hindered bone union (Yuasa et 
al., 2015). The present study revealed that vibration 
treatment could accelerate the clearance of fibrin in 
osteoporotic bone at week 1 post-fracture, which 
helped enhancing fracture repair by timely and more 
effectively removing fibrin from the fracture site (Fig. 
4d).
 Macrophage expression and their polarisation 
from M1 to M2 phenotype were enhanced by vibration 
treatment. M0 macrophage marker, CD68, and M2 
macrophage marker, CD206, positive signals and M2/
M1 ratio were significantly increased in OVX rats at 
week 1 (Fig. 6a, 7a). Indeed, the level of inflammatory 
response can also be evaluated by the presence of 
innate immune cells, including neutrophils (Kovtun 
et al., 2016), lymphocytes (Haffner-Luntzer et al., 
2017), macrophages (Schlundt et al., 2018) and T 
and B cells (Konnecke et al., 2014). These cells are 
present at the fracture site at various levels following 
a specific sequential order during the healing process. 
In particular, macrophages play a critical role in 
bone formation. For example, they are essential for 
osteoblast differentiation and, hence, healing during 
the callus formation stage in knockout mice models 
(Vi et al., 2015). The polarisation of pro-inflammatory 
macrophages M1 to anti-inflammatory macrophages 
M2 is indicative of endochondral ossification in the 
long bone fracture model (Cordova et al., 2017; Loi 
et al., 2016; Schlundt et al., 2018). In OVX mice, M1 
polarisation is enhanced while M2 polarisation is 
impaired, leading to increased M1/M2 ratio in the 
bone marrow (Dou et al., 2018). The present study 
results revealed that the vibration treatment brought 
the number of M2 macrophages to normal levels, as 
shown by similar CD206 level to SHAM, and induced 
higher CD206 expression as compared to OVX rats 
(Fig. 7a). Also, vibration treatment shifted the increase 
in M2/M1 ratio to week 1 instead of week 2, indicative 
of possible enhancement effects in macrophage 
polarisation at the callus due to vibration treatment. 
M2 macrophages inhibit osteoclast formation 
(Abdelmagid et al., 2015) and support bone deposition 
(Xu et al., 2019). Enhancing M2 macrophages in the 
fracture area by the application of IL-4 and IL-13 
significantly increases bone formation in a mouse 
osteotomy model (Schlundt et al., 2018). Macrophage 
morphology and activation are modulated by 
mechanical stimuli (McWhorter et al., 2015) and 
macrophages, in turn, cross-talk with mesenchymal 
progenitor cells to enhance osteogenesis (Pajarinen 

et al., 2018; Vi et al., 2015). In a mouse model, 
mechanical stretch induces alternative activation of 
macrophages (M2) to facilitate hair regeneration (Chu 
et al., 2019). The application of cyclic strain increases 
the ratio of M2/M1 macrophages in electrospun 
scaffolds (Ballotta et al., 2014). The current results 
may be the first ones demonstrating a similar 
phenomenon in fracture healing. Observations of 
macrophage phenotype in terms of M2/M1 ratio 
and moderate-to-strong correlations with the callus 
size and BMD measurements showed that the M1-
M2 polarisation was a key inflection point when 
fibrin clot degradation was completed and hard 
callus formation was active (Table 2). Collectively, 
results suggested that macrophage polarisation in 
ovariectomised rats was prolonged as compared 
to normal fracture and vibration treatment could 
shorten this process by modulation of macrophage 
polarisation from M1 to M2 at an earlier time-point.
 Many studies have reported the importance of 
COX-2/prostaglandin signalling pathway in fracture 
healing and that reduced expression of this pathway 
would hinder healing (Brown et al., 2004; Gerstenfeld 
and Einhorn, 2004; Naik et al., 2009; Simon et al., 2002; 
Xie et al., 2009; Yukata et al., 2018). In agreement 
with these studies, COX-2 expression was lower at 
the fracture site in OVX rats and healing impaired, 
as confirmed by inferior callus formation. At the 
same time, vibration treatment could positively 
modulate local COX-2 expression (Fig. 4a). In vitro, 
vibration treatment (at various frequencies) can 
increase substantially the expression of COX-2 in 
osteocytes (Lau et al., 2010) and the introduction of 
stretching to fibroblast can reduce the production of 
COX-2 (Yang et al., 2005). Similarly, in the present in 
vivo fracture model, vibration treatment increased 
COX-2 expression at the fracture callus along with 
other inflammatory cytokines. COX-2 is critical for 
regulating subsequent stages of the healing process, 
including chondrogenesis, callus formation and 
remodelling (Naik et al., 2009; Xie et al., 2008), and 
stimulating the differentiation of mesenchymal 
progenitor cells (Huang et al., 2014). The inhibition of 
COX-2 by a COX-2-selective inhibitor would almost 
completely remove the enhancement effects on all 
outcome measures, leading to poorer healing, as 
demonstrated in the present study.
 The present study once again confirmed that OVX-
induced osteoporotic fracture impaired inflammatory 
response at the early phase of fracture healing, as 
shown by a slight elevation in systemic inflammation, 
but impaired the local innate immune response. 
At the fracture site, the levels of pro-inflammatory 
markers TNF-α and IL-6 were lower, whereas the 
level of the anti-inflammatory marker IL-10 was 
higher as compared to normal bones, eventually 
leading to compromised healing outcomes (Fig. 
2a). Results were complementary to other studies 
showing impairment of inflammatory response in 
osteoporotic fracture (Wang et al., 2018) but in in 
contrast to Haffner-Luntzer et al. (2017), reporting 
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that oestrogen deficiency elevates local neutrophils 
counts and expression of pro-inflammatory midkine 
and IL-6. Despite this, fracture healing was inevitably 
found to be impaired under oestrogen-deficient 
conditions. Due to the complex and multifaceted role 
of oestrogen in the immune response (Weitzmann 
and Pacifici, 2006), further experiments are required 
to delineate the role of oestrogen and demonstrate 
that its deficiency is certainly playing a negative role 
in fracture healing.
 A limitation of the study was the absence of other 
assessments, such as qPCR or FACS. Moreover, only 
M1 and M2 macrophages and their interactions with 
mechanical stimulation in osteoporotic-fracture 
healing were evaluated. Thus, a more in-depth 
examination of various immune cell populations and 
their regulatory roles should be explored in future 
studies. Further in vitro studies will be required to 
delineate the effect of vibration treatment on signal 
transduction pathways, macrophage polarisation 
and the subsequent impact on osteoporotic bone 
regeneration. In addition, the callus quality in terms 
of mineralisation and collagen fibre orientation 
should be analysed using second-harmonic imaging 
microscopy, electron microscopy or nano-indentation 
to provide more information about callus formation.

Conclusion

The study confirmed that vibration treatment 
could modulate macrophage polarisation from 
pro-inflammatory M1 to anti-inflammatory M2 at 
an earlier time-point and stimulate the impaired 
inflammatory response in OVX bone, which exhibited 
decreased expressions of pro-inflammatory cytokines 
and increased anti-inflammatory cytokines. The 
findings helped to identify possible inflammation-
related therapeutic targets to tackle delayed healing 
or non-union in osteoporotic patients.
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Discussion with Reviewers

Thaqif El Khassawna: Would the authors expect a 
deviant result if a more stable (rigid) fixation method 
was used?
Authors: We have previously utilised a metaphyseal 
fracture model with complete osteotomy at the 
metaphysis unilaterally and rigid plate fixation (Wong 
et al., 2018; Wong et al., 2019; additional references). In 
addition, vibration treatment enhanced early phase 
fibrinolysis in a metaphyseal fracture model, which 
helped to accelerate the overall fracture healing by 
timely and more effectively removing fibrin from the 
fracture site (study submitted). Others have utilised 
a mouse model subjected to vibration treatment after 
femur osteotomy stabilised by a semi-rigid external 
fixator and found that OVX-induced compromised 
fracture healing is significantly improved in terms 
of callus properties and bone formation (Haffner-
Luntzer et al., 2018; Wehrle et al., 2015; additional 
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references). Thus, we speculate that the results would 
be very similar if a more rigid fixation was used.

Thaqif El Khassawna: Do the authors expect an 
improved or a discrepant bone quality in terms of 
collagen fibre orientation and arrangement, osteocyte 
morphology and ECM components in response to the 
treatment? Are there any data in this regard?
Authors: Chung et al. (2014, additional reference) 
demonstrated that vibration treatment could 
upregulate the expression levels of collagen type  
I and II in the fracture callus at different fracture 
healing phases, resulting in enhanced callus 
formation and mineralisation. Moreover, mechanical 
loading influences ECM composition depending 
on loading conditions in in vitro models (Sebastine 
and Williams, 2006; additional reference). The ECM 
network is structurally remodelled when being 
exposed to mechanical stress and strain that change 
fibre orientations in the direction of loads and their 
connectivity (Kim et al., 2019; additional reference). 
Therefore, we would expect vibration-treated 
animals to have different collagen fibre orientation 
and arrangement as well as ECM components 
when compared with controls, leading to improved 
bone quality. However, data about collagen fibres 
orientation and arrangement and ECM components 
could not be provided in the present study. More in 
vitro experiments could be performed to verify the 
above hypothesis.
 As for the osteocyte morphology, osteocytes of 
vibration-treated animals have remarkably more 
dendrites radiated around the cell body as compared 
to control ones, with significantly higher expression 
of DMP1 and E11 (an osteocyte marker) at dendrites 
(study under revision).

Thaqif El Khassawna: Would the authors expect 
discrepant collagen fibres orientation if they would 
have performed a sirius red staining and evaluated 
it using polarised-light microscopy?
Authors: Based on the level of mechanical stimulation 
received by the treated animals and the biological 
effect, as demonstrated by the enhanced callus 
formation, it is possible that vibration-treated animals 
would have very different collagen fibre orientation 
when compared with control animals. This may 
be associated with the direction of the vibration in 
relation to the bone orientation (different in animal 
and human). However, collagen fibre orientation data 
could not be provided in the present study.

Thaqif El Khassawna: Do the authors believe that 
vibration therapy is a viable replacement for Food 
and Drug Administration-approved osteoporosis 
prevention medications? Or is the potential higher 
as an enhancing approach for bone healing?
Authors: We believe that vibration therapy could be 
a viable approach for both osteoporosis prevention 
and bone healing enhancement. Vibration therapy 
is able to maintain BMD in human subjects, reduce 

fall and fracture rates (Leung et al., 2014, additional 
reference) and enhance fracture healing in animals 
(Wang et al., 2017, additional reference). 
 In order to apply vibration therapy in humans, 
more well-designed randomised controlled clinical 
trials could be performed to further examine the 
efficacy, regimes and safety of vibration treatment.

Thaqif El Khassawna: Is there a limit to the 
modulation of the innate immune system by means 
of vibration? In other words, will vibration treatment 
reach any harmful extent? Would the excessive 
polarisation of M2 pose a risk to the balanced 
patients’ immune response? If so, what are the 
suggested parameters to monitor such polarisation?
Authors: We believe that a limit to the modulation 
of the innate immune response by vibration exists. 
However, we did not investigate the dose-dependent 
effects of vibration on the inflammatory response. 
Thus, more studies are still needed to investigate 
this aspect.
 A balanced inflammatory response is essential 
not only to successful fracture healing but also 
other injury healing processes. Hence, excessive 
polarisation of M2 is believed to disturb the balance 
of the immune response as a whole, but promoting 
the inferior level of M2 polarisation at the fracture 
site could help accelerate fracture healing, as shown 
in the present study. Vibration treatment enhanced 
the sub-optimal inflammatory response in oestrogen-
deficient osteoporotic animals, leading to more 
favourable healing outcomes.
 As for monitoring M2 polarisation, levels of M2 
markers in serum could be tested.

Melanie Haffner-Luntzer: It would be interesting to 
discuss the translational relevance of the vibration 
treatment. How much strain arises locally at the 
fracture callus due to the vibration and how would 
this transfer to the clinical situation?
Authors: Strain at the fracture callus was not 
measured in the present study. Dynamic strain 
magnitudes collected from the surface of a rat 
proximal tibia induced at 45 Hz is 2.12 ± 0.42 µε 
(Judex et al., 2007, additional reference). For clinical 
application, since the changes in vibration frequency 
may have an impact on the ability of the vibration 
treatment to enhance bone formation, further 
randomised controlled clinical trials are needed to 
determine the optimal regime of vibration treatment.
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