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Combined Treatment of  Alendronate and Low-Intensity Pulsed 
Ultrasound (LIPUS) Increases Bone Mineral Density at the Cancellous 
Bone Osteotomy Site in Aged Rats: A Preliminary Study.
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ABSTRACT

Introduction: During fracture healing, alendronate encourages callus volume by inhibiting bone 
resorption, whereas low-intensity pulsed ultrasound (LIPUS) enhances bone regeneration by 
promoting an anabolic response.

Methods: In the present study, 9-month-old Sprague-Dawley rats, with a unilateral proximal 
tibial osteotomy, were treated with alendronate (daily, 1 �g/kg) plus sham-LIPUS (n = 14), 
saline plus LIPUS (20 min/day) (n = 18), alendronate plus LIPUS (n = 16), or saline plus sham-
LIPUS as a control (n = 13) for 4 weeks. The rats were then examined for changes in bone 
mineral density (BMD) during metaphyseal bone repair.

Results: The combined therapy signi� cantly increased BMD at the osteotomy site at 4 weeks 
(p < 0.001) compared with the control, without affecting the contralateral, non-osteotomized 
tibia. Both alendronate and LIPUS alone also exerted a positive, albeit less, effect on BMD in the 
affected limb (p < 0.001 and p = 0.006, respectively). 
Conclusion: Alendronate and LIPUS cooperate to enhance BMD during metaphyseal bone 
healing.
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INTRODUCTION

Osteoporosis, a progressive systemic skeletal disease, is 
characterized by low bone mass and micro-architectural 
disturbances in the bone tissue. This disease poses a 
major concern for the public health system, with disability 
and death stemming from the increased risk of fragility 
fractures in osteoporotic patients.1,2 Unfortunately, 
despite advances in preventative fracture treatment, 
the incidence of osteoporotic fractures seems to be 
rising along with an aging population.3 Therefore, there 
is a growing need to discern better ways to not only 

prevent, but also treat, fractures linked to osteoporosis. 
One of the most important factors to consider when 
performing surgery for the treatment of an osteoporotic 
fracture is the local condition of the bone at the fracture 
site, as re� ected by the bone mineral density (BMD). 
Bisphosphonates, the most clinically important class 
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of anti-resorptive agents, prevent subsequent fracture 
after a fragility fracture, as well as reduce the risk of an 
initial fracture by increasing or maintaining the BMD in 
osteoporotic patients; these effects were later attributed 
to the potent inhibitory effect of bisphosphonates 
on bone resorption.4,5,6 However, the effect of 
bisphosphonates on the BMD at metaphyseal fracture 
sites is still unknown. On the other hand, low-intensity 
pulsed ultrasound (LIPUS), which is widely used in the 
clinical setting, has been shown to accelerate fracture 
healing by promoting an anabolic response.7 It has been 
reported that LIPUS works to increase callus mineral 
density along with callus maturation at the diaphyseal 
fracture site.8 However, it is still unclear whether LIPUS 
increases the BMD at both the fractured and unfractured 
metaphyseal sites. Thus, it is hypothesized that 
treatment with bisphosphonate and LIPUS might have 
an additive effect during metaphyseal fracture repair, 
and their concomitant use may offer an alternative 
treatment for osteoporotic metaphyseal fractures. The 
purpose of this study was to investigate the effects of 
the bisphosphonate, alendronate, in conjunction with 
LIPUS on the BMD during metaphyseal repair using a rat 
proximal tibial osteotomy model.

METHODS

Animal preparation

Nine-month-old female Sprague-Dawley rats (Charles 
River Laboratory Inc., Kanagawa, Japan) were housed 
in a controlled environment at 22°C with a 12-h light/
dark cycle. The rats were permitted free access to 
water and standard feed (CE-2, Clea Japan Inc., Tokyo, 
Japan). All rats underwent mid-sagittal osteotomy 
on the right proximal tibia. Brie� y, a lateral para-
patellar incision was created in the knee joint through 
the proximal half of the tibia. Using a powered saw 
(Yoshida Medical Inc., Japan), an osteotomy was then 
created in the upper one-fourth of the proximal tibia, 
without extending to the caudal cortex, as previously 
reported.9 The osteotomized tibiae were closed using 
a non-absorbable suture. After surgery, the rats were 
allowed to move freely; those rats which displayed an 
abnormal gait or impaired locomotion were excluded 
from later assessment.

Experimental design

Rats were randomly assigned into one of four groups: 
alendronate group (alendronate plus sham-LIPUS; n = 
14), LIPUS group (saline vehicle plus LIPUS; n = 18), 
combined group (alendronate plus LIPUS; n = 16) and 
the control group (saline vehicle plus sham-LIPUS; n = 
13). A saline vehicle was used in place of alendronate 
in the LIPUS and the control groups. Daily drug/vehicle 
administration and LIPUS/sham-LIPUS interventions on 

both osteotomized and non-osteotomized tibiae were 
initiated on the third day after the osteotomy and 
continued until sacri� ce. Body weights were measured 
prior to the osteotomy and once per week after the 
osteotomy to adjust the dosage of alendronate. For 
LIPUS or sham-LIPUS exposure each day, rats were 
given general anesthesia with intra-peritoneal ketamine 
(20 mg/kg) (Sankyo, Tokyo, Japan) and xylazine 
(1.5 mg/kg) (ZENOAQ, Fukushima, Japan). For the 
administration of sham-LIPUS, rats were subjected to 
the same procedure as LIPUS, without the ultrasound 
activated. Rats were sacri� ced under anesthesia four 
weeks after the osteotomy, and their bilateral tibiae 
were preserved in 10 % neutral buffered formalin for 
evaluation. All animal experiments were approved 
by the “Guidelines for Animal Experiment” of Akita 
University School of Medicine.

Alendronate administration

Rats in the alendronate and the combined groups 
received 1 �g/kg alendronate (Teiroc Injection 10 mg, 
Teijin Pharma, Tokyo, Japan) prepared in saline at a 
concentration of 0.02 mg/ml subcutaneously. Rats in the 
LIPUS and the control groups received a subcutaneous 
0.2 ml saline injection as a vehicle control.

Ultrasound intervention

LIPUS was provided by a Sonic Accelerated Fracture 
Healing System (SAFHS 2000J; Teijin Pharma, Tokyo, 
Japan). The ultrasound signals were transferred 
for 20 min per day with a spatial average-temporal 
average (SATA) intensity of 30 mW/cm2; these are 
the clinically utilized settings recommended for this 
device. The transducer that generates the signals was 
applied to the antero-medial side of osteotomized and 
non-osteotomized tibiae. Rats receiving sham-LIPUS 
underwent the same procedure as rats receiving LIPUS, 
without the ultrasound activated.

Measurement of BMD

The bone mineral density (BMD) of both excised tibiae 
was measured by dual-energy X-ray absorptiometry 
(Hologic QDR-4500, Hologic, MA, USA) in the 
anteroposterior view. The bones were scanned in the 
“small animal” scan mode, with the “regional high-
resolution” scan option. The region of interest (ROI) 
was taken 20 mm from the tip of the proximal tibia and 
spanned across the total width of the bone(Figure 1).
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Figure 1. The region of interest (ROI) measured 20 
mm from the proximal tip of tibia and included the 
entire surface area within that region.

Statistical analysis

Body weight and BMD are represented as mean ± 
standard deviation (SD). Statistical differences among 
treatment groups were compared using Scheffe’s post-
hoc test for multiple comparisons in analysis of variance 
(ANOVA). The body weight change from pre-osteotomy 
to four weeks post-osteotomy was evaluated with a 
paired t-test. Two-factor factorial ANOVA was used 
to evaluate the effect of alendronate and LIPUS alone 
or in combination on BMD. Statistical analyses were 
performed using Stat View 5.0J for Windows (SAS 
Institute, NC, USA).

RESULTS

Body weight changes 

Table 1. shows body weight changes in rats. There 
was a signi� cant decrease in the body weight of all of 
the rats during the experimental period (p < 0.001). 
However, the body weights of the rats before the 
osteotomy were the same across all the experimental 
groups, as were the body weights of the rats  four 
weeks after the osteotomy.

Table1. Body weight changes in rats

Control Alendronate LIPUS Combined
P

Value

Before

osteotomy ( g )
403 ± 49 395 ± 42 397 ± 48 395 ± 39 N.S. 

4 weeks after 

osteotomy ( g )
371 ± 39 363 ± 34 364 ± 37 363 ± 35 N.S. 

% loss of body 

weight

-7.6 ± 

5.5
-7.7 ± 4.9 -7.9 ± 5.0 -7.9 ± 5.7 N.S. 

All values are mean ± standard deviation. N.S. = not 
signi� cant. Control = Saline vehicle + Sham-LIPUS; 
Alendronate = Alendronate + Sham-LIPUS; LIPUS = Saline 
vehicle + LIPUS; Combined = Alendronate + LIPUS.
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Bone Mineral Density 

The combined treatment of alendronate and LIPUS 
signi� cantly increased BMD at the osteotomy site by 
12%, as compared with the control group (p < 0.001). 
In addition, the two-factor factorial ANOVA showed 
that there was a signi� cant effect of alendronate and 
LIPUS on BMD when administered separately (p < 
0.001 and p = 0.006, respectively). In contrast, no 
signi� cant differences were seen in contralateral non-
osteotomized tibiae across the various experimental 
groups in the multiple comparison, as compared with 
rats in the control group (Figure 2).

Figure 2: Control = Saline vehicle + Sham-LIPUS; 
Alendronate = Alendronate + sham-LIPUS; LIPUS = 
Saline vehicle + LIPUS; Combined = Alendronate + 
LIPUS. * p < 0.001 calculated in multiple comparison 
using Scheffe’s post-hoc test.

DISCUSSION

During osteoporotic metaphyseal bone repair, the choice 
of an implant is affected by the degree of bone stock in 
the patient and the quality of the trabecular network.10,11 
Consequently, BMD is an important factor in achieving 
adequate implant � xation during surgery.12,13 In this 
study, BMD was signi� cantly higher in rats treated 
with the combination of alendronate and LIPUS as 
compared with that in the control group, suggesting 
that these treatment strategies are able to improve the 
local condition of the cancellous bone. Furthermore, 
our results suggest that the positive effects on BMD by 
these two interventions are independent of each other, 
implying an additive effect when administered together. 
Based on these results, the combined treatment of 
alendronate and LIPUS is an ideal choice for promoting 
metaphyseal fracture healing and improving screw 
� xation. Additionally, the increase in BMD was observed 
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only at the osteotomy side, suggesting that alendronate 
and LIPUS have, at least in part, fracture-site speci� city 
in their action.

It is well-known that bisphosphonates increase the 
BMD of post-menopausal osteoporotic women. Several 
fracture models using ovariectomized rats have shown 
that bisphosphonate increases BMD at the diaphysis 
of a long bone.14,15,16 In the present study, alendronate 
increased BMD in the aged rats after metaphyseal 
osteotomy of the tibia. Matos et al. showed that one 
of the most potent bisphosphonates, zoledronate, 
retained the amount of trabecular bone during repair by 
stimulating primary bone production and inhibiting bone 
remodeling.17 Here, too, it is possible that alendronate 
increased BMD by preserving the amount of pre-existing 
bone at the osteotomy site.

LIPUS is often used to stimulate fracture healing after 
osteosynthesis surgery, particularly where there is 
delayed union or non-union. Other studies suggest that 
LIPUS has a bene� cial effect on bone healing by positively 
promoting signal transduction, gene expression, blood 
� ow, and tissue modeling and remodeling.18 In fracture 
studies, LIPUS treatment appears to shorten the healing 
period and increase callus mineral density.8,19 Based on 
these reports, we hypothesize that LIPUS exposure 
increased BMD by accelerating regenerated bone 
maturation at the osteotomy site.

Body weight is another contributor to BMD, as weight 
is positively associated with mechanical stress. In 
the present study, the body weight of all rats was 
decreased during the four weeks treatment, irrespective 
of the treatment group allocated. It is unlikely that the 
treatment affected the body weight, as the magnitudes 
of body weight loss were similar among the four groups, 
including the control that did not receive alendronate 
or LIPUS. Therefore, the loss of body weight was 
likely caused by the daily general anesthesia during 
the experimental periods, rather than the treatment 
modalities. In a clinical setting, general anesthesia is 
not required for treatment with alendronate and LIPUS, 
and therefore the in� uence of body weight loss should 
be negligible in a clinical setting.

There were several limitations in this preliminary study. 
One of these limitations was that we only evaluated 
BMD at the proximal tibia during cancellous bone 
repair. Further studies are required to measure the rate 
of bone union, using histopathological evaluation, and 
bone strength via mechanical testing at the cancellous 
bone osteotomy site after treatment. These tests are 
important to more accurately evaluate the effects of 
combined treatment of alendronate and LIPUS on 
cancellous bone repair.

CONCLUSIONS

In conclusion, this preliminary study showed that the 
combination of alendronate and LIPUS increased BMD 
at the osteotomy site, in an independent manner. 
Alendronate may act by increasing bone volume 
around the osteotomy site, whereas LIPUS facilitates 
maturation of the regenerated bone. Their combined 
use appears to have an additive effect on the BMD 
during cancellous bone healing, although further studies 
are warranted to con� rm these effects.
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