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Non-Invasive Low-Intensity Pulsed Ultrasound
Accelerates Bone Healing in the Rabbit
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Summary: The effect of ultrasound (US) on the rate of fibula osteotomy heal-
ing in 139 mature New Zealand white rabbits was assessed in this study.
Bilateral midshaft fibular osteotomies were made using a 1-mm Gigli saw. US
was noninvasively applied to one limb for 20 minutes daily, while the contra-
lateral limb served as a control. A 2.5-cm PZT transducer was applied to both
limbs, with the treated limb receiving a 200-ws burst of 1.5-MHz sine waves
repeated at 1.0 kHz. The incident intensity was approximately 30 mW/cm?.
Animals were killed at intervals between 14 and 28 days. Maximum strength
increases (significant to p < 0.01) ranged from 40 to 85% from postoperative
day 14 to 23. On day 28, no significant difference in ultimate strength was
noted. From day 17 through day 28, all US-treated fractures were as strong as
intact bones (p < 0.005). On the other hand, the ultimate strength of the control
osteotomies attained intact values only by day 28. These results indicate that
biomechanical healing is accelerated by a factor of nearly 1.7. This occurs with
an overall acceleration of the healing curve in this fresh fracture model. If
noninvasive low-intensity pulsed sine wave ultrasound can significantly accel-
erate bone repair in clinical application with an in-home treatment of 20 min-
utes daily, then US may be a useful adjunct for fracture care with a concom-
itant impact on patient morbidity. Key Words: Ultrasound—Fracture healing—

Rabbit fibula—Biomechanical testing.

There are many applications of ultrasound (US)
in surgery, therapeutics, and diagnostics (47). The
frequency range employed is 0.8 to 15.0 MHz and is
based on considerations of sound absorption, pen-
etration, and resolution (for diagnostics). The inten-
sities are high for surgical and therapeutic applica-
tions (1-50 W/cm?), and are designed to cause sig-
nificant tissue heating. Diagnostic US employs
much lower intensities (1-50 mW/cm?), which are
specifically chosen to avoid tissue heating. Low-
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intensity ultrasound in the latter power range has
recently been used in an attempt to assess the me-
chanical state of bone in a healing fracture (16) and
various stages of osteoporosis (2,17). Weak US has
been shown to influence the rate of fracture repair
in animal models (11,13) and bone repair in humans
(3,22,44,45). Several types of experimental animal
fractures have been studied, using widely differing
doses and signals of ultrasound (1,14,20-22,26). As-
sessment of bone repair in these studies has been
carried out primarily by radiographic analyses. To
the authors’ knowledge there has been no well-
controlled study of the influence of US on the rate
of return of the mechanical strength of bone in a
healing fracture. Preliminary studies in this labora-
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tory have shown that a non-thermal US signal can
accelerate fracture healing in rabbit fibula osteoto-
my (28,30,32,33). A similar pulsed US signal has
been used in double-blind placebo-controlled clini-
cal studies of Colles’ and tibia diaphyseal fractures
and resulted in an acceleration of healing (as dem-
onstrated by radiography) at all time points by an
average factor of 1.5 (24). This work reports on a
quantitative time study of the effect on bone repair
of low-intensity US (30.0 mW/cm?, non-thermal) at
1.5 MHz in a model of bilateral rabbit fibula oste-
otomy, using biomechanical assessment of bone
strength.

MATERIALS AND METHODS

Operative Technique

The experimental model consisted of bilateral
midshaft fibular osteotomies performed on 139 ma-
ture (3.5-5 kg) female New Zealand white rabbits
(6). Under aseptic conditions using xylazine (20 mg/
ml) and ketamine (50 mg/ml) as anesthesia, the hind
limbs were shaved from mid-thigh to ankle, and a
depilatory agent was employed to maintain the skin
fur-free for efficient ultrasound coupling during
treatment. A lateral approach was used to reach the
fibula. With the distal tibial tuberosity as a central
landmark, a 4-cm incision was made through the
skin and fascial layers. The plane between the gas-
trocnemius/flexor hallucis longus and the tibialis
cranialis was separated using blunt dissection until
the tendons of the extensor digitorum longi were
exposed. Curved elevators were then passed
through the interosseous membrane, separating the
tibia and fibula at 2 cm from the tibial tuberosity
(midfibular shaft). A 1-mm Gigli saw was aligned
perpendicularly to the fibular longitudinal axis, and
with gentle, short strokes, the fibula was osteoto-
mized under constant saline irrigation. The osteot-
omy was complete when the Gigli saw had passed
two-thirds through the fibular diameter and the dis-
tal and proximal ends were separated along a scal-
pel blade score on the lateral aspect. Fractures were
accepted only if they were in the middle third, were
not comminuted, had bone contact in the lateral gap
portion, and were not displaced greater than 25% of
the bone diameter. The skin and fascia were closed
with 4.0 subcuticular coated vicryl sutures. An
identical procedure was performed on the contra-
lateral side. The fibula is synostosed to the tibia

proximally and distally, and thus required no fixa-
tion. To avoid surgical bias, operative procedures
on consecutive animals were always done alter-
nately from left to right limbs. The rabbits were
allowed to resume unrestricted activity in their
cages upon recovery from anesthesia. A schematic
diagram of the lateral view of the tibia and osteot-
omized fibula is illustrated in Fig. 1.

Treatment Groups

All animals in this study were placed in standard
sling immobilization (25) for a 20-minute treatment
period starting on postoperative day (POD) 1. For
the remainder of each 24 hours, the rabbits were
allowed unrestricted activity in Department of Ag-
riculture—approved cages.

The experimental animal group received 20-
minute US treatments daily on one limb, between 5
and 10 p.m., while the opposite limb served as the
contralateral control. US treatment started on POD
1 and was applied with a lead zirconate titanate
(PZT-4) transducer (Interpore Orthopaedics Inc.,
Spring Valley, NY), 2.5 cm diameter, placed on the
limb laterally over the osteotomy site (Fig. 1). Basic
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FIG. 1. Schematic diagram of the lateral view of the tibia and
osteotomized fibula. The osteotomy is made in a “C’’ shape
to provide bone contact and maintain a relatively stable heal-
ing curve. Note that the ultrasound transducer completely
encompasses the osteotomy site.
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ultrasound gel served as the coupling medium. A
dummy transducer was applied to the contralateral
limb, also using gel. US-treated animals were killed
at PODs 14, 16, 17, 18, 21, 23, and 28, which en-
compasses all the gross structural stages of fracture
healing (43) in this fibula model (5,6). Destructive
torsional testing could not reliably be performed
prior to POD 14 since most of the specimens exhib-
ited only early soft tissue stage I healing (43).

There were 20 animals in the bilateral control
groups that received complete osteotomies. They
were handled on a daily basis in exactly the same
manner as the US-treated animals. Dummy trans-
ducers were applied to both limbs for 20 minutes
daily, using ultrasound gel. These animals were
killed at postoperative day 17 and 18. To obtain
intact specimens, 13 animals were selected at ran-
dom times throughout the study.

The Ultrasound Signal

The low-intensity US signal used in this study
was first described by Duarte, who reported suc-
cessful results in animal models (1) and human clin-
ical trials (44,45). The signal consisted of a 200 ws
burst of 1.5 MHz sine waves repeating at 1.0 kHz
and delivering 30.0 = 5.0 mW/cm? spatial average
and temporal average incident intensity (SATA)
(12,23). The effective radiating area of the PZT-4
transducer was 3.88 cm?. The US signal was trans-
mitted through the skin and intervening soft tissue
by applying the transducer to the external skin sur-
face via coupling gel. The relatively low soft-tissue
attenuation of the US signal having a carrier fre-
quency of 1.5 MHz allowed a significant portion of
the signal to reach the fracture site (42). The signal
was applied in a burst rather than continuously to
obtain a ratio between peak amplitude and average
power such that cavitation (41) and tissue heating
were avoided (40). To check for the latter, in vivo
temperature was monitored during US application
by implanting a thermistor (YSI model 401) adja-
cent to the osteotomy site. The US signal was ap-
plied for 20 minutes in each 24-hour period, which is
consistent with reported exposure times for me-
chanical effects on bone tissue in vitro (7,15) and in
vivo (35).

Radiographic Evaluation

All specimens were examined radiographically
after death and dissection using a Faxitron system
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(Hewlett Packard model 43805N), with an extrem-
ity cassette for high-resolution films. The radio-
graphs were digitized (9,38) and evaluated to assure
that each fibula pair had similar osteotomies. This
was determined by accepting only ‘““C’’ shaped os-
teotomies, i.e., those in which the Gigli saw had
passed two-thirds through the thickness of the fib-
ula (Fig. 2). These radiographs were also employed
to make certain that the osteotomy was in the mid-
dle third and that left and right were not unequally
displaced. A sample radiograph for POD 17 is
shown in Fig. 2.

Destructive Torsional Testing

All fibulae were subjected to destructive torsional
testing (courtesy A. H. Burstein, Hospital for Spe-
cial Surgery, New York, NY). Specimens were pre-
pared for mechanical testing by cutting the tibia on

FIG. 2. Radiograph for POD 17. US-treated side (right) exhib-
its more mature callus than its contralateral control. The US-
exposed bone is as strong in torsion as intact fibulae, while
the contralateral control is still only about 50% of intact
strength (Table 1). Note the more extensive periosteal reac-
tion on the right.
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a diagonal, beginning at the ridge separating the me-
dial and lateral condyles and proceeding along the
lateral side of the tuberosity toward the medial sur-
face. This method removes a wedge approximately
3 ¢cm long and enables easy alignment of the fibula
with the axis of applied torque. The exposed ends of
the tibia were then embedded in Woods metal (Cer-
robend alloy, melting temperature 70°C). The pot-
ted specimen was placed in the dead-weight testing
apparatus (8), and the tibia was isolated proximal to
the osteotomy at the region of maximal separation
of the tibia and fibula using a small power saw
(Dremel Moto-Tool with 1.0 X .005 in blade). With
the specimen in place, the torque versus angle
curve was recorded. A typical torque versus angle
curve is shown in Fig. 3. Maximum torque is the
peak of the curve immediately prior to specimen
failure, expressed in newton meters (Nm). Stiffness
was calculated for each sample by taking the slope
of the longest straight line, starting at the origin,
such that the standard error of regression was
within the experimental error of £5.0 x 10™* Nm
(Fig. 3). The biomechanical results are reported as
maximum torque and initial torsional stiffness.

Statistical Analysis

The paired percentage difference of each treated
fibula relative to its contralateral control was calcu-
lated as 100 times (US treated value minus control
value) divided by the control value. The mean and
standard error of the mean (SEM) was computed
for each POD. All paired percentage differences in
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FIG. 3. A typical torque versus angular displacement curve
for a rabbit fibula osteotomy exhibiting a relatively mature
[stage Ill (43)] callus (typical of US-treated fibulae from POD
16 onward). The straight line tangent to the experimental
curve starting at the origin is a measure of the torsional stiff-
ness.

maximum torque and derived initial torsional stiff-
ness of the rabbit fibulae were tested for normality
(Gaussian distribution) using a Kolmogorov-
Smirnov goodness of fit test. A one-tailed Student’s
t test was employed to test the paired percentage
differences for statistical significance. A two-tailed
Student’s ¢ test was used to test the statistical sig-
nificance of differences from intact strength for
both treated and contralateral control osteotomies
for each postoperative day. For both of the above
cases significance was accepted at p < 0.05 (46).

RESULTS

Of 139 starting animals, 106 were accepted for
inclusion in the study. Of the original group, 12
were infected, and 21 had unequal gap osteotomies,
were displaced, or were ruined during mechanical
testing. The maximum temperature rise at the oste-
otomy site at the end of 20 minutes of US exposure
was 0.1 = 0.02°C, indicating that gross thermal ef-
fects were not a factor for this signal.

The healing curve, using maximum mechanical
strength for the osteotomy model in the rabbit fib-
ula, exhibits rapid transition of the fracture from
soft callus to hard callus (stage I to stage II, [43])
within POD 14-23 (5). During this interval, failure in
approximately 90% of all control osteotomies oc-
curred in the callus. The mechanical test results ex-
hibit the greatest difference for treated limbs versus
contralateral controls in this time period. A sum-
mary of the mechanical strength data is presented
for each POD in Table 1. Maximum strength differ-
ences compared with controls were most notable on
day 14, 16, 17, 18, 21, and 23, when treated limbs
were 40-85% stronger than their contralateral con-
trols. On day 17 the treated fractures exhibited an
average maximum torque of 9.88 X 1072 Nm,
which is not significantly different from 1.02 X 107!
Nm, the average for intact fibulae (p < 0.005). On
the other hand, it was only at POD 28, when they
exhibited a mean torque of 1.22 X 10~ ' Nm, that
the mean strength of control limbs was not signifi-
cantly different (p < 0.005) from intact values. Bi-
lateral control results for POD 17 and 18 (Table 1)
showed no significant paired percentage effect. The
maximum torque values for these control fibulae
are identical to those obtained for the contralateral
control osteotomies of US-treated animals on the
same POD. This suggests that surgical bias and/or
systemic effects do not play a significant role in the
observed US effect.
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TABLE 1. Ultrasound effect on maximum torque (Nm + SEM) (X10%) in rabbit fibula osteotomy

Average paired

POD Contralateral control Treated percent effect n p
14 415 £ 70 488 = 70 67 13 <.05
16 437 = 58 597 = 80 45 8 <.025
17 593 + 82 988 = 136 85 12 <.0005
18 558 = 81 839 + 88 86 12 <.01
21 655 = 90 924 = 122 59 11 <.01
23 660 + 75 908 =+ 154 38 8 <.03
28 1223 = 130 1136 = 111 —4 9 NS

Bilateral controls
left right
17 620 + 55 607 = 69 -3 12 NS
18 567 = 106 550 = 85 4 8 NS
Intact controls
left right
957 = 72 1088 = 102 14 13 NS

POD, postoperative day; n, number of animals.

The influence of US on the healing curve is most
clearly seen by comparing the strength of both
treated and contralateral controls with that of the
mean for intact fibulae at each POD. This is shown
in Fig. 4, wherein the asterisked bars represent
those groups that have maximum strengths that are
significantly different from intact fibulae. As can be
seen, the US-treated osteotomies achieve intact
strength at POD 17 and remain at intact values for
the remainder of the healing time tested (to POD
28). In contrast, the contralateral controls are sig-
nificantly weaker than intact fibulae until POD 28.
These results indicate that US increases the overall
healing rate in this model by a factor of nearly 1.7.
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FIG. 4. Comparison of maximum strength of both US-treated
and contralateral control limbs versus intact fibulae for each
POD. The US-exposed limbs reach intact strength at POD 17
and maintain this strength for the remainder of the test pe-
riod. The contralateral control fibulae reach intact strength
only by POD 28. Significantly different than intact fibulae *p
< 0.005.
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The average torsional stiffness was calculated us-
ing each torque versus angle curve by fitting the
longest straight line from the origin consistent with
an experimental error of 5.0 x 10~* Nm in torque
(Fig. 3) and is shown in Table 2 for each POD.

DISCUSSION

It has been shown in this study that low-intensity
pulsed sine wave US noninvasively applied for 20
minutes daily increased the rate of return of me-
chanical strength of an osteotomized rabbit fibula,
as assessed by destructive torsional testing. Both
initial stiffness and maximum torque exhibited sig-
nificant differences for the US-exposed fibula ver-
sus its contralateral control during the period of
rapid callus maturation. The US effect was intense
enough during the mineralization phase to affect the
entire healing curve. Thus the treated osteotomy
achieved intact strength approximately 1.7 times as
fast as its contralateral control. For the US-treated
fibulae, stiffness and maximum strength returned to
normal (intact values) at the same rate (see Tables 1
and 2). On the other hand, for the contralateral con-
trols, stiffness returned to intact values at a some-
what faster rate than maximum strength (POD 23
versus POD 28), confirming the findings of previous
studies of healing fractures (5). The stiffness at POD
28 is considerably higher (for both treated and con-
trol sides) than that for intact values. This finding
may be due to the fact that the average callus size in
the area of the osteotomy site nearly doubles the
effective diameter of the bone and therefore multi-
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TABLE 2. Ultrasound effect on torsional stiffness (Nml/deg + SEM) (X10°) in rabbit fibula osteotomy

Average paired

POD Control Treated percent effect n p
14 8 +2 10 2 91 13 <.05
16 9 +2 14 +2 70 8 <.025
17 13+2 20 £ 2 82 12 <.005
18 122 192 86 12 <.002
21 152 20 =3 45 11 <.02
23 21 £ 4 23 £5 27 8 NS
28 42 =7 37+5 17 9 NS

Bilateral controls
left right
17 12+2 12+2 10 12 NS
18 14 =4 12+3 2 8 NS
Intact controls
left right
23 £2 24 =2 3 13 NS

POD, postoperative day; n, number of animals.

plies its moment of inertia by a factor of 16. Since
stiffness in this torque test may be considered to be
a summation of its values for each cross section of
the bone along its entire length and since mature
callus occupies the middle third of the fibula, the
resulting structure must have greater overall stiff-
ness than the intact bone. Maximum strength of
treated and control bones is not significantly differ-
ent from that of the mean of intact values, despite
the high stiffness value at POD 28. This is most
probably due to the fact that the fibula fails outside
the callus in the shaft with mechanical strength sim-
ilar to that of the intact shaft. This corresponds to
late stage III and stage IV fracture healing (43).
Support for this theory may be seen in the data of
Table 2, which shows that treated fibulae do not
exhibit a significant increase in maximum strength
versus intact bones beyond POD 17, whereas, ra-
diographically, the US-treated osteotomy generally
shows a more mature and larger callus than its con-
tralateral control (Fig. 2).

The results presented in this study show that low-
intensity pulsed US is capable of accelerating the
overall biomechanical healing rate in a controlled
fracture model. It is important to correlate this find-
ing with the actual biomechanical healing stage (43)
of each fibula. The healing stage was determined by
examination of each torque versus angle curve and
by observation of the point of failure (callus, shaft,
or both). This analysis showed that none of the US-
treated fibulae exhibited soft-tissue behavior (stage
I, [43]) from POD 17 through POD 28. In particular,
from POD 17 onward, the majority of US-treated

fibulae were in the hard tissue stages III and IV
(43). For example, 58% were in stage III at POD 17,
wherein the maximum torque strength was largely
determined by that of the shaft. The mean strength
of these fibulae was therefore not expected to be
significantly different from intact (shaft) values, as
is shown in Fig. 4. In contrast, the majority of con-
tralateral control fibulae were in soft tissue stage I
(53% at POD 17) or early hard tissue stage II from
POD 17 through POD 23. The mean strength of
these controls was expected to be determined by
that of the callus as it progresses from stage I
through stage II. The maximum strength should
therefore be slowly rising and not yet equal to intact
values, as seen in Fig. 4. The correlation presented
above is a strong indication that the strength mea-
surements for this bone correspond to a healing
stage that is meaningful in terms of return of func-
tion.

Bone tissue is able to respond functionally to me-
chanical input, but the exact mechanism of this ef-
fect is not yet known. Proposed mechanisms center
on direct and indirect mechanical effects. For ex-
ample, it has been reported (4) that bone cells re-
spond to static mechanical forces by an increase in
prostaglandin (PGE,) synthesis and that this is a
direct result of the deformation of membrane phos-
pholipid (via phospholipase A,). Using US creates a
pressure wave that may deform the cell membrane
and alter ionic permeability (10) and therefore sec-
ond messenger activity (29) via a direct mechanical
effect. It is also possible that an indirect electrical
effect, such as modulation of electrical charge and/

J Orthop Trauma, Vol. 4, No. 3, 1990



252

or ion binding at the membrane surface, could occur
(18,19,27,29,34,39). This electrochemical perturba-
tion may trigger a follow-up biological mechanism
involving second messenger activity. Exposure of
MC3T3 osteoblasts to the US signal used in this
study showed an early (3, 5, and 15 min) effect on
adenylate cyclase activity (31,36,37), suggesting
that a biochemical cascade is triggered by low-
intensity US.

The results of this in vivo animal study suggest
that low-intensity pulsed ultrasound may be useful
for bone repair and new bone formation as might
occur in the biologic fixation of prosthetic implants,
bone graft incorporation, allographic transplanta-
tion, and for osteonecrotic conditions. It is our be-
lief that the physical modulation of biological sys-
tems using non-thermal pulsed ultrasound may
bring a new and powerful approach to many clinical
problems.
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