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Ligament injuries pose substantial problems for athletes,
both acutely in terms of time lost from participation and
chronically in terms of joint laxity and degenerative joint
disease. The major goal of clinicians when treating acute
ligament injuries is to return athletes to their preinjury

level of function, ideally in the shortest time possible and
without compromising tissue-level healing. Two methods
frequently used to facilitate this goal are the application of
ultrasound therapy and the taking of nonsteroidal anti-
inflammatory drugs (NSAIDs).

Ultrasound therapy is used after acute ligament injury in
an attempt to accelerate healing. In a recent survey, 95% of
physical therapists reported using ultrasound when man-
aging acute ligament injuries.30 Therapists reported using
it to increase tissue extensibility and stimulate collagen
production. Despite its frequent use, there is minimal sci-
entific evidence to support a beneficial effect of ultrasound.
Reviews of its effects have repeatedly concluded that there
is insufficient evidence to support the current application of
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ultrasound.1,9,20,25 To address this issue, a new direction for
ultrasound therapy in sports medicine has recently been
proposed.27 This direction was stimulated by research
demonstrating that ultrasound can have clinically signifi-
cant beneficial effects on injured tissue when low-intensity
pulsed ultrasound (LIPUS) is used.28 Low-intensity pulsed
ultrasound refers to pulsed-wave ultrasound with a spatial-
averaged, temporal-averaged intensity (ISATA) equal to or
lower than 100 mW/cm2. This dose is alternative to that
traditionally used in sports medicine, and preliminary
research has demonstrated that this new direction in ultra-
sound therapy may be beneficial in the treatment of acute
ligament injuries.24

In contrast to ultrasound therapy, the basic tenet for
NSAID use after acute musculoskeletal injury is to limit the
amount and duration of inflammation and to control pain.
Although inflammation is an important step in tissue heal-
ing, complications can arise and secondary tissue damage
can be generated; NSAIDs introduced after an acute injury
may limit this step as well as facilitate the commence-
ment of active rehabilitation by alleviating pain. Although
NSAIDs have become somewhat synonymous with the
management of acute injuries, their efficacy has yet to be
proven. This issue is of particular concern in view of recent
research indicating potential detrimental tissue effects of
1 class of NSAIDs—selective cyclooxygenase-2 (COX-2)
inhibitors.26 Cyclooxygenase-2 is an enzyme involved in the
production of prostaglandins after acute injury. Because
prostaglandins cause blood vessel dilation and increase
local vascular permeability to potentiate inflammation,4

inhibition of COX-2 is considered to be useful after acute
injury. However, this belief has been questioned,26 with
recent research showing the use of a selective COX-2
inhibitor to potentially reduce acute ligament healing.7

In addition to studying the individual effects of LIPUS
therapy and NSAIDs on ligament repair, it is also impor-
tant to investigate their effects in combination. A possible
pathway by which LIPUS may have beneficial effects on lig-
ament repair is through the stimulation of COX-2.15,21,29 By
studying the 2 agents in combination, mechanistic infor-
mation regarding the possible pathway of action for LIPUS
may be gained. This may provide valuable information
regarding the combined clinical use of these 2 agents dur-
ing acute ligament repair.

The aim of the current study was to investigate the indi-
vidual and combined effects of LIPUS and an NSAID (a
selective COX-2 inhibitor) on acute ligament healing in an
animal model. It was hypothesized that LIPUS would accel-
erate repair, the NSAID would delay repair, and the NSAID
would inhibit the beneficial influence of LIPUS, as deter-
mined via tests on ligament mechanical properties.

MATERIALS AND METHODS

Study Design and Animals

The design of this controlled laboratory study is illustrated
in Figure 1. Sixty adult, virgin, female Sprague-Dawley
rats (weight, 250-300 g) were purchased from Harlan

Sprague-Dawley Inc (Indianapolis, Ind) and acclimatized
for 2 weeks before experimentation. Animals had ad libitum
access to standard rat chow and water at all times. All pro-
cedures were performed in accordance with institutional
animal care and use committee guidelines.

Ligament Injury

All animals underwent surgery on entry to the study to cre-
ate bilateral knee medial collateral ligament (MCL) injuries.
After a preoperative subcutaneous dose of buprenorphine
hydrochloride analgesia (0.05 mg/kg; Buprenex, Reckitt &
Colman Pharmaceuticals Ltd, Richmond, Va), surgical anes-
thesia was achieved using a mixture of ketamine (60-80
mg/kg; Ketaset, Fort Dodge Animal Health, Fort Dodge,
Iowa) and xylazine (7.5 mg/kg; Sedazine, Fort Dodge Animal
Health) introduced intraperitoneally. With a sterile tech-
nique, a 5-mm longitudinal incision was made over 1 knee
medial joint line, and the MCL was located and sharply
transected at the joint line. The skin incision was closed
using a single subcuticular absorbable suture. The proce-
dure was repeated on the contralateral side to create bilat-
eral injuries. The hindlimb that was operated on first in
each animal was alternated to reduce surgical bias.

Drug Intervention

Animals were randomly allocated to 2 drug groups (NSAID
and VEH groups) (Figure 1). The interventions were com-
menced immediately after surgery and introduced 5 d/wk.
The NSAID group was given celecoxib (Celebrex, Pfizer
Inc, New York, NY) via oral gavage at a dose of 5 mg/kg.
Celecoxib is a selective COX-2 inhibitor with a COX-1/COX-2
IC50 ratio of 17, indicating that the dose of celecoxib required
to inhibit the activity of COX-2 by 50% is 17 times less than
that required to inhibit COX-1 activity by 50%.26 The cele-
coxib dose introduced was equivalent to that used clinically
to treat acute pain in humans (400 mg/70 kg),26 with the
pharmacokinetics of celecoxib in terms of its half-life (t1/2)
being similar in female rats (t1/2 = 14.0 h)18 as in humans
(t1/2 = 11.5 h).17 Celecoxib was dissolved in a vehicle of poly-
ethylene glycol (PEG) and saline (2:1, v/v) to form a solution
of 3 mg/mL for delivery. The VEH group received only the
delivery vehicle (PEG and saline; 2:1, v/v) without the active
drug, which was given via oral gavage at an equal volume
as in the NSAID group.

Ultrasound Intervention

One to 3 hours after NSAID intervention, animals in both
drug groups were treated with LIPUS. Oral administration
of celecoxib to rats leads to peak plasma and tissue levels
after 1 hour,18 coincident with LIPUS intervention. Each
animal was treated unilaterally with active LIPUS and con-
tralaterally with inactive LIPUS (Figure 1). For interven-
tion, animals were anesthetized using isoflurane inhalation
(3% at 1.5 L/min for initial knockdown in a plastic container,
and 1.5% at 1.5 L/min via a face mask for maintenance of
anesthesia). Active LIPUS was produced by the Accusonic
LIPUS GS 170 (Metron Medical Australia Pty Ltd, Carrum

 © 2006 American Orthopaedic Society for Sports Medicine. All rights reserved. Not for commercial use or unauthorized distribution.
 at UNIV OF DELAWARE LIB on May 1, 2007 http://ajs.sagepub.comDownloaded from 

http://ajs.sagepub.com


1096 Warden et al The American Journal of Sports Medicine

Downs, Australia) (Figure 2), which produces a 2-millisecond
burst of 1.0-MHz sine waves repeating at 100 Hz. The ISATA
on this unit is set at 100 mW/cm2, which refers to the aver-
age ultrasound output over the area of the ultrasound beam
(spatial average) and the average of this intensity over a
complete pulse cycle (ultrasound “on” and “off” period; tem-
poral average). According to the manufacturer, the trans-
ducer had an effective radiating area and beam
nonuniformity ratio of 5 cm2 and less than 6.0, respectively.
Ultrasound unit performance was confirmed at weekly
intervals using a power meter (UPM-DT-1, Ohmic Instru-
ments, Easton, Md). Active and inactive LIPUS were coupled
with the skin using standard ultrasound gel (Aquasonic 100,
Parker Laboratories Inc, Fairfield, NJ) and introduced daily
for 20 minutes, 5 d/wk. The animals’ fur was clipped at
weekly intervals to facilitate ultrasound propagation. The
LIPUS parameters and treatment time were chosen based
on those shown to be beneficial during the healing of acute
tissue injuries (see Warden27 for review).

Assessment Time Points and Specimen Preparation

Equal numbers of animals from each drug intervention
group were sacrificed at 2 weeks (n = 14/group), 4 weeks
(n = 8/group), and 12 weeks (n = 8/group) after surgery by

inhalation of anesthetic gases followed by cervical disloca-
tion. These group numbers were chosen because they have
been shown in previous studies to be sufficient for the
detection of significant drug7 and ultrasound24 effects in the
animal model being used. More animals were sacrificed at
2 weeks in anticipation of reduced statistical power due to
ligament damage during dissection and testing of the
immature scars at this early healing time point. After
death, the left and right hindlimbs were harvested and
stored at –80°C with the knee tissues intact. (Postmortem
storage of ligaments by freezing does not influence their
mechanical properties.32) On the day of mechanical testing,
the hindlimbs were allowed to thaw to room temperature in
phosphate-buffered saline (PBS). The MCLs were tested
with intact femoral and tibial insertions. Femoral-MCL-
tibia (FMT) complexes were prepared from specimens by
dissecting clear extraneous tissue while keeping the liga-
ment and insertion sites hydrated with PBS. The proximal
tibial growth plate was removed, and each FMT complex
was placed in a customized testing jig with the knee joint
positioned in 70° of flexion for MCL testing. This position
appears to load all ligament fibers simultaneously.19 The jig
was coupled to an electromagnetic materials testing device
(TestBench 200 N ELF LM-1, EnduraTEC Systems Group,
Bose Corp, Minnetonka, Minn) equipped with a 50-N load

Randomization 
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Figure 1. Study design. VEH, vehicle-treated; NSAID, nonsteroidal anti-inflammatory drug; LIPUS, low-intensity pulsed ultrasound.
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cell. This system possesses a force and displacement reso-
lution of 0.01 N and 0.001 mm, respectively. A preload of
0.05 N was applied to each ligament. The ligaments were
preconditioned by cyclically loading at 1 Hz for 10 cycles to
1% strain to reduce the effect of deep freezing on the low-
load properties of the ligament.32 The ligament was
unloaded and allowed to recover for 5 minutes while being
kept moist with PBS.

Ligament Mechanical Properties

After tissue recovery, preload (0.05 N) was re-established,
and the ligaments were pulled to tensile failure in displace-
ment control at a strain rate of 0.8 mm/s (∼10% per second).
During testing, force and displacement data were collected
at 100 Hz. The location of ligament failure was observed,
and from the force-displacement curves, the mechanical
properties of ultimate force, stiffness, and energy to failure
were obtained (Figure 3).

Statistical Analyses

Body weights were compared between drug groups (NSAID
vs VEH) and over time (2 vs 4 vs 12 weeks) using a 2-factorial
analysis of variance (ANOVA). Chi-squared analyses were
performed to assess intervention (drug and ultrasound) and
time effects on the location of ligament failure during testing.
Intervention effects on ligament mechanical properties at
each time point were determined using 2-way, 1 repeated-
measure ANOVAs, with drug intervention (NSAID vs VEH)
being the between-animal independent variable and ultra-
sound intervention (active vs inactive LIPUS) being the
within-animal independent variable. In the event of a non-
significant interaction between the interventions, the main
effect for each (drug and ultrasound) was explored. This
method effectively doubled group sizes, as it averaged the
effect of the individual intervention across the levels of the
other intervention. Ultrasound main effects were determined

using mean percentage differences and their 95% confidence
intervals (CIs) between ligaments treated with active and
inactive LIPUS, whereas drug main effects were assessed
using mean differences and their 95% CIs between NSAID-
and VEH-treated animals. Analyses were performed using
the Statistical Package for Social Sciences (SPSS 6.1.1,
Norusis/SPSS Inc, Chicago, Ill), and all comparisons were
2-tailed with a level of significance set at .05.

RESULTS

There were no operative or postoperative complications.
There was no interaction between drug and time since injury
(P = .72) and no drug main effect on body weight (P = .45);
however, animals treated for 12 weeks were significantly
heavier at death than were those treated for 2 weeks
(P < .05). All surgical defects were bridged with scar tissue at
the time of dissection. After 2 weeks of intervention, there
was visible ligament hypertrophy, and the injured region was
clearly distinguishable from the uninjured ligament tissue
by its pinkish, mucoid appearance (Figure 4A). After 4 weeks
of intervention, the ligaments were smaller and their scars
better organized than after intervention for 2 weeks; how-
ever, the scar region remained larger than the uninjured por-
tions of the ligament (Figure 4B). In comparison, ligaments
after 12 weeks of intervention had difficult-to-see whitish
scars that were relatively indistinguishable from the unin-
jured tissue, and the thickness of the scar region was contin-
uous with that of the uninjured portions of the ligament
(Figure 4C). At all time points, there were no grossly observ-
able differences between ligaments treated with active ver-
sus inactive LIPUS or from animals in the NSAID versus
VEH groups. Similarly, neither intervention influenced the
location of ligament failure during testing (P > .05); however,
significantly more ligaments failed at the scar (as opposed
to the femoral and tibial insertions) in the groups treated for

Figure 2. Accusonic LIPUS GS 170 ultrasound unit (Metron
Medical Australia Pty Ltd, Carrum Downs, Australia).
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Figure 3. Representative force-displacement curve gener-
ated from a medial collateral ligament test. Mechanical prop-
erties derived from this graph included ultimate force (peak
of the curve on the y-axis), stiffness (slope of the linear por-
tion of the curve), and energy to failure (area under the curve).
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2 weeks (scar failure, 56/56 ligaments) than in the groups
treated for 12 weeks (scar failure, 20/32 ligaments) (P < .05).

There were no significant interactions between ultrasound
and drug intervention on ligament ultimate force, stiffness,
or energy to failure at any time point (all Ps = .23-.97). At
2 weeks, however, the mean percentage difference in ultimate
force between ligaments treated with active and inactive
LIPUS was 34.2% (95% CI, 6.0%-62.3%; P < .02), indicating

that ultrasound-treated ligaments were stronger (Figure 5).
Similarly, at 2 weeks, active LIPUS–treated ligaments were
27.0% (95% CI, 8.4%-45.5%) stiffer (P < .01) (Figure 6) and
could absorb 54.4% (95% CI, 6.0%-62.3%) more energy before
failure (P = .03) (Figure 7) than could inactive LIPUS–
treated ligaments.

Intervention with an NSAID did not have any effect on
ligament stiffness at 2 weeks (mean difference, 0.2 N/mm;
95% CI, –1.9 to 2.2 N/mm) (P = .88) (Figure 6); however,
ligaments from the NSAID group absorbed 33.3% less
energy than did ligaments from the VEH group (mean
difference, –2.2 mJ; 95% CI, –4.5 to –0.1 mJ) (P < .05)
(Figure 7). There was no significant effect of NSAID on ulti-
mate force at 2 weeks; however, significance was approached
(P = .07) with ligaments from the NSAID group being 19.8%
weaker (mean difference, –2.5 N; 95% CI, –5.3 to 0.3 N) than
ligaments from the VEH group (Figure 5).

Neither LIPUS nor NSAID had any significant effects on
ligament mechanical properties at 4 weeks (all Ps = .06-.69)
or 12 weeks (all Ps = .11-.96) (Figures 5, 6, and 7). At 4 weeks,
however, significance was approached for an ultrasound
effect on ultimate force (P = .09) (Figure 5) and energy to fail-
ure (P = .06) (Figure 7), with active LIPUS–treated ligaments
being 20.9% (95% CI, –3.3% to 45.0%) stronger and able to
absorb 41.6% (95% CI, –0.1% to 83.4%) more energy than
inactive LIPUS–treated ligaments. Similarly, at 4 weeks, sig-
nificance was approached for a drug effect on stiffness, with
ligaments from NSAID-treated animals being 12.9% less
stiff than ligaments from VEH animals (mean difference,
–2.6 N/mm; 95% CI, –5.7 to 0.5 N/mm) (P = .09) (Figure 6).

DISCUSSION

This study investigated the individual and combined effects
of LIPUS and an NSAID (celecoxib, a selective COX-2

Figure 4. Representative images of ligaments at (A) 2 weeks, (B) 4 weeks, and (C) 12 weeks after injury. Arrows indicate the loca-
tion of initial injury. F, femoral origin of the medial collateral ligament. T, tibial insertion of the medial collateral ligament.
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inhibitor) on acute ligament healing in an animal model.
Based on tests of ligament mechanical properties, LIPUS
had a beneficial effect on healing, whereas the NSAID had
a negative effect. Because these effects were evident only
during the early stages of healing and did not persist longer
term, they indicate that LIPUS accelerated but did not
improve healing and that the NSAID delayed but did not
impair healing. This study also found that LIPUS and the
NSAID did not work synergistically to influence ligament
healing, suggesting that the beneficial LIPUS effect was
not dependent on an active COX-2 pathway.

The beneficial LIPUS effect in the current study was not
unexpected. LIPUS refers to pulsed-wave ultrasound with
an ISATA equal to or lower than 100 mW/cm2. This intensity
is categorized as low relative to the range that is commonly
used in physical therapy (0.5-2 W/cm2).27,30 Although the
low intensities associated with LIPUS have traditionally
been thought to have minimal biological effects and no
therapeutic value, recent evidence has demonstrated that
significant beneficial effects can be generated when they
are applied to injured connective tissues. In particular,
clinical trials have shown LIPUS to accelerate the rate of
fracture repair in the tibia, radius, and scaphoid by 30% to
38%10,11,14 and to stimulate union in 86% of fractures dis-
playing nonunion.13 Pooling the tibial, radial, and scaphoid
data, a weighted average effect size can be calculated at
6.41.2 This figure converts into a mean improvement in
healing time of 64 days with LIPUS.

Although established in the intervention of bone injuries,28

recent efforts have been directed toward the effect of
LIPUS on injuries to other connective tissues. In terms of
ligaments, LIPUS has previously been shown to stimulate

early improvements in the return of mechanical properties
after injury.24 The current study confirms this finding and
demonstrates that LIPUS accelerates yet does not improve
ligament healing. This result was evident by active LIPUS–
treated ligaments having superior mechanical properties
compared with inactive LIPUS–treated ligaments at early
healing time points but not when they were assessed after
12 weeks of intervention. By 12 weeks after injury, both liga-
ments treated with active and inactive LIPUS had reached the
approximate strength of intact MCLs.19 The early enhance-
ment of ligament mechanical properties with LIPUS is con-
sidered to be clinically relevant. At 2 weeks, active LIPUS–
treated ligaments were 34% stronger than were inactive
LIPUS–treated ligaments. This improvement may conceiv-
ably allow earlier return to sport and/or prevent reinjury
during initial healing.

The underlying mechanism behind the beneficial LIPUS
effect in the current study was not investigated. It is not cur-
rently known how ultrasound signals are transduced in vivo
to produce a cellular response. However, evidence from in vitro
studies suggests that ultrasound may mechanically stimu-
late reparative fibroblasts, inducing their proliferation and
production of collagen.5,31,34 Although it is difficult to trans-
late in vitro studies to in vivo situations,29 recent evidence
supports the cellular studies by demonstrating that low-
intensity ultrasound may enhance ligament healing through
events that alter the structural properties of the ligament.23

Sparrow et al23 showed healing rabbit MCLs treated with
low-intensity ultrasound to have a larger cross-sectional area
and a greater proportion of type I collagen fibers than inac-
tive ultrasound–treated ligaments. Because fibroblasts are
the producers of collagen during ligament healing, these
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findings indicate that LIPUS may have a beneficial effect on
ligament healing via a direct effect on fibroblasts.

In comparison to LIPUS, an NSAID was found to have a
negative effect on ligament healing in the current study.
Nonsteroidal anti-inflammatory drugs are used after acute
injury to reduce inflammation and facilitate the commence-
ment of active rehabilitation by alleviating pain. While clini-
cally effective in this role after ligament injury,3,6 questions
have been raised regarding the long-term tissue-level effects
of NSAIDs when taken during healing.26 By inhibiting COX-
2 enzyme activity, NSAIDs exert their predominant effects
on acute inflammation. Induced COX-2 expression is the
rate-limiting step in the formation of prostaglandins from
arachidonic acid after injury. Because prostaglandins cause
blood vessel dilation and increase local vascular permeability
to potentiate inflammation,4 inhibition of COX-2 is consid-
ered useful after acute injury. However, COX-2 expression
and prostaglandin synthesis are also important in the
synthesis of connective tissues. For example, inhibition of
COX-2 in the skeleton eliminates or reduces the osteogenic
response to mechanical loading8,12 and reduces healing in
response to experimental fracture.22,33 In terms of ligaments,
inhibition of COX-2 has been shown to have a negative effect
on ligament healing. Elder et al7 showed inhibition of COX-2
using celecoxib to negatively influence MCL healing when
assessed 12 days after injury. The current study supports

this finding and demonstrates that NSAID use after acute
ligament injury delays but does not impair ligament healing.
This result was evident by ligaments in NSAID-treated ani-
mals having inferior mechanical properties at early healing
time points, yet not when they were assessed after 12 weeks
of intervention. By 12 weeks after initial injury, ligaments
from both NSAID- and VEH-treated animals had reached
the approximate strength of intact MCLs.19

In addition to studying the individual effects of LIPUS and
an NSAID on ligament healing, the current study also inves-
tigated their combined effects.This step is important because
interventions are frequently used in combination in clinical
practice. Also, previous evidence suggested that LIPUS has
its beneficial effects during tissue healing via the stimulation
of COX-2.15,21,29 However, the current study found no interac-
tive effects between LIPUS and an NSAID, suggesting that
the NSAID did not influence the effect of LIPUS during lig-
ament healing. The LIPUS and the NSAID did not work in
synergy, so their effects on knee ligament healing are addi-
tive. Therefore, we need to summate their individual effects
to establish their combined effect. Because LIPUS and the
NSAID had opposing effects that were approximately equal
in magnitude, their combined effect is equivalent to the
introduction of no intervention at all. This finding is most
clearly demonstrated by plotting the ultimate force data
from the current study against time (Figure 8). Ligaments
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Figure 8. Effect of drug and ultrasound intervention on the time course of ligament healing as determined from ultimate force
measures during mechanical testing. The upper (LIPUS; vehicle treated + active LIPUS) and lower (NSAID; NSAID + inactive
LIPUS) lines indicate the individual beneficial and detrimental effects of low-intensity pulsed ultrasound (LIPUS) and nonsteroidal
anti-inflammatory drugs (NSAIDs), respectively. The middle 2 lines indicate that combined intervention (COMBINED; NSAID +
active LIPUS) is equivalent to normal ligament healing (CONTROL; vehicle treated + inactive LIPUS). The dashed horizontal line
represents the strength of body weight–matched intact rat medial collateral ligaments, as determined by Provenzano et al.19
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exposed to both the NSAID and active LIPUS (combined
group representation) (Figure 1) had the same ultimate force
during early healing as ligaments exposed to VEH and inac-
tive LIPUS (control group representation) (Figure 1).

The results of the current study suggest that LIPUS may
be used clinically after acute ligament injury to facilitate
earlier return to activity, whereas NSAIDs should be
avoided, as they may elevate early reinjury risk. In addition,
the data suggest that combined LIPUS and NSAID inter-
vention should not be used during early ligament healing, as
the NSAID negated the beneficial LIPUS effect. However, it
is not possible to make such clinical paradigms based on the
translation of animal data. Assessment of the mechanical
properties of the ligaments was the chosen outcome meas-
ure in the current study because the restoration of mechan-
ical integrity is the overall function of any repair process in
a load-bearing structure. However, clinically, other factors
contribute to the attainment of a functional outcome; these
include pain and swelling, which are both influenced by
NSAIDs during the early stages of healing. It is possible
that the clinically beneficial effects of NSAIDs on pain and
swelling outweigh the drugs’ possible detrimental effect on
tissue-level repair. Based on this study, however, it is recom-
mended that NSAID use after acute injury be only for as
long is necessary to alleviate symptoms. It is likely, based on
studies into NSAID effects on experimental fractures,16 that
short-term NSAID use (a few days) does not influence tissue-
level healing. This idea requires further investigation in lig-
ament injuries. Also, the current data need to be carefully
interpreted given the nonphysiological mechanism of injury
(surgical transection), which contrasts the typical strain
injuries observed clinically.

In summary, this study found LIPUS accelerated but did
not improve ligament healing, whereas an NSAID delayed
but did not impair healing. When used in combination, the
beneficial LIPUS effect was cancelled by the detrimental
NSAID effect. Although these findings support a theoreti-
cally sound argument for the use of LIPUS and nonuse of
an NSAID after acute ligament injury, careful interpreta-
tion of this controlled laboratory study is warranted until
its findings are confirmed by clinical studies.
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