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bstract

bjective To evaluate the effect of low-intensity pulsed ultrasound (LIPUS) on the haematological dynamics of an acute inflammatory
rocess after an iatrogenic muscular lesion.
esign Controlled laboratory study.
etting Research laboratory.
articipants Eighteen male Wistar rats (weight 350 to 450 g) were submitted to surgical incision in the biceps femoris muscle (approximately
0%), and subsequently subdivided into control (n = 9) and LIPUS (n = 9) groups.
ntervention Ultrasound (1.0 MHz) was applied at the lesion site in the pulsed mode (2 ms on, 8 ms off) at 0.4 W/cm2 for 3 minutes at 1, 8
nd 24 hours post-surgery.

ain outcome measures In these periods, blood was collected through venepuncture of the retro-orbital plexus and evaluated for different
ypes of leukocytes and erythrocytes.
esults LIPUS reduced the total leukocyte count at 1, 8 and 24 hours post-surgery (1 hour, control 9017.2 ± 481 × 103/mm3

s LIPUS 6189.8 ± 450 × 103/mm3; 8 hours, control 8078.2 ± 501 × 103/mm3 vs LIPUS 5371.3 ± 378 × 103/mm3; 24 hours, con-
rol 8192.3 ± 646 × 103/mm3 vs LIPUS 6059.1 ± 503 × 103/mm3; P < 0.001). The monocyte count was reduced at 8 and 24 hours
ost-surgery (8 hours, control 815.5 ± 126 × 103/mm3 vs LIPUS 375.4 ± 70 × 103/mm3; 24 hours, control 875.3 ± 124 × 103/mm3 vs
IPUS 564.7 ± 56 × 103/mm3; P < 0.001). The number of segmented neutrophils was only reduced at 1 hour post-surgery (control
033.1 ± 397 × 103/mm3 vs LIPUS 3594.8 ± 191 × 103/mm3; P = 0.006), and the lymphocyte count was only reduced at 8 hours post-surgery
control 4759.7 ± 459 × 103/mm3 vs LIPUS 2584.1 ± 356 × 103/mm3; P = 0.003). Changes were not observed in the concentrations of young

eutrophils, polibocytes and erythrocytes.
onclusion LIPUS reduced aspects of the inflammatory process following an acute incisional muscular lesion.
ublished by Elsevier Ltd on behalf of Chartered Society of Physiotherapy

eywords: Inflammation; Myoregeneration; Rehabilitation; Ultrasonic therapy; Wounds and injuries
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ntroduction

Skeletal muscle injuries are common in clinical sports

edicine. Although there is little scientific evidence, ther-

peutic ultrasound is widely recommended and is used in
he treatment of muscle injuries [1]. Conversely, a number
f animal studies have suggested the beneficial effects of
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ow-intensity pulsed ultrasound (LIPUS) in wound repair
f tissues other than muscle [2,3], skin [4], bone [5],
endon [6] and ligament [7]. LIPUS is widely used to
ccelerate tissue regeneration following injury, but the bio-
ogical mechanisms for this effect are poorly understood
4].

Injury results in the rapid necrosis of myofibres and the
ctivation of inflammation, which contributes to the removal
f necrotic material and the secretion of several cytokines
nd growth factors stimulating satellite cell activation [8].
mmediately after an injury to skeletal muscle, the gap
ormed between the ruptured muscle fibres is filled with
haematoma, where macrophages and fibroblasts are acti-

ated, producing additional chemotactic signals (e.g. growth
actors, cytokines and chemokines) for the circulating inflam-
atory cells [1]. The injured myofibres undergo necrosis by

utodigestion mediated by intrinsic proteases [9].
Inflammation is clearly a critical component of muscle

hysiology, and is an important phase in the regenerative
rocess where the goal of treatment is to limit the size of
he haematoma and avoid an excessive inflammatory reac-
ion [8]. Functional impairment is associated with perturbed
patial distribution of inflammatory cells, altered identity
f the inflammatory infiltrate (cell type and magnitude of
nflux) and the temporary sequence of these events [8].
n the first day after injury, inflammatory cells including
hagocytes invade the haematoma and begin to remove the
lood clot [1]. The necrotic area is invaded by small blood
essels, and mononuclear cells, activated macrophages and
-lymphocytes infiltrate the local tissue. These activated
ymphocytes simultaneously secrete several cytokines and
rowth factors which perform a wide range of functions in the
nflammation process [10]. For instance, there is an increase
n the blood concentration of polymorphonuclear leukocytes
neutrophils, eosinophils and basophils), particularly neu-
rophils [1,11,12], and this is followed by monocytosis [13].
he level of erythrocytes remains stable but, depending on

he lesion type and extent, can decrease because of imprison-
ent of erythrocytes in the white thrombus (rich in platelets)

nd due to haemorrhage [14].
The authors’ group recently demonstrated that contin-

ous ultrasound in the acute phase of iatrogenic muscle
njury promotes erythrocyte reduction and an increase in
he concentrations of segmented neutrophils and eosinophils.
hese modifications suggest increased haemorrhage and an
mplified inflammatory response following acute muscle
njury [15]. On the other hand, the LIPUS referred effects
re decreased wound size, increased collagen deposition,
ncreased ability to withstand tensile loading [16], stim-
lation of the production of angiogenic factors [17], and
ncreased concentrations of infiltrated neutrophils and mono-
ytes inside and between the basal laminae [2]. Although use

f non-thermal therapeutic ultrasound remains widespread in
he clinical treatment of muscular injuries, there is a grow-
ng body of literature that questions its effectiveness [18,19].
owever, LIPUS (frequency 1 MHz, intensity 0.5 W/cm2,

t
t
B
s

py 97 (2011) 163–169

uty cycle 20%) increased the mechanical properties of the
njured muscles [20] and, when applied in the first hours after

uscular lesion, altered the transduction of cell signalling
hrough modifications in oxidative stress [21], suggesting that
arameters of similar applications affect the haematological
ynamics in favour of myoregeneration. The aim of this study
as to evaluate the effect of LIPUS on the haematological
ynamics of different types of leukocytes and erythrocytes
fter acute muscle injuries.

aterials and methods

ubjects

Animal manipulation was performed in accordance with
he animal testing guide, and this study was reviewed and
pproved by the Research Ethics Committee of the Univer-
ity of Cruz Alta (UNICRUZ/Rio Grande do Sul, Brazil). All
nimals were maintained on a 12-hour dark/light cycle at 20
o 24 ◦C and relative humidity of approximately 50%. Food
nd water were given ad libitum throughout the experimental
rotocol. The animals’ maturation time was 30 weeks. Eigh-
een mature male Wistar rats (weight 300 to 400 g) were used
n this study. The rats were randomised before surgery to the
ontrol group (submitted to the injury protocol and the ther-
peutic procedure with the ultrasound equipment turned off;
= 9) and the LIPUS group (submitted to the injury protocol
nd ultrasonic therapy; n = 9). The groups were submitted to
urgical incision on the lateral aspect of the right hind limb
ccording to the injury protocol.

njury protocol

The animals were anaesthetised with a combination of
ylazine (7 mg/kg) and ketamine (70 mg/kg) administered
ntraperitoneally. A longitudinal surgical incision was made
n the skin of the right hind limb to facilitate subcutaneous
issue rupture and to provide easy access to the middle por-
ion of the biceps femoris muscle. Approximately 50% of

uscle fibres were transversally incised. The skin lesion was
ubsequently closed by surgical suture. This muscle was cho-
en due to its easy access in rats, and the adequate distance
rom bone structures which could indirectly interfere with
he therapeutic ultrasound stimulus [15].

ltrasound treatment

After surgery, the rats in the LIPUS group were treated
ith ultrasound, applied directly to the injured area. A com-
ercially available ultrasound gel was used as a coupling

gent, and all animals were depilated prior to application of

he ultrasound treatment. AVATAR V (Model 9075, Biosis-
emas Equipamentos Eletrônicos Ltda, Amparo, São Paulo,
razil) was used, calibrated by the manufacturer before the

tudy, with the radiant force method. Ultrasound was applied
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or 3 minutes at a frequency of 1 MHz and an intensity of
.4 W/cm2 using a 3-cm-diameter head (No. TR3CCE02)
ith an effective radiating area of 5 cm2. The protocol fol-

owed a 20% duty cycle (2 ms on, 8 ms off) which elicits
spatial-averaged temporal intensity of 0.08 W/cm2. Circu-

ar movement of the treatment head was employed to avoid
ave damage [15,22]. The procedure took place 1, 8 and
4 hours following surgery. The control animals were manip-
lated in the same way but with the ultrasound equipment
witched off. All animals in both groups received treatment
nder anaesthesia.

ample preparation

Blood samples were collected through venepuncture of the
ight retro-orbital plexus using a microhaematocrit capillary
ube, previously heparinised, and conditioned in Eppendorf
ubes with anticoagulants [15,23]. The samples were col-
ected 1, 8 and 24 hours following surgery.

A Neubauer chamber and a macrodilution technique were
sed to determine the number of leukocytes per millilitre of
lood: 20 �l blood was diluted in 4 ml Türk liquid and the
umber of leukocytes in the four wide-angle squares was
ounted. This number was multiplied by 50 and the results
ere given in microlitres. Before the cell count, the Neubauer

hamber was placed inside an inverted Petri dish containing a
oist cotton ball for 5 minutes to allow cell sedimentation. To

bserve the morphology and perform the differential leuko-
yte count, to which the examiners were blinded, a blood
mear on a slide was stained with Romanowsky stain. After
eing washed and dried at room temperature, the slide was
xamined under an optical microscope. One hundred cells
ere counted according to the Shilling zigzag technique, and

he values were expressed in ×103/mm3.
A Neubauer chamber and a macrodilution technique were

lso used to determine the number of erythrocytes per millil-
tre of blood. Marcano liquid was used as the diluent for the
rythrocyte count. Four millilitres of diluent was mixed with
0 �l blood, and the erythrocytes in the five middle squares
f the central square were counted. This number was multi-
lied by 10 000 and the values were expressed in ×105/mm3.
n the haematocrit determination, the microhaematocrit tube
as filled approximately three-quarters full with blood and
ne of its ends was sealed using a Bunsen burner. The cap-
llary tube was placed in a microcentrifuge for 5 minutes at
000 revolutions/minute, and the reading was carried out on
he appropriate card. For quantification of the haematologi-
al variables, two Neubauer chambers were counted and the
verage was calculated. When a difference of more than 10%
as found between the two results, a recount was performed.

tatistical analysis
All values are presented as means (standard errors), and
ariations between groups are presented as mean differences
nd 95% confidence intervals (CI) for those differences. A
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aematological comparison within each group at the three
ime periods (1, 8 and 24 hours post-surgery) and between the
roups (control vs LIPUS) was made by comparing the curves
or the different times using a two-way analysis of variance
ith repeated measures for the two factors (group and time),

ollowed by the Bonferroni post-hoc test. A probability of
ess than 5% was considered to be statistically significant.

esults

Data variations in each group at the three times and
etween the two groups are shown in Table 1.

ime variation

A progressive reduction in the haematocrit was seen fol-
owing surgery (P < 0.001) for both groups. The erythrocyte
nd segmented neutrophil counts were reduced at 1 hour post-
urgery compared with 8 and 24 hours (P < 0.001) for both
roups. In the control group, the lymphocyte count increased
t 1 and 24 hours post-surgery (P < 0.001); however, in the
IPUS group, this increase was only observed at 24 hours
ost-surgery (P < 0.001). The monocyte count only increased
t 24 hours post-surgery in the control group (P < 0.017),
nd the eosinophil concentration increased at 24 hours post-
urgery in the LIPUS group (P < 0.014). However, the total
umber of leukocytes, young neutrophils and polibocytes did
ot change with time throughout this study.

ariation between groups

The LIPUS group showed a decrease in the total leuko-
yte count (P < 0.001) compared with the control group at
, 8 and 24 hours post-surgery (Fig. 1A), with 33% reduc-
ion at 1 hour (P < 0.01, mean difference −2781, 95% CI

4508 to −1054), 34% reduction at 8 hours (P < 0.01, mean
ifference −2698, 95% CI −4425 to −971) and 36% reduc-
ion at 24 hours (P < 0.05, mean difference −1862, 95% CI

3642 to −81). The segmented neutrophils showed a reduc-
ion of approximately 39% in the LIPUS group (P < 0.006,

ean difference −1478, 95% CI −2637 to −509) at 1 hour
ost-surgery (Fig. 1B).

After surgery, the blood concentration of monocytes
ncreased in the control group alone. At 8 hours post-surgery
P < 0.05, mean difference −440, 95% CI −770 to −109),
he difference was nearly two times greater than that found
n the LIPUS group (Fig. 1C), with no difference seen at
4 hours post-surgery. The blood concentration of lympho-
ytes increased for both groups, but to differing extents
P < 0.001). The values were approximately 46% lower at
hours post-surgery for the LIPUS group (P < 0.05, mean

ifference −2176, 95% CI −3710 to −641), demonstrating
delay in the lymphocyte response to the muscular lesion

Fig. 1D). Differences were not observed in the haematocrit
r concentrations of erythrocytes, neutrophil rods, polibo-
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Table 1
Haematological variables after muscle lesion and application of low-intensity pulsed ultrasound (LIPUS) in a controlled laboratory study.

Haematological variable Unit Group Collections ANOVA P value

1 hour 8 hours 24 hours Group Time

Leukocytes ×103/mm3 Control 9017.2 (481) 8078.2 (501) 8192.3 (646) <0.001 0.589
LIPUS 6189.8 (450)a 5371.3 (378)a 6059.1 (503)a

Segmented neutrophils ×103/mm3 Control 5033.1 (397) 2426.6 (236)b 2498.5 (239)b 0.006 <0.001
LIPUS 3594.8 (191)a 2240.0 (261)b 1967.2 (210)b

Young neutrophils (rods) ×103/mm3 Control 20.4 (13) 23.5 (14) 67.6 (30) 0.088 0.344
LIPUS 78.7 (28) 52.5 (35) 84.2 (23)

Polibocytes ×103/mm3 Control 248.3 (155) 161.6 (74) 29.8 (13) 0.216 0.075
LIPUS 156.2 (61) 37.6 (21) 12.7 (8)

Monocytes ×103/mm3 Control 505.0 (98) 815.5 (126) 875.3 (124)b <0.001 0.017
LIPUS 362.0 (71) 375.4 (70)a 564.7 (58)

Eosinophils ×103/mm3 Control 88.9 (25) 161.0 (43) 149.2 (16) 0.328 0.014
LIPUS 46.8 (14) 121.2 (31) 151.4 (22)b

Lymphocytes ×103/mm3 Control 3120.7 (268) 4759.7 (459)b 4346.2 (350)b 0.003 <0.001
LIPUS 1529.6 (433) 2584.1 (356)a 3256.5 (255)b

Haematocrit % Control 49.1 (1.3) 43.5 (1.6)b 37.5 (1.1)b,c 0.925 <0.001
LIPUS 49.2 (0.9) 43.6 (0.1)b 37.5 (1.1)b,c

Erythrocytes ×105/mm3 Control 10.1 (0.3) 7.3 (0.1)b 7.1 (0.2)b 0.184 <0.001
LIPUS 10.8 (0.3) 7.4 (0.2)b 7.3 (0.3)b

Mean ± standard error.
P, evaluation of the comparisons between groups using two-way analysis of variance (ANOVA) with repeated measures followed by the Bonferroni post-hoc
test.
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a P < 0.05 variation between the groups.
b P < 0.05 variation over time vs 1 hour post-surgery.
c P < 0.05 variation over time vs 8 hours post-surgery.

ytes and eosinophils between the groups throughout the
xperiment.

iscussion

LIPUS reduced the total leukocyte count on the first day
fter iatrogenic muscular lesion, ascribed to a reduction in
he segmented neutrophil count at 1 hour post-surgery and
o a delay in the increase in monocytes and lymphocytes at
hours post-surgery.

Since neutrophils are the most abundant white blood cells,
significant number are collected passively by the provi-

ory thrombus during the disruption of vessels [11,24]. These
ubsequently migrate to the surface of the lesion to form
barrier against the invasion of micro-organisms, and to

romote the active recruitment of more neutrophils from
djacent non-injured vessels, promoting neutrophilia in the
lood [11,22,25]. The satellite cells and necrotised parts of
he myofibres release various substances (wound hormones)
hat serve as chemoattractants, enhancing extravasation of the
nflammatory cells [1]. For instance, 1 day after a lesion, neu-
rophils will represent 50% of the cells that migrated to the
ite [25]. This may explain the systemic reduction of these
ells in both groups in the present study. Although neutrophil
nfiltration has been suggested as a contributor, there is no

lear evidence to support this claim [13].

LIPUS stimulated a major reduction in the number of seg-
ented neutrophils at 1 hour post-surgery, suggesting that

his therapeutic intervention promoted a greater displacement

c
i
p
s

f these cells to the lesion site due to the reduction of these
ells in the blood. This phenomenon can be partly explained
y the upregulation of prostaglandin E2 and leukotriene
4 (arachidonic acid metabolite), showing that ultrasound

3.0 MHz) treatment can stimulate an inflammatory response
ather than an anti-inflammatory effect in the acute phase
f ligament injury. The prolonged, early and late onset of
ltrasound treatment has been shown to have similar effects
n the upregulation of prostroglandin E2 and leukotriene B4
26]. However, the concentration of young neutrophils did
ot differ between the groups at 1, 8 or 24 hours post-surgery,
uggesting that LIPUS does not alter the formation of new
eutrophils in the first 24 hours after injury. These data sug-
est that LIPUS may promote a contrary effect, with greater
ttraction of mature neutrophils to the lesion site, as described
n the literature [2], but without stimulation of the formation
f new neutrophils, favouring muscular regeneration after this
eriod.

Neutrophils are replaced by monocytes [1], and these are
bundant at the lesion site between the second and the fifth
ay after injury, promoting a progressive increase of these
ells in the blood [13]. The study results suggest that the
rogressive increase of these cells in the blood occurred
ainly in the control group by 24 hours; the LIPUS group

emonstrated a delay in the monocyte response, with a lower
oncentration at 8 hours, and their blood concentration did not

hange during the experiment. Monocytes are transformed
nto macrophages that actively engage in proteolysis and
hagocytosis of the necrotic material by the release of lyso-
omal enzymes [27]. This process preserves cylinders of the
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ig. 1. Haematological concentrations of the different types of leukocytes dur
IPUS, low-intensity pulsed ultrasound; CG, control group. Groups were c

est. *P < 0.05 variation between the groups; #P < 0.05 variation over time v

asal lamina and the injured myofibres and, consequently,
erves as a scaffold in which the viable satellite cells begin the
ormation of new myofibres [1]. However, a decrease in this
electivity can exacerbate secondary damage [13]. LIPUS
avours the migration of monocytes to the lesion site [2], thus
educing their concentration in the blood at this time; how-
ver, as time passes, the lower concentration of these cells
ay also favour muscular regeneration.
The monocytes also present their peptides due to their

reater complex of histocompatibility with T auxiliary cells
link between the innate immune system and the adapta-

ive one [13]. The present study found that the muscular
esion promoted a progressive increase in the lymphocyte
ount in both groups, and LIPUS weakened this increase
t 8 hours post-surgery and delayed this response compared
ith the first hour post-surgery. Lymphocytes are attracted to

he lesion site in the same quantity as monocytes and, from
4 days onwards, leukocytes predominate at the lesion site
25]. In the present study, both lymphocytes and leukocytes
resented a delay to this systemic response, suggesting that
IPUS has an anti-inflammatory effect.

Eosinophils arrive at the lesion site in the last reparation
hases [28]. The results suggest that, at 24 hours post-surgery,
he concentration of these cells increases in comparison with
hour post-surgery; no differences were found between the
roups.
Both erythrocyte counts is reduced compared with 1 hour
ost-surgery. The reduction in erythrocyte concentration in
he blood is due to endothelium injury which leads to a
equence of events, beginning with platelet deposition which

t
l
t
s

experiment. Values are presented as means and standard errors (×103/mm3).
d using two-way analysis of variance followed by the Bonferroni post-hoc
post-surgery; †P < 0.05 variation over time vs 8 hours post lesion.

auses the formation of a white thrombus (rich in platelets)
hat provisorily tamponades the endothelial lesion [14]. This
hrombus is quickly infiltrated by fibrin and the erythrocytes
re captured, forming a red thrombus; this is the main cause
f occlusion of the disrupted blood vessel [29]. However, the
epeated blood collections in this study may have influenced
he concentration of erythrocytes, being a limitation inherent
o the study protocol.

The haematological reduction in total leukocyte count at
, 8 and 24 hours post-surgery may be explained by the dis-
lacement of these cells to the lesion site and/or their reduced
ormation in the haematohepatic system. Through the action
f eicosanoids, cytokines produced by microphages, mas-
ocytes, stromal cells and other mediators, the endothelial
ells of the non-lesioned vessels are induced to express
he adhesion molecules for leukocytes in their membranes
30]. LIPUS could interfere with these mediators and hence
educe the transduction of cell signalling and exert a role in
odulation of the inflammatory response. The possible anti-

nflammatory mechanisms of LIPUS may be the antioxidant
ffect [21], increase in the differentiation of muscular lineage
ells [31], increase in satellite cell number [2], associated
echanisms fibroblast growth factor and insulin-like growth

actor-I in the presence of transforming growth factor-beta,
hich inhibits differentiation and stimulates cell proliferation

32], resulting in improvement of the mechanical proper-

ies (rigidity, strengthening and maximum load limit) of the
esioned muscle [20]. Ultrasonication, or ‘micromassage’, of
he tissue produces a change in membrane permeability and
timulates the transport of second messenger substances (e.g.
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alcium across the cell membrane), leading to the prolifera-
ion of myogenic cells and satellite cells [33,34].

tudy limitations

The reasons for these different findings are not readily
pparent, perhaps because the mechanisms through which
ltrasound affects tissue repair are obscure. A combination
f factors, including the type of tissue examined, model of
njury and mode/intensity/frequency of ultrasound treatment,

ay account for the different findings [32]. Future studies
hould include histological analysis and tissue histochem-
stry to make it feasible to study the relationship between
he haematological data and tissue effects. However, cau-
ion should be taken in extrapolating these results to human
linical treatments, as the findings are limited by the vari-
bles studied, the treatment protocols and the specific injury.
inally, the area treated by LIPUS must be considered in
elation to the corporal total body area of the animal.

onclusion

This study showed that LIPUS application in the acute
hase of an iatrogenic muscular lesion in rats promotes
lterations in haematological dynamics. These modifications
re characterised by a reduction in the total leukocyte count
ue to the lower concentration of segmented neutrophils at
hour post-surgery, and a delay in the increase of monocytes
nd lymphocytes observed at 8 hours post-surgery, without
ltering the level of circulating erythrocytes. These data sug-
est that LIPUS has an anti-inflammatory effect. However,
urther studies are needed to gain a better understanding of
his interaction and its therapeutic application in patients
ith muscular lesions.

Ethical approval: Animal manipulation was performed in
ccordance with the animal testing guide (in agreement with
he Brazilian Legislation no. 11.794/2008 for Procedures for
he Scientific Use of Animals), and this study was reviewed
nd approved by the Research Ethics Committee of the
niversity of Cruz Alta (UNICRUZ/Rio Grande do Sul),
rotocol Number 002/2008.
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