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Abstract

Objective To evaluate the effect of low-intensity pulsed ultrasound (LIPUS) on the haematological dynamics of an acute inflammatory
process after an iatrogenic muscular lesion.

Design Controlled laboratory study.

Setting Research laboratory.

Participants Eighteen male Wistar rats (weight 350 to 450 g) were submitted to surgical incision in the biceps femoris muscle (approximately
50%), and subsequently subdivided into control (n=9) and LIPUS (n=9) groups.

Intervention Ultrasound (1.0 MHz) was applied at the lesion site in the pulsed mode (2 ms on, 8 ms off) at 0.4 W/cm? for 3 minutes at 1, 8
and 24 hours post-surgery.

Main outcome measures In these periods, blood was collected through venepuncture of the retro-orbital plexus and evaluated for different
types of leukocytes and erythrocytes.

Results LIPUS reduced the total leukocyte count at 1, 8 and 24 hours post-surgery (1hour, control 9017.2 +481 x 103/mm?
vs LIPUS 6189.8 +450 x 10*/mm?; 8hours, control 8078.2+ 501 x 10°/mm’® vs LIPUS 5371.3+378 x 10°/mm>; 24 hours, con-
trol 8192.3 4646 x 103/mm?® vs LIPUS 6059.1 £ 503 x 103/mm?; P<0.001). The monocyte count was reduced at 8 and 24 hours
post-surgery (8 hours, control 815.54 126 x 10*/mm? vs LIPUS 375.4 +70 x 10°/mm?®; 24 hours, control 875.3 4124 x 103/mm?* vs
LIPUS 564.7 £56 x 10°/mm?; P<0.001). The number of segmented neutrophils was only reduced at 1hour post-surgery (control
5033.1 £397 x 103/mm? vs LIPUS 3594.8 £ 191 x 10°*/mm?; P =0.006), and the lymphocyte count was only reduced at 8 hours post-surgery
(control 4759.7 £ 459 x 10°/mm?> vs LIPUS 2584.1 4356 x 10°/mm?; P=0.003). Changes were not observed in the concentrations of young
neutrophils, polibocytes and erythrocytes.

Conclusion LIPUS reduced aspects of the inflammatory process following an acute incisional muscular lesion.

Published by Elsevier Ltd on behalf of Chartered Society of Physiotherapy
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Introduction

Skeletal muscle injuries are common in clinical sports

) o ) ) medicine. Although there is little scientific evidence, ther-
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low-intensity pulsed ultrasound (LIPUS) in wound repair
of tissues other than muscle [2,3], skin [4], bone [5],
tendon [6] and ligament [7]. LIPUS is widely used to
accelerate tissue regeneration following injury, but the bio-
logical mechanisms for this effect are poorly understood
[4].

Injury results in the rapid necrosis of myofibres and the
activation of inflammation, which contributes to the removal
of necrotic material and the secretion of several cytokines
and growth factors stimulating satellite cell activation [8].
Immediately after an injury to skeletal muscle, the gap
formed between the ruptured muscle fibres is filled with
a haematoma, where macrophages and fibroblasts are acti-
vated, producing additional chemotactic signals (e.g. growth
factors, cytokines and chemokines) for the circulating inflam-
matory cells [1]. The injured myofibres undergo necrosis by
autodigestion mediated by intrinsic proteases [9].

Inflammation is clearly a critical component of muscle
physiology, and is an important phase in the regenerative
process where the goal of treatment is to limit the size of
the haematoma and avoid an excessive inflammatory reac-
tion [8]. Functional impairment is associated with perturbed
spatial distribution of inflammatory cells, altered identity
of the inflammatory infiltrate (cell type and magnitude of
influx) and the temporary sequence of these events [8].
On the first day after injury, inflammatory cells including
phagocytes invade the haematoma and begin to remove the
blood clot [1]. The necrotic area is invaded by small blood
vessels, and mononuclear cells, activated macrophages and
T-lymphocytes infiltrate the local tissue. These activated
lymphocytes simultaneously secrete several cytokines and
growth factors which perform a wide range of functions in the
inflammation process [10]. For instance, there is an increase
in the blood concentration of polymorphonuclear leukocytes
(neutrophils, eosinophils and basophils), particularly neu-
trophils [1,11,12], and this is followed by monocytosis [13].
The level of erythrocytes remains stable but, depending on
the lesion type and extent, can decrease because of imprison-
ment of erythrocytes in the white thrombus (rich in platelets)
and due to haemorrhage [14].

The authors’ group recently demonstrated that contin-
uous ultrasound in the acute phase of iatrogenic muscle
injury promotes erythrocyte reduction and an increase in
the concentrations of segmented neutrophils and eosinophils.
These modifications suggest increased haemorrhage and an
amplified inflammatory response following acute muscle
injury [15]. On the other hand, the LIPUS referred effects
are decreased wound size, increased collagen deposition,
increased ability to withstand tensile loading [16], stim-
ulation of the production of angiogenic factors [17], and
increased concentrations of infiltrated neutrophils and mono-
cytes inside and between the basal laminae [2]. Although use
of non-thermal therapeutic ultrasound remains widespread in
the clinical treatment of muscular injuries, there is a grow-
ing body of literature that questions its effectiveness [18,19].
However, LIPUS (frequency 1 MHz, intensity 0.5 W/cm?2,

duty cycle 20%) increased the mechanical properties of the
injured muscles [20] and, when applied in the first hours after
muscular lesion, altered the transduction of cell signalling
through modifications in oxidative stress [21], suggesting that
parameters of similar applications affect the haematological
dynamics in favour of myoregeneration. The aim of this study
was to evaluate the effect of LIPUS on the haematological
dynamics of different types of leukocytes and erythrocytes
after acute muscle injuries.

Materials and methods
Subjects

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

Injury protocol

The animals were anaesthetised with a combination of
xylazine (7 mg/kg) and ketamine (70 mg/kg) administered
intraperitoneally. A longitudinal surgical incision was made
on the skin of the right hind limb to facilitate subcutaneous
tissue rupture and to provide easy access to the middle por-
tion of the biceps femoris muscle. Approximately 50% of
muscle fibres were transversally incised. The skin lesion was
subsequently closed by surgical suture. This muscle was cho-
sen due to its easy access in rats, and the adequate distance
from bone structures which could indirectly interfere with
the therapeutic ultrasound stimulus [15].

Ultrasound treatment

After surgery, the rats in the LIPUS group were treated
with ultrasound, applied directly to the injured area. A com-
mercially available ultrasound gel was used as a coupling
agent, and all animals were depilated prior to application of
the ultrasound treatment. AVATAR V (Model 9075, Biosis-
temas Equipamentos Eletronicos Ltda, Amparo, Sdo Paulo,
Brazil) was used, calibrated by the manufacturer before the
study, with the radiant force method. Ultrasound was applied
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for 3 minutes at a frequency of 1 MHz and an intensity of
0.4 W/cm? using a 3-cm-diameter head (No. TR3CCEO02)
with an effective radiating area of 5cm?. The protocol fol-
lowed a 20% duty cycle (2ms on, 8 ms off) which elicits
a spatial-averaged temporal intensity of 0.08 W/cm?. Circu-
lar movement of the treatment head was employed to avoid
wave damage [15,22]. The procedure took place 1, 8 and
24 hours following surgery. The control animals were manip-
ulated in the same way but with the ultrasound equipment
switched off. All animals in both groups received treatment
under anaesthesia.

Sample preparation

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

A Neubauer chamber and a macrodilution technique were
used to determine the number of leukocytes per millilitre of
blood: 20 .l blood was diluted in 4 ml Tiirk liquid and the
number of leukocytes in the four wide-angle squares was
counted. This number was multiplied by 50 and the results
were given in microlitres. Before the cell count, the Neubauer
chamber was placed inside an inverted Petri dish containing a
moist cotton ball for 5 minutes to allow cell sedimentation. To
observe the morphology and perform the differential leuko-
cyte count, to which the examiners were blinded, a blood
smear on a slide was stained with Romanowsky stain. After
being washed and dried at room temperature, the slide was
examined under an optical microscope. One hundred cells
were counted according to the Shilling zigzag technique, and
the values were expressed in x 103/mm?.

A Neubauer chamber and a macrodilution technique were
also used to determine the number of erythrocytes per millil-
itre of blood. Marcano liquid was used as the diluent for the
erythrocyte count. Four millilitres of diluent was mixed with
20 wl blood, and the erythrocytes in the five middle squares
of the central square were counted. This number was multi-
plied by 10 000 and the values were expressed in x 103 /mm?>.
In the haematocrit determination, the microhaematocrit tube
was filled approximately three-quarters full with blood and
one of its ends was sealed using a Bunsen burner. The cap-
illary tube was placed in a microcentrifuge for 5 minutes at
3000 revolutions/minute, and the reading was carried out on
the appropriate card. For quantification of the haematologi-
cal variables, two Neubauer chambers were counted and the
average was calculated. When a difference of more than 10%
was found between the two results, a recount was performed.

Statistical analysis
All values are presented as means (standard errors), and

variations between groups are presented as mean differences
and 95% confidence intervals (CI) for those differences. A

haematological comparison within each group at the three
time periods (1, 8 and 24 hours post-surgery) and between the
groups (control vs LIPUS) was made by comparing the curves
for the different times using a two-way analysis of variance
with repeated measures for the two factors (group and time),
followed by the Bonferroni post-hoc test. A probability of
less than 5% was considered to be statistically significant.

Results

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

Time variation

A progressive reduction in the haematocrit was seen fol-
lowing surgery (P <0.001) for both groups. The erythrocyte
and segmented neutrophil counts were reduced at 1 hour post-
surgery compared with 8 and 24 hours (P <0.001) for both
groups. In the control group, the lymphocyte count increased
at 1 and 24 hours post-surgery (P <0.001); however, in the
LIPUS group, this increase was only observed at 24 hours
post-surgery (P < 0.001). The monocyte count only increased
at 24 hours post-surgery in the control group (P<0.017),
and the eosinophil concentration increased at 24 hours post-
surgery in the LIPUS group (P <0.014). However, the total
number of leukocytes, young neutrophils and polibocytes did
not change with time throughout this study.

Variation between groups

The LIPUS group showed a decrease in the total leuko-
cyte count (P<0.001) compared with the control group at
1, 8 and 24 hours post-surgery (Fig. 1A), with 33% reduc-
tion at 1 hour (P<0.01, mean difference —2781, 95% CI
—4508 to —1054), 34% reduction at 8 hours (P <0.01, mean
difference —2698, 95% CI —4425 to —971) and 36% reduc-
tion at 24 hours (P <0.05, mean difference —1862, 95% CI
—3642 to —81). The segmented neutrophils showed a reduc-
tion of approximately 39% in the LIPUS group (P <0.006,
mean difference —1478, 95% CI —2637 to —509) at 1 hour
post-surgery (Fig. 1B).

After surgery, the blood concentration of monocytes
increased in the control group alone. At 8 hours post-surgery
(P<0.05, mean difference —440, 95% CI —770 to —109),
the difference was nearly two times greater than that found
in the LIPUS group (Fig. 1C), with no difference seen at
24 hours post-surgery. The blood concentration of lympho-
cytes increased for both groups, but to differing extents
(P<0.001). The values were approximately 46% lower at
8 hours post-surgery for the LIPUS group (P <0.05, mean
difference —2176, 95% CI —3710 to —641), demonstrating
a delay in the lymphocyte response to the muscular lesion
(Fig. 1D). Differences were not observed in the haematocrit
or 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 x 103 /mm? Control 9017.2 (481) 8078.2 (501) 8192.3 (646) <0.001 0.589
LIPUS 6189.8 (450)* 5371.3 (378)* 6059.1 (503)*

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

Young neutrophils (rods) x 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/mm? 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 x103/mm? Control 505.0 (98) 815.5 (126) 875.3 (124)° <0.001 0.017
LIPUS 362.0 (71) 375.4 (70)* 564.7 (58)

Eosinophils x 103/mm?> Control 88.9 (25) 161.0 (43) 149.2 (16) 0.328 0.014
LIPUS 46.8 (14) 121.2 (31) 151.4 (22)°

Lymphocytes x 103/mm?> Control 3120.7 (268) 4759.7 (459)° 4346.2 (350)° 0.003 <0.001
LIPUS 1529.6 (433) 2584.1 (356)* 3256.5 (255)°

Haematocrit % Control 49.1 (1.3) 43.5 (1.6)° 37.5 (1.1)>° 0.925 <0.001
LIPUS 49.2 (0.9) 43.6 (0.1)° 37.5 (1.1)>¢

Erythrocytes x 103 /mm?> Control 10.1 (0.3) 7.3 (0.1)° 7.1(0.2)° 0.184 <0.001
LIPUS 10.8 (0.3) 7.4(0.2)° 7.3(0.3)°

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.
4 P<0.05 variation between the groups.
b P <0.05 variation over time vs 1 hour post-surgery.
¢ P <0.05 variation over time vs 8 hours post-surgery.

cytes and eosinophils between the groups throughout the
experiment.

Discussion

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

Since neutrophils are the most abundant white blood cells,
a significant number are collected passively by the provi-
sory thrombus during the disruption of vessels [11,24]. These
subsequently migrate to the surface of the lesion to form
a barrier against the invasion of micro-organisms, and to
promote the active recruitment of more neutrophils from
adjacent non-injured vessels, promoting neutrophilia in the
blood [11,22,25]. The satellite cells and necrotised parts of
the myofibres release various substances (wound hormones)
that serve as chemoattractants, enhancing extravasation of the
inflammatory cells [1]. For instance, 1 day after a lesion, neu-
trophils will represent 50% of the cells that migrated to the
site [25]. This may explain the systemic reduction of these
cells in both groups in the present study. Although neutrophil
infiltration has been suggested as a contributor, there is no
clear evidence to support this claim [13].

LIPUS stimulated a major reduction in the number of seg-
mented neutrophils at 1 hour post-surgery, suggesting that
this therapeutic intervention promoted a greater displacement

of these cells to the lesion site due to the reduction of these
cells in the blood. This phenomenon can be partly explained
by the upregulation of prostaglandin E; and leukotriene
B4 (arachidonic acid metabolite), showing that ultrasound
(3.0 MHz) treatment can stimulate an inflammatory response
rather than an anti-inflammatory effect in the acute phase
of ligament injury. The prolonged, early and late onset of
ultrasound treatment has been shown to have similar effects
on the upregulation of prostroglandin E; and leukotriene B4
[26]. However, the concentration of young neutrophils did
not differ between the groups at 1, 8 or 24 hours post-surgery,
suggesting that LIPUS does not alter the formation of new
neutrophils in the first 24 hours after injury. These data sug-
gest that LIPUS may promote a contrary effect, with greater
attraction of mature neutrophils to the lesion site, as described
in the literature [2], but without stimulation of the formation
of new neutrophils, favouring muscular regeneration after this
period.

Neutrophils are replaced by monocytes [1], and these are
abundant at the lesion site between the second and the fifth
day after injury, promoting a progressive increase of these
cells in the blood [13]. The study results suggest that the
progressive increase of these cells in the blood occurred
mainly in the control group by 24 hours; the LIPUS group
demonstrated a delay in the monocyte response, with a lower
concentration at 8 hours, and their blood concentration did not
change during the experiment. Monocytes are transformed
into macrophages that actively engage in proteolysis and
phagocytosis of the necrotic material by the release of lyso-
somal enzymes [27]. This process preserves cylinders of the
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Fig. 1. Haematological concentrations of the different types of leukocytes during the experiment. Values are presented as means and standard errors (x 103/mm?).
LIPUS, low-intensity pulsed ultrasound; CG, control group. Groups were compared using two-way analysis of variance followed by the Bonferroni post-hoc
test. *P <0.05 variation between the groups; ¥ P <0.05 variation over time vs 1 hour post-surgery; TP <0.05 variation over time vs 8 hours post lesion.

basal lamina and the injured myofibres and, consequently,
serves as a scaffold in which the viable satellite cells begin the
formation of new myofibres [1]. However, a decrease in this
selectivity can exacerbate secondary damage [13]. LIPUS
favours the migration of monocytes to the lesion site [2], thus
reducing their concentration in the blood at this time; how-
ever, as time passes, the lower concentration of these cells
may also favour muscular regeneration.

The monocytes also present their peptides due to their
greater complex of histocompatibility with T auxiliary cells
a link between the innate immune system and the adapta-
tive one [13]. The present study found that the muscular
lesion promoted a progressive increase in the lymphocyte
count in both groups, and LIPUS weakened this increase
at 8 hours post-surgery and delayed this response compared
with the first hour post-surgery. Lymphocytes are attracted to
the lesion site in the same quantity as monocytes and, from
14 days onwards, leukocytes predominate at the lesion site
[25]. In the present study, both lymphocytes and leukocytes
presented a delay to this systemic response, suggesting that
LIPUS has an anti-inflammatory effect.

Eosinophils arrive at the lesion site in the last reparation
phases [28]. The results suggest that, at 24 hours post-surgery,
the concentration of these cells increases in comparison with
1 hour post-surgery; no differences were found between the
groups.

Both erythrocyte counts is reduced compared with 1 hour
post-surgery. The reduction in erythrocyte concentration in
the blood is due to endothelium injury which leads to a
sequence of events, beginning with platelet deposition which

causes the formation of a white thrombus (rich in platelets)
that provisorily tamponades the endothelial lesion [14]. This
thrombus is quickly infiltrated by fibrin and the erythrocytes
are captured, forming a red thrombus; this is the main cause
of occlusion of the disrupted blood vessel [29]. However, the
repeated blood collections in this study may have influenced
the concentration of erythrocytes, being a limitation inherent
to the study protocol.

The haematological reduction in total leukocyte count at
1, 8 and 24 hours post-surgery may be explained by the dis-
placement of these cells to the lesion site and/or their reduced
formation in the haematohepatic system. Through the action
of eicosanoids, cytokines produced by microphages, mas-
tocytes, stromal cells and other mediators, the endothelial
cells of the non-lesioned vessels are induced to express
the adhesion molecules for leukocytes in their membranes
[30]. LIPUS could interfere with these mediators and hence
reduce the transduction of cell signalling and exert a role in
modulation of the inflammatory response. The possible anti-
inflammatory mechanisms of LIPUS may be the antioxidant
effect [21], increase in the differentiation of muscular lineage
cells [31], increase in satellite cell number [2], associated
mechanisms fibroblast growth factor and insulin-like growth
factor-1 in the presence of transforming growth factor-beta,
which inhibits differentiation and stimulates cell proliferation
[32], resulting in improvement of the mechanical proper-
ties (rigidity, strengthening and maximum load limit) of the
lesioned muscle [20]. Ultrasonication, or ‘micromassage’, of
the tissue produces a change in membrane permeability and
stimulates the transport of second messenger substances (e.g.



168 L.U. Signori et al. / Physiotherapy 97 (2011) 163-169

calcium across the cell membrane), leading to the prolifera-
tion of myogenic cells and satellite cells [33,34].

Study limitations

The reasons for these different findings are not readily
apparent, perhaps because the mechanisms through which
ultrasound affects tissue repair are obscure. A combination
of factors, including the type of tissue examined, model of
injury and mode/intensity/frequency of ultrasound treatment,
may account for the different findings [32]. Future studies
should include histological analysis and tissue histochem-
istry to make it feasible to study the relationship between
the haematological data and tissue effects. However, cau-
tion should be taken in extrapolating these results to human
clinical treatments, as the findings are limited by the vari-
ables studied, the treatment protocols and the specific injury.
Finally, the area treated by LIPUS must be considered in
relation to the corporal total body area of the animal.

Conclusion

This study showed that LIPUS application in the acute
phase of an iatrogenic muscular lesion in rats promotes
alterations in haematological dynamics. These modifications
are characterised by a reduction in the total leukocyte count
due to the lower concentration of segmented neutrophils at
1 hour post-surgery, and a delay in the increase of monocytes
and lymphocytes observed at 8 hours post-surgery, without
altering the level of circulating erythrocytes. These data sug-
gest that LIPUS has an anti-inflammatory effect. However,
further studies are needed to gain a better understanding of
this interaction and its therapeutic application in patients
with muscular lesions.
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