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Abstract Previous studies have shown that low-level laser
therapy (LLLT) promotes posttraumatic nerve regeneration.
The objective of the present study was to assess the efficacy
of 685-nm LLLT at the dosage of 3 J/cm2 in the functional
recovery of the sciatic nerve in rats following crushing injury.
The left sciatic nerves of 20maleWistar rats were subjected to
controlled crush injury by a hemostatic tweezers, and the rats
were randomly allocated into two experimental groups as fol-
lows: control group and laser group. Laser irradiation (685 nm
wavelength; 15 mW, CW, 3 J/cm2, spot of 0.028 cm2) was
started on the postsurgical first day, above the site of injury,
and was continued for 21 consecutive days. Functional recov-
ery was evaluated at 3 weeks postoperatively by measuring
the sciatic functional index (SFI) and sciatic static index (SSI)
at weekly intervals. The treated rats showed improvement in
motion pattern. The SFI and SSI results were significant when
comparing two groups on the 14th and 21st postoperative

days (p<0.05). There were intra-group differences detected
in laser group in different periods (p<0.05). Low-level laser
irradiation, with the parameters used in the present study, ac-
celerated and improved sciatic nerve function in rats after
crushing injury.

Keywords Photobiomodulation . Low-level laser . Sciatic
functional index . Sciatic static index . Rat

Introduction

Peripheral nerve injury results in partial or total sensory, mo-
tor, and functional loss, and alterations such as diseases, tu-
mors, and traumatic damage are common. Many studies were
conducted in search of improvement or acceleration of the
recovery of injured peripheral nerves. Physical agents, such
as electricity, electromagnetism, therapeutic ultrasound, and
low-level laser (LLL) have been employed to stimulate the
regeneration of the peripheral nerves [1–3]. The treatment
methods studied include LLL, whose use has increased in
the last decade [3, 4]. A review of the literature on photother-
apy for peripheral nerve repair found that the use of laser was
based on several wavelengths (632–904 nm), lesion types
(crushing, neurorrhaphy, and tubulation), sample types, the
duration and manner of the emission, and the measurement
types (such as electrophysiological, morphometric, and func-
tional) [4]. Several authors have concluded that this treatment
promotes a positive influence on the regeneration of traumatic
injuries [3, 5–12]. However, other authors did not observe any
beneficial action [13, 14]. The laser affects biological tissues
differently according to the usage parameters, such as dose,
wavelength, continuous or pulsed mode, treatment duration,
and application site [3, 7, 15–17]. Thus, finding the optimal
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conditions for laser irradiation is essential in the application of
laser in medicine.

Functional assessment has become one of the methods for
studying peripheral nerve regeneration in animal models since
the description of the sciatic functional index (SFI) by De
Medinaceli et al. [18, 19] that was later modified by Bain
et al. [20]. The method uses a platform where the footprints
are printed on a strip of paper for analysis of parameters such
as print length, toe spread, and intermediate toe spread [7]. SFI
result is ranging from zero to −100, which is a negative indi-
cator of nerve function, with zero meaning absence of dys-
function and −100 meaning complete dysfunction [21].

The sciatic static index (SSI), a time-saving digitized static
footprint analysis, is another way of assessing recovery of
function after sciatic injury in animal models. It uses the foot-
prints, acquired when the animal is on a static position, and
minimizes bias related to gait’s velocity. Also, the SSI im-
proves the acquisition of footprints and is more repeatable
and accurate than the SFI [22]. In Smit et al.’s study, there
were good correlations between the traditional SFI and the
newly developed SSI. Despite promising results, static foot-
print analysis is still not widely used [23].

These methods have the advantage of not being invasive,
besides showing close correlation with the degree of histolog-
ical regeneration, and can be employed as a replacement for
invasive methods [24]. Therefore, it might be better to use
functional assessment rather than simply the electrophysiolog-
ical and histological bases for axon growth and muscular in-
nervation, provided the main interest of the survey is function-
al outcome [25].

The aim of this study, therefore, was to evaluate the effect
of low-level laser therapy (LLLT) at a 685-nm wavelength on
the healing processes of the sciatic nerve following crushing
lesion. The investigation of an experimental model related to
the analysis of functional recovery could provide relevant data
as the basis of future clinical applications in the treatment of
nerve injuries.

Methods

All experimental procedures were performed according to the
guidelines for the ethical treatment of experimental animals
and approved by Islamic Azad University, Faculty of
Veterinary Sciences, and Animal Care and Use Local Ethics
Committee.

Twenty healthy adult male Wistar rats, with an average
weight of 300 g, from the Pasteur Institute of Iran, were uti-
lized in this study. Two rats were housed per cage in a
temperature- and humidity-controlled room with 12 h/12 h
light/dark cycle and were allowed normal cage activities under
standard laboratory conditions. The animals were fed with
standard chow and filtered tap water ad libitum.

The animals were randomly assigned for two experimental
groups of ten rats each, according to the procedure to be car-
ried out:

Control group: animals submitted to crushing lesion of
the sciatic nerve, without laser irradiation (the equipment
remained turned off throughout the application).
Laser group: animals submitted to crushing lesion of the
sciatic nerve, with subsequent irradiation in the region of
the injury, for 21 consecutive days.

Anesthesia

After being weighed, each rat was given anesthetic medication
consisting of ketamine hydrochloride10% associated with
xylazine hydrochloride 2 % (50 and 10 mg/kg, respectively),
in a single dose intramuscularly.

Operating procedure

After verifying the state of consciousness, each rat was posi-
tioned in ventral recumbency while the fore and rear paws
fixed in abduction. A 3-cm long incision was made on the
skin through a gluteal approach, and the left sciatic nerve
was exposed by a layer-by-layer dissection. A hemostatic
tweezers, exerting a force of 54 N [26, 27], was used for a
period of 30 s to create a 3-mm-long crush injury, 10 mm
above the bifurcation, to achieve good reproducibility of the
lesion [27]. The sciatic nerve was kept moist with 37 °C sterile
saline solution throughout the surgical procedure. After the
lesion had been produced, the incision was sutured with sim-
ple stitches of nylon 3/0 thread.

Postoperative management

Following the surgical procedure, each rat was given a single
dose of penicillin-procaine (400.000 IU) for prophylaxis of
infections. Nalbuphine hydrochloride (2 mg/kg, SC) was also
administered for analgesic. The administration of the analge-
sic was maintained every 12 h, over two consecutive days.
The skin sutures were removed after 2 weeks following the
operation.

Laser irradiation

A 685-nm InGaAlP (15 mW, CW, 3 J/cm2, spot of 0.028 cm2,
Teralaser; DMC® São Carlos, SP, Brazil) was used in the
present study. The mean power of the equipment was mea-
sured before the experiment, with a power-measuring device.
Treatments were made through the contact technique, directly
above the site of injury with a time of 10 s per point.
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Irradiation was initiated on the first day after the operation and
was continued for 21 consecutive days, always at the same
times (10 a.m). During the treatments, animals were sedated
(xylazine 2 %, at the dose of 12 mg/kg) and they were kept
immobile by two assistances. In the control group, the equip-
ment remained turned off throughout the application, while in
the laser group, it remained turned on since the beginning so
that the only effect they both had in common was tissue
massaging.

Assessment of nerve function recovery

The assessment of sciatic nerve function recovery was carried
out by calculating the SFI and SSI. The animals’ footprints
were obtained before the operation and 7, 14, and 21 days
after surgery, by means of strips of paper marked out in mil-
limeters, on a walkway constructed in accordance with the
proposal by Bain et al. [20]. After the rats had undergone
initial training for walking (5 min), their paws were coated
with nankeen ink so that we could record the footprints for
analysis of the SFI. The collected measurements of the foot-
prints were the intermediate toe (IT) spread is the space be-
tween the second and fourth toes, the toe spread (TS) is the
space between the first and fifth toes, and the print length (PL)
is the space between the heel and the third toe. All measure-
ments were taken from the normal (N) and experimental (E)
sides. The SFI was calculated according to the following
equation:

SFI ¼ −38:3� EPL−NPL

NPL
þ 109:5� ETS−NTS

NTS
þ 13:3

� EIT−NIT

NIT
−8:8

The SSI is a time-saving and easy technique for accurate
functional assessment of peripheral nerve regeneration in rats
and is calculated using the static factors, not considering the
PL, according to the equation:

SSI ¼ 108:44� ETS−NTS

NTS

� �
þ 31:85� EIT−NIT

NIT

� �� �
−5:49

Like SFI, an index score of 0 was considered normal and an
index of −100 indicated total impairment. When no footprints
were measurable, the index score of −100 was given.

Statistical analysis

All data were reviewed by the university’s statistical depart-
ment. Data were analyzed by using Microsoft Office Excel
and SPSS statistical software package. The SFI and SSI data

were submitted to ANOVA analyses with posttests of
Bonferroni between groups, with significance level of 5 %
(p<0.05).

Results

The surgical procedure and the laser application were well
tolerated by all rats, and no animal died during the experiment.
The study was conducted with a total of 80 footprint images in
the different periods, preoperative, 7th, 14th, and 21st postop-
erative days. They were evaluated by the SFI and SSI formu-
las. The results obtained with the SFI of the two groups on
average were in the preoperative period, control −5.73 and the
laser group −6.23. The mean values obtained on the 7th, 14th,
and 21st postoperative days, were, respectively, control group
−93.41, −85.09, and −72.03 and for the laser group −81.93,
−54.39, and −31.11 (Fig. 1).

The SSI of the control group was, on average, −4.29 of the
data collected prior to the injury; −69.05 on the 7th postoper-
ative day; −56.65 on the 14th day; and −51.43 on the 21st day
after surgery. For the laser group, the mean values were −4.70
before injury, −58.34 on the 7th day, −41.67 on the 14th day,
and −19.01 on the 21st day after surgery (Fig. 2).

The SFI and SSI results were significant when comparing
two groups on the 14th and 21st postoperative day (p<0.05).
Statistical analysis of the control group, for the different days
of the SFI and SSI collection, showed that only the pre-injury
values were statistically significant (p<0.05) when compared
with the values from the other days. For the laser group, there
were statistical differences between the 7th and 14th days and
between the 14th and 21st days (p<0.05).

Fig. 1 SFI behavior according to group. Preoperative SFI and on the 7th
day were virtually the same for both groups, with evident improvement
on laser group from the 14th and 21st days
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Discussion

Injuries of the peripheral nerves cause important dysfunctions
and can give rise to lifelong sequelae, depending on the nerve
injury grade. Today, LLL, one of the types of biostimulants, is
used most often to treat a variety of pathological conditions of
peripheral nerves. The fact that laser irradiation somehow in-
terferes with a nerve function seems to be well accepted, ac-
cording to the demonstration that it reduces latency time and
increases nervous conveyance speed [28, 29]. Also, despite of
evidences on the contrary [5], there are experimental evi-
dences that the laser has a positive effect on injured nerves’
regeneration [30–32], which encouraged its use in human
beings.

Lasers using other wavelengths are being developed and
researched, such as those emitting in the range of 650–830 nm
[6, 33–38] and 904 nm [13, 39]. Many of these studies did not
describe all the parameters necessary, such as the dose, power
of the apparatus, duration of the application, and manner of
application. This leads to difficulty in understanding their
methodologies and, hence, in reproducing their results and
also difficulties in making comparisons between studies.
However, the conclusions of such studies seem to be incom-
plete and controversial, which has encouraged us to develop
this research in order to assess if indeed LLLT (685 nm) can
stimulate functional recovery of the sciatic nerve, using an
injury model by crushing in rats.

The rat was used as the animal model for its ease of acqui-
sition, handling, low operating costs, and also the similarities
to the human distribution of nerve trunks [40].

The way in which the crushing lesions were produced has
also been utilized in a variety of other studies. The duration of
the compression varied, but 30 s was the length of time most
utilized among the abovementioned studies [9, 41, 42], with
the exceptions of that by Khullar et al. [33], who utilized
10 min, and Anders et al. [3], who utilized 90 s. Compared

to section followed by neurorrhaphy, the crushing injury pro-
duced in this study has the advantage of preserving, at least
partially, the nerve support structure, thus, favoring regenera-
tion [19, 22, 24, 43]. This is an appropriate lesion for the
purposes of the present research, with results to be assessed
in the short time. Indeed, the differences between treated and
untreated sciatic nerves are easier to detect in an early phase of
recovery (3 weeks postoperatively) because the spontaneous
recovery usually seen in rats tends to make any comparison
more difficult in longer periods of time [15].

The effects of LLL irradiation on nerve regeneration are
well known. Irradiation ranging from 632 to 901 nm with
LLL light modulated, dose-dependently, the proliferation of
Schwann cells in in vitro rats enhanced nervous cell differen-
tiation, increased axonal growth and myelination, and im-
proved morphological recovery in experimental sciatic ner-
vous lesions [44–47]. In most experimental studies, regenera-
tion of the peripheral nerve was usually assessed through his-
tological, morphometric, and electrophysiological methods,
which did not anticipate any information about functional re-
covery, which would be of best interests. On the other hand,
functional assessment in animals is often challenging, but the
SFI and SSI enable the accurate quantitative evaluations of the
functional recovery in rats’ sciatic nerve.

Although SFI is a quantitative method, it is dependent on
the pressure exerted by the foot on the floor, and it is restricted
to a point in time, which limits the information obtained.
Automutilation and inversion or eversion deformations often
limit the functional assessment with the use of SFI [48], de-
spite this limitation, it is a widely used parameter because of
its reliability [49]. Bervar described an alternative analysis of
static footprint (SSI) to assess functional loss following injury
to the rat sciatic nerve, during animal standing or periodic rest.
SSI was developed based on the premise that the recovery of
muscle tone after nerve injury is a constituent part of integral
nerve and muscle functional recovery and forces acting on the
body, i.e., body weight and postural muscle tone during stand-
ing influenced footprint parameters [22]. The main difference
between SFI and SSI was that the distance between the tip of
the third toe and the posterior margin of the sole discolored
area, defined as the print length parameter, was not
considered.

In the present study, the rats were irradiated for 21 days,
based on previous findings [50]. The values obtained in this
study, related to the SFI and SSI, showed that after crush
injury in sciatic nerve, there was a functional loss in both
experimental groups on the 7th postoperative day; however,
in the control group, the functional index had decreased with-
out significant difference on the 14th and 21st days. In the
same period, the laser group showed significant functional
improvement when it was compared with that on the 7th
day. The statistical analysis showed significant results be-
tween groups. The results obtained in this survey showed that

Fig. 2 SSI in accordance with the behavior of groups in relation to time.
Preoperative SSI and on the 7th day were virtually the same for both
groups, with evident improvement on laser group from the 14th and
21st days
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the LLL (685 nm) was effective in stimulating acceleration of
functional recovery in the animals studied.

Conclusion

This study, considering the parameter analyzed, suggested that
the use of LLL (685 nm, at the dosage of 3 J/cm2) was effec-
tive in the acceleration of functional recovery in the first
3 weeks, after crush injury in rat sciatic nerve.
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