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Abstract Phototherapy has demonstrated positive effects in
the treatment of peripheral nerve injury, but there is a need to
investigate the dosimetric parameters. Thus, the aim of the
present study was to conduct a literature review on the effects
of photobiomodulation with the use of low-level laser therapy
(LLLT) on the treatment of peripheral nerve injury in experi-
mental models. The databases of PubMed/ MEDLINE,
SCOPUS, and SPIE Digital Library were searched for articles
on the use of LLLT in experimental models of peripheral
nerve injury published in English between January 2007 and
March 2016. The laser parameter variability was wavelength
(632.8 to 980 nm), power (10 to 190 mW), and total energy
(0.15 to 90 J) in pulsed or continuous wave and single or
multiple points. Eighteen original articles demonstrating the
effects of LLLT on the acceleration of functional recovery,
morphological aspects as well as the modulation of the expres-
sion inflammatory cytokines, and growth factors were select-
ed. LLLT is a viable phototherapeutic modality for the treat-
ment of peripheral nerve injury, demonstrating positive effects
on the neuromuscular repair process using either red or infra-
red light. The majority of studies used a power of up to 50 mW
and total energy of up to 15 J administered to multiple points.
The determination of these parameters is important to the
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standardization of a LLLT protocol to enhance the regenera-
tion process following a peripheral nerve injury.
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Introduction

Peripheral nerve injury (PNI) is more common than a spinal
cord injury. While PNI does not pose a fatal risk, it can exert a
negative impact on quality of life due to the possibility of the
non-occurrence of complete regeneration, resulting in a motor
disorder (paralysis) or sensory disorder (anesthesia, paresthe-
sia, and painful neuropathy). Thus, there is considerable inter-
est in the investigation of the most adequate form of treatment,
since nerve fibers have regenerative potential [1-5].

After a PNI, the repair process is initiated, involving neuronal
growth, reinnervation, and functional recovery. PNI is classified
into three types: neuropraxia, in which no structural changes
occur and there is minimal sensory or motor loss resulting from
mild pressure; axonotmesis, in which Wallerian degeneration of
the axon occurs distally, with no loss of Schwann cells and the
maintenance of connective tissue; and neurotmesis, the complete
sectioning of the nerve, which can lead to tissue fibrosis due to
proximal and distal degeneration [6].

Different models of PNI are used in experimental studies, such
as crushing [7], nerve compression [8, 9], laceration, and com-
plete cross-sectioning [10, 11]. The standardization of such inju-
ries constitutes the greatest challenge. In studies involving
axonotmesis or neuropraxia, the acquisition of a standardized
injury is less likely in comparison to neurotmesis, since there is
no assurance of an injury with the same amount of fibers in all
experiments [12, 13]. With neurotmesis, the continuity of the
nerve is interrupted and the muscles innervated by the fiber in
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question undergo progressive deterioration due to denervation
[14], followed by the insufficient replacement of the lost tissue
[11]. This regenerative incapacity demonstrates the need for ad-
equate therapy to optimize and accelerate the nerve repair
process.

Low-level laser therapy (LLLT) has recently been
highlighted in the literature due to its photobiomodulating
effect, which can cause either the inhibition or stimulation of
tissue metabolism. The mechanism of action is believed to
consist of the absorption of light (photons) by photoreceptors,
altering the synthesis of ATP in mitochondria through the
acceleration of the electron transport chains, thereby modulat-
ing cell reactions [15, 16]. Thus, LLLT can enhance postinjury
functionality [17], increase the axonal diameter [18, 19], in-
crease the thickness of the myelin sheath [19], diminish mono-
nuclear inflammatory infiltrate [20], increase the number of
Schwann cells [21], increase neurotrophic growth factors [22],
and promote the remodeling of the extracellular matrix [23].

However, there is no standardization in treatment with
LLLT and different irradiation parameters have been used in
different models of PNI, resulting in a diversity of
photobiomodulating effects. Thus, the aim of the present
study was to perform a review of the literature on the applica-
bility of LLLT as the treatment in experimental models of
peripheral nerve injury. The null hypothesis of the study was
if there is no relation between the laser parameters and the
effects of photobiomodulation in different models of PNI.

Methods

The databases of PubMed/MEDLINE (Medical Literature
Analysis and Retrieval System Online), SCOPUS, and SPIE
Digital Library were searched for original articles involving ex-
perimental models of PNI treated with LLLT published in
English between January 2007 and March 2016. The search
strategy involved the use of the following terms: “lasers,” “laser
therapy,” “low-level laser therapy,” “low intensity laser
therapy,” “irradiation,” ““phototherapy,” “‘photobiomodulation”;
“repair,” “regeneration,” “injury,” and “peripheral nerve.” The
bibliographic references of the articles were also analyzed for the
identification of additional studies (Fig. 1).

Articles were selected based on the pre-established eligibil-
ity criteria. The following were the inclusion criteria:

EEINT3 9

1. Atticles published between January 2007 and March 2016;

2. Experimental studies with animal models of peripheral
nerve injury;

3. Adequate description of the dosimetric parameters (wave-
length, mean output power, beam area, power density,
energy density, energy per point, total energy, number of
points irradiated, and radiance time per point) or sufficient
information to calculate these parameters

@ Springer

The following were the exclusion criteria:

Clinical trials and in vitro studies;

Review articles;

Absence of an untreated injury group;

Injury models of cranial nerves;

Radiance not performed in contact, not enabling the de-
scription of real parameters

el e

Results

One hundred seventy-nine potentially relevant articles were
identified. After the analysis of the abstracts, 139 were exclud-
ed for the following reasons: injury models involving cranial
nerves (n = 13), in vitro studies (n = 4), studies involving
radiotherapy (n = 2), clinical trials (n = 2), systematic reviews
(n = 7), radiance performed on prosthesis (n = 1), LED radi-
ance (n = 4), use of high-power laser (n = 8), inadequate
description of parameters (n = 6), radiance not transcutaneous
(n=1), and studies duplicated in different databases (n = 113).

Eighteen articles were included in the present review for
the analysis of the effects of LLLT on PNI. The vast majority
of studies used the continuous application mode (n = 17).
Eight studies (44.4%) used the red spectrum, five (27.8%)
used the infrared spectrum, and four (22.2%) used both spec-
tra. Only one study (5.55%) employed the pulsed mode, with
the wavelength in the infrared spectrum.

Different experimental models of PNI were used: crushing
(n=9; 50%), cross-sectioning followed by neurorrhaphy or anas-
tomosis (n = 4; 22.2%), chronic constriction (n = 3; 16.7%), and
cross-sectioning followed by tubulization (n = 2; 11.1%). The
sciatic nerve was used in the majority of cases (n = 16; 88.9%),
the fibular nerve was used in one study (5.55%), and the ganglion
of the dorsal root (L4-L5) was used in one study (5.55%). Wistar
rats were used in the majority of the experimental models (n = 12;
66.7%), followed by Sprague-Dawley rats (n = 5; 27.8%) and
New Zealand rabbits (n = 1; 5.55%).

Table 1 displays the details of the studies involving LLLT
in the red spectrum using the continuous mode. Table 2 dis-
plays the details of the studies involving LLLT in the infrared
spectrum using the continuous mode. Table 3 displays the
details of the study involving LLLT in the infrared spectrum
using the pulsed mode. Table 4 displays the details of the
studies that compared the two laser spectra (red and infrared)
using the continuous mode.

Discussion

Annually in the USA and Europe, approximately 100,000
individuals are submitted to operations for peripheral nerve
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Fig. 1 Flowchart of study
selection process
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therapy”, “low-intensity laser therapy”, “irradiation”, “phototherapy”,
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“photobiomodulation

, “repair”, “injury” and “peripheral nerve”

PubMed

SPIE Digital SCOPUS
MEDLINE Library Database
(N=104) (n=8) (n=67)
Studies excluded (n=139):
In vitro studies and clinical trials (n=60);
Systematic reviews (n=7);
Injuries involving cranial nerves (n=13);
Duplicated studies (n=113).
Studies pre-selected for
analysis (n=40)
Studies excluded (n=22):
Inadequated description of parameters (n=6);
Radiance not LLLT (n=14);
Radiance not in vivo (n=1);
Radiance not transcutaneous (n=1).
Studies selected
(n=18)
Pulsed Continuous
(n=1) (n=17)

Red spectrum

(n=8)

Infrared Comparison of
spectrum both spectra
(n=5) (n=4)

recovery due to technological advances in the field of micro-
surgery. However, the lack of satisfactory functional recovery
underscores the need for greater investigation into the repair
process of this tissue [3].

Different surgeries are used for PNI, such as neurorrhaphy
[24], grafting [25], and tubulization [11]. Moreover, LLLT
[24], electrotherapy, and therapeutic ultrasound constitute
physical stimuli aimed at modulating the reinnervation pro-
cess [1]. Biological therapies are also used, such as the inoc-
ulation of cells and growth factors at the injury site [26, 27].

LLLT has demonstrated varied effects with different appli-
cation parameters, such as an increase in functionality [9],
better range of motion [28], the attenuation of dysesthesia
[29], and the modulation of the concentration of inflammatory
cytokines [30]. Thus, there is an evident need to understand
the mechanisms of action involved in the modulation of the
inflammatory process to achieve the desired effects.

The inadequate description of radiance parameters imped-
ed the inclusion of many studies that report promising results.
The lack of the description of the mode of application, fre-
quency (pulsed mode), beam area, fluence, and energy as well
as the onset and frequency of treatment renders the reproduc-
ibility of experiments impossible, since differences in these
parameters have different effects. This failure to describe the
protocol constitutes a barrier to the interpretation of the
findings.

No standardization of parameters was found in the articles
selected for the present review. Moreover, the different exper-
imental models tested different aspects of a PNI. In chronic
constriction models, there was a predominance of altered sen-
sitivity [9, 30], whereas cross-sectioning and crushing models
[19, 22] led to mixed alterations. It is therefore important to
consider the experimental model chosen for the investigation
of the motor and sensory aspects of a PNI. In models
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involving neurotmesis, Wallerian degeneration with conse-

) quent muscle atrophy is ensured, with consequent alterations
2 in collagen distribution and muscle function [10, 31, 32].
é Models involving axonotmesis have the advantage of greater
£ g’ g standardization of the injury and no need for microsurgery
§ = ” training, but the rapid return to baseline conditions results in
greater difficulty obtaining significant differences between the
group submitted to the therapeutic protocol and the group
E @ g é‘ submitted to injury alone. In contrast, regeneration is slower
§ % X = in neurotmesis models, which is critical for the transposition
& 8 = of the model to clinical trials [31].
Effects of LLLT on functionality
g 5z . . . .
‘é 5 —§ Functional recovery following a PNI begins after 12 days in a
£ - B2 case of axonotmesis and 30 days in a case of neurotmesis,
T E 2 § reaching a plateau at 28 and 120 days, respectively [31].
B § & § LLLT in both the red and infrared spectra accelerated the
5% b functional recovery process. In experimental models of

axonotmesis due to crushing, Belchior et al. [33] found that
red LLLT led an improvement in functionality, as demonstrat-
ed by the increase in the sciatic functional index (SFI) in the
group submitted to laser therapy (660 nm, 26.3 mW, 7.6 J) for
20 consecutive days after surgery. Takhtfooladi et al. [34]
found increases in both the SFI and sciatic static index after
14 and 21 consecutive days of LLLT (660 nm, 15 mW, 0.15 )
following injury. However, Barbosa et al. [17] only found an
increase in the index at 14 days in the group submitted to
LLLT (660 nm, 30 mW, 0.6 J) immediately after surgery for

multiple
Single
point

Energy Total energy Single or

density per
(J/em?®) treatment (J) points

TNF-c tumor necrosis factor alpha, MMP9 matrix metalloproteinase 9, SFI sciatic functional index, BDNF brain-derived neurotrophic factor, NGF neuronal growth factor, iNOS induced nitric oxide
synthase, S700 Schwann cell marker, VEGF vascular endothelial growth factor, H/F-1« hypoxia-induced factor alpha, /L-1/3 interleukin 1 beta, FFT fibular functional index, 7FT tibial functional index,

ENMG electroneuromyography, MAP2 microtubule-associated protein, CMAP compound muscle action potential, NF neurofilament, SST sciatic static index

% 5% 20 consecutive days. In groups submitted to infrared radiation,
msEe an increase was found in the fibular functional index at 14 days
§ s in the study by Sousa et al. [35] with daily irradiation (830 nm,
g8 40 mW, 2.77 J) for 28 days and the SFI in the study by Wang
£ etal. [28] in groups irradiated (808 nm, 170 mW) with either 3
5 or 8 J for 20 consecutive days as well as an increase in range of
z ’g motion in the group irradiated with 8 J.
=< With regard to chronic constriction models, Hsieh et al. [9]
found an increase in functionality [motor aspect (SFI, fibular
:g functional index, and tibial functional index) and sensitive
g aspect (mechanical hyperalgesia)] in groups irradiated 7 days
2 after injury using red LLLT (660 nm, 30 mW, 7.2 J) for 7
- o consecutive days. Chen et al. [30] found a reduction in me-
= 2 chanical and thermal hyperalgesia at 4 and 8 days in groups
E % irradiated 24 h after injury daily for 8 days using infrared
—; é LLLT (808 nm, 190 mW, 36 J). Masoumipoor et al. [29]
o 22 demonstrated an increase in the thermal and mechanical
§ § & thresholds of paw withdrawal in groups irradiated after injury
=) . daily for 2 weeks using red (660 nm, 100 mW, 3.4 J) and
é = infrared (980 nm, 70 mW, 3.4 J) LLLT.
§ % In models of neurotmesis followed by tubulization, Shen
- @ ga et al. [19] found an increase in the SFI, peak range of move-
2|2 E & ment, and compound muscle action potential at 8 days in
S| 2 & groups irradiated on the first day after surgery for 21
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consecutive days using red LLLT (660 nm, 50 mW, 15 J). In
another study by the same group [11], the same results were
obtained in animals irradiated on the first day after surgery for
9 consecutive days, but after 12 weeks (660 nm, 50 mW, and
90 J immediately after surgery and 15 J over the subsequent
9 days). Medalha et al. [36] found accelerated functional re-
covery in models of neurotmesis followed by anastomosis in
animals irradiated 24 h after surgery at a frequency of five
sessions per week for 3 weeks using red LLLT (660 nm,
30 mW, 0.81 and 4.23 J), as demonstrated by the increase in
the SFI at 4 months. However, using rats injured by
neurotmesis followed by neurorrhaphy, Silva-Couto et al.
[10] performed postoperative irradiation for 10 consecutive
days as well as on alternating days for a total of 1 month using
red and infrared LLLT with different energy doses (660 and
780 nm; 40 mW; 2.4, 4.8, and 9.6 J) and found no improve-
ment in functional aspects measured using the SFI.

These findings demonstrate that different parameters alter
the velocity of motor and sensory functional recovery. Thus,
an irradiation protocol is needed for the optimization of this
recovery.

intermodal
diameter

8 wee-

Periods of Results
ks

analysis

consecutive

Onset/frequency
days

of treatment
Single point Postoperative +10 2,4, 6,and 1 Length of fiber and

Single or
multiple
points

per treatment

O}

Total energy

1.2

Effects of LLLT on morphological aspects

The quantification of the morphological aspects of nerve fi-
bers, especially myelinized fibers, is important to the investi-
gation of the regenerative process [4]. The number and density
of nerve fibers, diameter of axons and fibers, cross-sectional
area of axons and fibers, perimeter of axons and fibers, and
thickness of the myelin sheath are important to the analysis of
the recovery [37]. After a PNI, morphological and metabolic
changes are evident at the injury site, such as changes in the
cell body, distal and proximal segments of the nerve injury,
and the distal segment in the motor plate or sensory receptor.
Injuries due to axonotmesis or neurotmesis have different re-
generation rates, ranging from 3.0 to 4.4 mm/day in rats and
2.0 to 3.5 mm/day in rabbits [37].

In crushing models, Dias et al. [38] employed red LLLT
(780 nm, 30 mW, 1.8 J) at 48-h intervals over a total of six
sessions and found an increase in the concentration of myelin
per cross-sectional area and an increase in the number of blood
vessels 4 and 8 weeks after injury. Using the same parameters
(780 nm, 30 mW, 1.8 J), Dias et al. [39] found an increase in
the diameter of the nerve fibers 4 and 8 weeks after injury.
Using infrared LLLT (808 nm, 170 mW, 11.4 and 30.4 J),
Wang et al. [28] found an increase in the thickness of the
myelin sheath 20 days after injury.

In neurotmesis models, Mohammed et al. [18] found an
increase in the fiber length and the intermodal diameter of
the fibular nerve at 2, 4, 6, and 8 weeks after injury in rabbits
submitted to cross-sectioning and followed by neurorrhaphy;,
with postoperative irradiation for 10 consecutive days using
infrared LLLT (901 nm, 2 mW, 1.2 J) in pulsed mode. Using

density

Energy
(J/em?)
0.075

Beam

area

(em?)
6

Wavelength Power Mean
(mW) power
(mW)

10

(nm)
901

followed by
neurorrhaphy

Nerve and animal  Injury model

Selected study using infrared laser in pulsed mode

et al.
(2007)

Mohammed Fibular nerve (New Cross-sectioning
Zealand rabbits)

Table 3
Authors
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red LLLT (660 nm, 50 mW, 15 J), Shen et al. [19] found an
increase in the number of nerve fibers, axonal diameter, and
myelin sheath in 8 weeks following cross-sectioning of the
sciatic nerve of rats followed by tubulization. Shen et al.
[11] performed irradiation on the first postoperative day using
the same parameters (660 nm, 50 mW, 15 J) for 9 consecutive
days, but with a greater energy immediately after surgery
(90 J), reporting different findings, such as increases in the
number of Schwann cells, neurofilaments, axonal diameter,
thickness of the myelin sheath, as well as the diameter, and
number of nerve cells at 12 weeks following the same injury
model, demonstrating that a change in irradiation parameters
can lead to different findings. In cross-sectioning models
followed by anastomosis, Reis et al. [40] used red LLLT
(660 nm, 26.3 mW, 7.6 J) following surgery for 20 consecu-
tive days and found an increase in the myelin sheath at 21 days.
Using red (660 nm, 30 mW, 4.23 J) and infrared (808 nm,
30 mW, 4.23 J) LLLT 24 h after surgery at a frequency of five
sessions per week for 3 weeks, Medalha et al. [36] found an
increase in the diameter of the axons and fibers in the irradi-
ated groups when compared to the group submitted to injury
without subsequent LLLT.

The positive photobiomodulating effects of red and infra-
red LLLT on morphological aspects in the studies selected for
the present review underscore the need to investigate the
mechanisms of action of different parameters to confirm the
signaling pathways.

Effects of LLLT on expression of cytokines and growth
factors

With a PNI, there is an increase in induced nitric oxide syn-
thase (iNOS), resulting in the recruitment of inflammatory
cells to the injury site, with an increase in the production and
release of pro-inflammatory cytokines [22], such as those as-
sociated with neuropathic pain [tumor necrosis factor alpha
(TNF-&) and interleukin 1 beta (IL-1$3)] [9, 30]. The release
of these cytokines can be stimulated by hypoxia-induced fac-
tor 1 alpha (HIF-1) and the concentration increases ischemia
and hypoxia during an inflammatory process [9].
Concomitantly to the relation of pro-inflammatory cytokines,
neurotrophic factors are released to avoid necrosis of the nerve
tissues and promote axonal regeneration. The major factors in
this process are nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), and neurotrophins 3, 4, and 5
(NT3, NT4, NT5) as well as other growth factors, such as
vascular endothelial growth factor (VEGF) [9, 22].
Moreover, growth-associated protein 43 (GAP-43) can be
used as an indicator of nerve regeneration, since its concen-
tration is proportional to the frequency of nerve sprouting
exclusively during nerve regeneration in adult organisms [30].

In chronic constriction models, Hsieh et al. [9] demonstrat-
ed that red LLLT (660 nm, 30 mW, 7.2 J) increased the

concentration of VEGF and NGF as well as diminished the
expression of HIF-1x, TNF-«, and IL-13. Chen et al. [30]
found that infrared LLLT (808 nm, 190 mW, 36 J) diminished
the gene and tissue expression of TNF-« 3 days after injury as
well as diminished the gene expression of both GAP-43 and
IL-13. However, the tissue concentration of GAP-43 was
increased.

In crushing models, Wang et al. [28] used infrared LLLT
(808 nm, 170 mW, 11.4 and 30.4 J) and found an increase in
the concentration of GAP-43 at 20 days following injury.
Gomes et al. [22] used red LLLT (632.8 nm, 5 mW, 1 J) and
found a reduction in the gene expression of iNOS at 21 days as
well as an increase in the gene expression of both BDNF and
NGEF at 14 and 21 days after injury, but no change in the gene
expression of NT3 was found at any evaluation time.
Alcantara et al. [23] found that red LLLT (660 nm, 40 mW,
4.8 J) led to an increase in the concentration of TNF-«x.

In general, the findings demonstrate the positive effects of
photobiomodulation with LLLT. However, the divergent re-
sults confirm the need to establish ideal parameters. While the
aim of LLLT is to diminish pro-inflammatory cytokines and
increase growth factors, this therapeutic modality can lead to
an increase in the concentration of TNF-o, demonstrating a
modulating effect on nerve tissue, as reported in the study by
Alcantara et al. [23]. Thus, further investigations into the
mechanisms of action of LLLT are needed.

Conclusion

LLLT is a viable phototherapeutic modality for the treatment
of peripheral nerve injury, demonstrating positive effects on
the neuromuscular repair process using either red or infrared
light, with improvements in the functional indices, morpho-
logical aspects, and expression of both cytokines and growth
factors. The majority of studies used a power of up to 50 mW
and total energy of up to 15 J administered to multiple points.
The determination of these parameters is important to the
standardization of a low-level laser therapeutic protocol to
enhance the regeneration process following a peripheral nerve

injury.
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