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Decimeter wave mechanisms in promoting peripheral nerve regeneration.
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Abstract

Objective: The aim of our study was to investigate the effect of decimeter waves on nerve healing in a rat
peripheral nerve injury model.

Method: Twenty-four hours after the operation, the experimental group (40 rats) was treated with
decimeter waves. Another 40 rats that did not undergo decimeter wave therapy were assigned as the
control group. Gross and light microscopy assessments were performed on the 7th, 14th, 30th| 60th and
90th day after the operation. Electron microscopy analysis was performed on the 14th, 30th and 60" day.
Axon image analysis and electrophysiological assessment of sciatic nerves were performed on the 90th
day after the operation. Sciatic nerve function was evaluated using the walking track analysis on the
30th, 60th and 90" day after the operation.

Result: Histological analysis revealed that decimeter waves can increase local blood circulation, inhibit
inflammation infiltration, and reduce perineural adhesions. Moreover, decimeter waves can promote
axon regeneration and the remyelination of injured nerves, as well as the maturation of regenerated
nerve structures. Electron microscopy, axon image, electrophysiological and walking track analyses
revealed that the decimeter wave group had more myelinated nerve fiber counts, larger mean axon
diameter and myelin sheath thickness, shorter latency of compound muscle action potential, faster nerve
conduction velocity and higher wave amplitude, and better sciatic functional index recovery rates, when
compared to the control group (all P<0.01).

Conclusion: Our findings suggest that decimeter waves can promote the regeneration of peripheral
nerves and functional recovery after peripheral nerve injury. However, further studies are warranted.

Keywords: Decimeter wave, Peripheral nerve injury, Nerve regeneration, Sciatic functional index.

Introduction

Peripheral nerve injuries are common clinical problems that
can result from mechanical factors such as crushing, cutting or
stresses, as well as ischemic, radial, or chemical factors [1].
Following peripheral nerve injuries, huge histopathological
changes may occur in both the distal and proximal sections of
the nerve. With the advancement and spread of microsurgical
techniques, the success rate of nerve recovery in peripheral
nerve injuries has greatly increased. The superb technologies
of microsurgical repair have provided a good foundation for
nerve regeneration. However, the recovery of neural function
remains unsatisfactory in most cases. In fact, the complete
functional repair of nerve function is almost not possible; and
partial recovery of nerve function remains unsatisfactory in
most cases [2].

In recent years, various efforts have been devoted in
maximizing the recovery of the function of injured peripheral
nerves. Biological stimulation such as bioactive molecules and
related drugs has been used to improve peripheral nerve repair
[3-5]. On this basis, physiotherapy has currently become a
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research focus in the field of peripheral nerve repair and
regeneration. Previous studies have shown that physical
stimulation such as electric stimulation, ultrasound, laser
stimulation, millimeter wave and modulated medium-
frequency pulsed electromagnetic stimulation could promote
nerve regeneration and repair after peripheral nerve injury
[6-15]. In early clinical studies, we found that the decimeter
wave had a good curative effect on nerve repair in patients with
diabetic peripheral neuropathy.

However, to date, few studies have been reported on the effect
of decimeter waves on peripheral nerve regeneration.
Therefore, a chamber model of rat sciatic nerve regeneration
was constructed in this study; and the partially injured nerve
was radiated by decimeter waves. We investigated the effect of
the decimeter wave on peripheral nerve repair and regeneration
following peripheral nerve injury through gross observation,
light microscopy, transmission electron microscopy, axon
image analysis, and electrophysiological and Sciatic Function
Index (SFI) analysis.
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Materials and Methods

All experimental procedures were approved by the Animal
Study Ethics Committee of the Third Hospital of Hebei
Medical University and were performed in accordance with the
institutional criteria for the care and use of laboratory animals
in research.

Animals and experimental groups

A total of 80 Sprague-Dawley (SD) rats (male or female)
weighing 200-250 g were used in this experimental study.
These rats were randomly divided into two groups (each group,
n=40): decimeter wave group, and control group. Animals
were fasted with water for eight hours before the operation,
and were anesthetized with 1% sodium pentobarbital (30
mg/kg) by intraperitoneal injection. A posterior median
incision was made on the right thigh. After separating the
intermuscular  space  between the biceps femoris,
semitendinosus and semimembranosus muscles, the sciatic
nerve was exposed. The sciatic nerve was resected 10 mm
distal to the piriformis inferior margin with retraction at the
two broken ends. Under the guidance of an 8x surgical
microscope, two nerve stumps were inserted into the silicon
tube (length, 10 mm; inner diameter, 1.5 mm) using 9-0 sutures
to form a nerve regeneration chamber. A 6 mm gap was formed
between the two stumps within the silicon tube. After thorough
hemostasis, the intermuscular space was closed; and the skin
incision was sutured. All procedures of this experiment were
performed by the same physician and assistant. After the
operation, rats were placed under warm light to recover from
anesthesia, and housed in separate cages with free access to
food and water, room temperature at 21-27°C, 40-50%
humidity, and a 07:19 light-dark cycle.

Perioperative management

One day after the operation, rats were fixed in the prostrate
position on a table, and their right posterior thighs were
exposed to decimeter waves every day until the 90th days after
the operation. The TMA-A double-frequency microwave
hyperthermia apparatus (Beijing Electronic Medical Instrument
Factory, Beijing, China) was applied to the incision site of the
rat through a probe. Parameters were as follows: frequency,
915 MHz; power, 5 W; radiating distance, 10 cm. Microwave
treatment was conducted once a day for five consecutive days
per week, until the rats were sacrificed. Treatment duration was
10 minutes per session. Rats in the control group were also
fixed on a table in the prostrate position for 10 minutes, but
these rats did not receive decimeter wave therapy.

Gross observation and histological evaluation

Dissection was carried out on the 7th, 14th 30t 60t and 90t
day post-operation. The bridge connection segment of the
sciatic nerve was exposed. Then, gross observation of the
lesions of the sciatic nerves and its surrounding tissues and
nerve adhesion in rats were conducted. Neural segments (2
mm) were obtained from the proximal and distal end of the
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bridge connection segment, followed by 10% formalin fixation
and hematoxylin and eosin (H&E) staining. The nerve
structure was observed under light microscopy (CX31;
Olympus, Japan).

Electron microscopic evaluation

At the 13t 30t and 60t day after the operation, samples of
the sciatic nerve were obtained and fixed with a 3%
Glutaraldehyde (GA) solution; and embedded with resin.
Thereafter, ultra-thin sections were obtained to observe neural
regeneration  conditions under transmission electron
microscopy (TEM, H-7500; HITACHI, Japan).

Image analysis of the axon

On the 90t day post-operation, specimens from the osmium
tetroxide-stained distal end of the nerve stumps were analyzed
using an image analyzer (IBAS 2000; Zeiss Kontron, Munich,
Germany). The number of myelinated nerve fibers, axon
diameter, and myelin sheath thickness were calculated.

Electrophysiological evaluation

On the 90th day after the operation, Compound Muscle Action
Potential (CMAP) was detected and evaluated using a
myoelectricity evoked potential apparatus (DISA1500,
Denmark). The following parameters were measured and
recorded: latency, amplitude, and nerve conduction velocity.

Sciatic function index evaluation

The evaluation of sciatic nerve function in animals was
performed using the walking track analysis at the 30t 60t and
90t day after the operation. A walk box (length: 50 cm, and
width: 8.5 cm) was made with one port opened at one side. A
white sheet of paper was spread at the bottom of the walk box.
The plantar hind feet of rats were pigmented with carbon black
ink. Thereafter, the rats were placed at one side of the walk
box, and were induced to walk to the other side of the walk
box. The sciatic functional index (SFI) and recovery rates were
obtained according to a previous report [16]. SFI = 0 for
normal, and -100 for complete injury.

Statistical analysis

Statistical analyses were performed using the statistical
software SSPS 11.0 (SPSS Inc., Chicago, USA). Data were
expressed as arithmetic means + standard deviation. All count
data were compared with T-test analysis and p<0.05 was
considered as statistical significance in the statistical analysis.

Results

Gross and histological evaluation

On the 7™ and 14 day after the operation, hyperemia and
edema were noted in subcutaneous tissues and tissues
surrounding the nerves in both groups. These changes were
relatively smaller in the decimeter wave group, compared to
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the control group. Perineural adhesions in the decimeter wave
group were limited and looser compared to the control group.
Perineural adhesions in the control group were easily separated
bluntly. In the decimeter wave group, inflammatory cells were
restricted to the superficial layer of the epineurium; while
many inflammatory cells and interspersed multinucleated giant
cells had infiltrated tissues around the nerve stumps in the
control group (Figures 1A and 1B). Furthermore, regenerated
axons were observed in the middle portion of the regenerated
nerves in the decimeter group, but these did not span across the
distal anastomosis.

Figure 1. Light microscopy assessments of the morphology of injured
sciatic nerves at the 14", 30", 60" and 90" day after the operation
(hematoxylin and eosin staining, 400%). Inflammatory cells were
mainly restricted to the superficial layer of the epineurium in the
decimeter wave group on the 14" day after the operation (4). Many
inflammatory cells and sporadic multinucleated giant cells infiltrated
around the nerves in the control group on the 14" day after the
operation (B). Inflammatory cells were rarely observed. However,
myelin sheaths from regenerated axons were observed in the
decimeter wave group at the 30" day after the operation (C).
Inflammatory cells continued to accumulate in the control group on
the 30" day after the operation. In addition, many edematous myelin
sheaths and some loosely structured myelinated axons could be
observed (D). Regenerative nerve fibers were dense and well-
distributed with relatively thick axons and myelin sheaths in the
decimeter group at the 60" day after the operation (E). Regenerative
nerve fibers were few and scattered with relatively thinner axons and
myelin sheaths in the control group at the 60th day afier the
operation (F). Regenerative myelin sheaths were relatively thicker
and nerve fibers were orderly arranged in the decimeter group at the
90" day after the operation (G). Regenerative myelin sheaths had
uneven thickness and nerve fibers were irregularly arranged in the
control group at the 90" day after the operation (H).

On the 30t and 60 day after the operation, hyperemia and
edema of the tissues surrounding the nerves almost abated in
both groups (Figures 1C-1F). In the decimeter wave group,
loose perineural adhesions were present; while in the control
group, extensive dense adhesions were present, which were
difficult to separate bluntly. In the decimeter wave group,
inflammatory cells were rarely observed; while in the control
group, a small number of inflammatory cells continued to
accumulate. Regenerated axons all spanned across the distal
anastomosis and entered into the distal nerve in both groups. In
the decimeter wave group, myelin sheaths in the regenerated
axons could be observed; and was thicker than that in the
control group.
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Figure 2. Ultrastructure examinations of injured sciatic nerves at the
14" 30" and 60" day after the operation (transmission electron
microscopy, %30,000). Within these neonatal axons, mild dilations of
rough endoplasmic reticulum and degenerated mitochondria could be
observed in the decimeter wave group at the 14th day after the
operation (A). Within these neonatal axons, cisternal dilation of
rough endoplasmic reticulum and edematous and degenerated
mitochondria could be observed in the control group at the 14" day
after the operation (B). Within these neonatal axons, apparent
stromal edema, scattered microfilaments and microtubules and
accumulating mitochondria could be observed in the decimeter wave
group at the 30th day after the operation (C). Within these neonatal
axons, highly focal edema of stroma and scattered organelles such as
mitochondria, microfilaments, and microtubules were present in the
control group at the 30" day after the operation (D). Within these
neonatal axons, almost normal organelles such as mitochondria,
microfilaments, and microtubules were present in the decimeter wave
group at the 60" day afier the operation (E). Within these neonatal
axons, few organelles such as mitochondria, microfilaments and
microtubules, mild dilation of rough endoplasmic reticulum, and
edematous and degenerated mitochondria could be observed in the
control group at the 60th day after the operation (F).

On the 90t day after the operation, surfaces of the nerves in
the decimeter wave group appeared smooth; and revealed only
few filamentous adhesions or even no adhesion to their
surrounding tissues. In the control group, perineural adhesions
were obviously loose compared to that at the 30" and 60t day
after the operation. Regenerated nerves in both groups were
obviously thicker than that at the 60 day postoperatively,
which was close to the diameter of the proximal nerve trunk.
Regenerated neural fibers in the decimeter wave group were
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dense and orderly arranged with rough diameters; while these
were rare in the control group and arranged disorderly with
uneven diameters (Figures 1G and 1H).

Electron microscopic evaluation

On the 14™ day after the operation, many neonatal axon buds
encapsulated by Schwann cells were present at the proximal
end of the nerve fibers in the decimeter wave group. Within the
neonatal axon bud, few organelles such as mitochondria,
microfilaments, microtubules and vesicles were present. In the
control group, the myelin sheath was distributed unevenly, and
the structure was in disorder (Figures 2A and 2B). On the 30t
day after the operation, the myelin sheaths were relatively
thicker and the regenerated axons appeared normal in the
decimeter wave group. Some almost normal organelles such as
mitochondria, microfilaments, and microtubules could be
observed. In the control group, a disordered structure
remained. There were few irregularly-arranged thin myelin
sheaths (Figures 2C and 2D). On the 60 day after the
operation, the decimeter wave group had a large quantity of
regenerated myelinated fibers, which were orderly arranged.
The fascicular structure was evident. The myelinated fibers had
relatively larger axon diameters. Furthermore, the myelin
sheath was thick with a clear structure (Figure 2E), while the
myelin sheath had an uneven thickness with an immature
structure in the control group (Figure 2F).

Table 1. The number of myelinated nerve fibers, axon diameter and
myelin sheath thickness in the decimeter wave group and control
group in the axon image.

Number of . Myelin sheath
; Axon  diameter 4
Group myelinated nerve (um) thickness
fibers (n/mm?) H (um)
Decimeter wave 3 554+ 417.83 3.96+0.24 1.46 +0.12
group
Control group 2,018 £ 403.26 2.78+0.33 0.86 +0.16
P <0.01 <0.01 <0.01

Table 2. Electrophysiological Data in the decimeter wave group and
control group.

Grou Latency Nerve conduction Wave amplitude
P (ms) velocity (m/s) (mV)

Decimeter  wave , 44,086  46.29+5.14 6.28 £2.62

group

Control group 3.21+£1.04 20.68 £ 6.32 3.65+1.76

P <0.01 <0.01 <0.01

Axon image analysis

On the 90™ day after the operation, distal segments of the
regenerative nerve in the decimeter wave group had more
myelinated nerve fibers counts, a larger mean axon diameter
and myelin sheath thickness compared to the control group (all
P<0.01) (Table 1).
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Electrophysiological evaluation

On the 90™ day after the operation, electrophysiological
analysis showed that the decimeter wave group had a shorter
latency of compound muscle action potential, faster nerve
conduction velocity and higher wave amplitude, when
compared to the control group (all P<0.01) (Table 2).

Function evaluation of the sciatic nerve

The decimeter wave group had significantly better SFI
recovery rates on the 30th, 60th, 90th day after the operation
compared to the control group (all P<0.01) (Table 3).

Table 3. Sciatic function index (SFI) of the decimeter wave group and
control group after the operation.

goth

th th
30 day 60 postoperativel
y

Groups postoperatively postoperatively

Decimeter wave

23.42+3.12 36.21+6.24 43.26 +4.12
group
Control group 15.16 £ 3.24 2424 +5.78 30.16 + 3.49
P <0.01 <0.01 <0.01

Discussion

After peripheral nerve injury, local hyperemia, edema and
extensive and dense adhesions with peripheral tissues can
result in the further formation of entrapment; and thereby
aggravate hyperemia, induce edema, promote regenerated
nerve ischemia and hypoxia, and finally hinder nerve
regeneration. According to previous reports, decimeter wave
therapy could inhibit inflammatory reactions after injuries,
improve local circulation in the injured site, enhance the
metabolism of the injured area, and reduce scar formation; and
thereby alleviate adhesion [17-19]. In this study, our findings
revealed that hyperemia and edema were noted in
subcutaneous tissues and tissues surrounding the nerves in both
groups at the 7™ day after surgery; which was relatively
smaller in the decimeter wave group, compared to the control
group.

Furthermore, we observed that inflammatory cells were
restricted to the superficial layer of the epineurium in the
decimeter wave group, while many inflammatory cells and
interspersed multinucleated giant cells had infiltrated tissues
around the nerve stumps in the control group at the 14% day
after the operation. At the 30™ day after operation, loose
perineural adhesions were present in the decimeter wave
group; while extensively dense adhesions that were difficult to
separate bluntly were present in the control group. In addition,
inflammatory cells were rarely observed in the decimeter wave
group; while a small number of inflammatory cells continued
to accumulate in the control group. These findings suggest that
the decimeter wave could effectively inhibit inflammation after
injury, improve local blood circulation, reduce scar formation,
and alleviate nerve adhesion; and thereby contributing to nerve
regeneration.
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The process of nerve repair and regeneration following
peripheral nerve injury was aimed at allowing axons of the
injured proximal nerve to grow into the distal nerve. The
successful repair and regeneration of peripheral nerve injury
include the degree of sprouting and the elongation of proximal
axons within the nerves [20,21]. Therefore, the number of
axons and degree of maturity of regenerated nerves can reflect
the regeneration condition of the injured nerves [22]. In the
present study, electron microscopy evaluation revealed that
many neonatal axon buds existed at the proximal end of the
nerve fibers at the 14% day after surgery in decimeter wave
group. Within these neonatal axon buds, few organelles such as
mitochondria, microfilaments, microtubules and vesicles were
present. In contrast, we did not observe neonatal axon buds in
the control group. At the 30! day after surgery, myelin sheaths
in the decimeter wave group were relatively thicker, and the
regenerated axons appeared normal. Some almost normal
organelles such as mitochondria, microfilaments, and
microtubules could be observed. In the control group, a
disordered structure remained. Furthermore, there were few
irregularly-arranged thin myelin sheaths. The axon image
analysis revealed that myelinated nerve fiber counts, the
myelinated nerve fiber diameter and myelin sheath thickness in
the decimeter wave group were all significantly greater than in
the control group. Thus, the degree of regenerated nerve
maturation in the decimeter wave group was significantly
higher than in the control group. Regardless of this, the
conclusion that the decimeter wave group is superior to the
control group with regard to the quality of nerve regeneration
remains inadequate. This is due to many small neonatal buds
derived from proximal nerves that may stop at the scar tissue,
neuroma, or even the sensory nerve ending after growing over
damaged nerves. These regenerated axons fail to reach their
specific target organs, and does not help to the recovery of
neural function. Furthermore, these only affect the number of
the nerve fibers and the diameter of the cross section; and
further affect the actual value of the morphological evaluation.
On this occasion, the assessment of the quality of nerve
regeneration would be more perfect, accurate and reliable if
electrophysiological and SFI assessments were used in
combination.

Peripheral nerve regeneration is highly associated with the
repair of neural function, especially nerve conduction velocity,
conduction latency and potential amplitude [23]. In this study,
electrophysiological analysis revealed that both groups had
different degrees of functional recovery for regenerated nerves.
Furthermore, the decimeter wave group had shorter latency of
compound muscle action potential, faster nerve conduction
velocity and higher wave amplitude, when compared to those
in the control group; which demonstrate that neuromuscular
function in the decimeter wave group were better than that in
the control group. SFI is a direct behavioral indicator for the
recovery of sciatic neural function, and has long been the
standard method for assessing motor recovery in the models of
rat sciatic nerves [4,24]. In this study, we found that the
decimeter wave group had significantly better SFI recovery
rates after the operation, compared to the control group. All of
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above findings suggest that the decimeter wave played an
important role in promoting the functional recovery of
regenerated nerves. The underlying mechanisms can be
explained from the tissue structure of the regenerated nerve;
that is, the decimeter wave can improve local blood circulation,
inhibit inflammatory response, and relieve perineural adhesion
and entrapment. This would provide a good microenvironment
for nerve regeneration, which would help in axonal
regeneration and remyelination, and promote the functional
recovery.

This study has several limitations. The observation that
decimeter wave therapy promotes nerve regeneration in this
study was based on the perspective of histopathology. Further
experimental studies are needed to identify the molecular basis
that underlies the effects of decimeter wave therapy on
peripheral nerve regeneration. For potential clinical
applications, additional research are necessary to confirm
whether the decimeter wave therapy has no adverse effects and
yields the same results in humans as it did in our animal model.
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